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A flavoprotein supports cell wall 
properties in the necrotrophic fungus 
Alternaria brassicicola
Sandrine Pigné1, Agata Zykwinska2,3, Etienne Janod2, Stéphane Cuenot2, Mohammed Kerkoud1, 
Roxane Raulo1, Nelly Bataillé‑Simoneau1, Muriel Marchi1, Anthony Kwasiborski1, Guillaume N’Guyen1, 
Guillaume Mabilleau4, Philippe Simoneau1 and Thomas Guillemette1*

Abstract 

Background: Flavin‑dependent monooxygenases are involved in key biological processes as they catalyze a wide 
variety of chemo‑, regio‑ and enantioselective oxygenation reactions. Flavoprotein monooxygenases are frequently 
encountered in micro‑organisms, most of which require further functional and biocatalytic assessment. Here we 
investigated the function of the AbMak1 gene, which encodes a group A flavin monooxygenase in the plant patho‑
genic fungus Alternaria brassicicola, by generating a deficient mutant and examining its phenotype.

Results: Functional analysis indicates that the AbMak1 protein is involved in cell wall biogenesis and influences the 
melanization process. We documented a significant decrease in melanin content in the Δabmak1 strain compared 
to the wild‑type and complemented strains. We investigated the cell wall morphology and physical properties in the 
wild‑type and transformants using electron and atomic force microscopy. These approaches confirmed the aberrant 
morphology of the conidial wall structure in the Δabmak1 strain which had an impact on hydrophilic adhesion and 
conidial surface stiffness. However, there was no significant impairment in growth, conidia formation, pathogenicity 
or susceptibility to various environmental stresses in the Δabmak1 strain.

Conclusion: This study sheds new light on the function of a fungal flavin‑dependent monooxygenase, which plays 
an important role in melanization.

Keywords: Monooxygenase, Cell wall, Melanin, Fungus, Flavoprotein

Background
Flavin-dependent monooxygenases are involved in a 
wide variety of biological processes, such as biosyn-
thesis, catabolism and detoxification of various natural 
compounds and xenobiotics, in both prokaryotes and 
eukaryotes. They catalyze the incorporation of one atom 
of molecular oxygen into the substrate and these oxy-
genation reactions include, for instance, hydroxylation, 
epoxidation, Baeyer–Villiger oxidation or sulfoxidation 
(for reviews, see [1–3]). Specific monooxygenase-driven 

transformations are usually hard to achieve without 
using these enzymatic catalysts, which is why such 
enzymes (particularly flavin-dependent monooxygenases 
and cytochrome P450 monooxygenases) are of great 
interest for synthetic purposes. An analysis of genome 
sequences revealed that flavoprotein monooxygenases 
are frequently encountered in micro-organisms, most of 
which require functional and biocatalytic assessments 
[2, 3]. Eight groups of flavin monooxygenases can be dis-
tinguished on the basis of their structural features and 
functions [2]. Group A flavin monooxygenases are single-
component enzymes that contain typical FAD binding 
regions and rely on NAD(P)H as their external electron 
donor. Typical class A substrates are aromatic com-
pounds containing an hydroxyl or amino group. Only 
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about 70 group A monooxygenase members are currently 
known, many of which do not yet have an Enzyme Com-
mission (EC) number.

In phytopathogenic fungi, one of the best known group 
A flavin monooxygenases is the MAK1 protein from 
Nectria haematococca. MAK1 specifically hydroxylates 
medicarpin and maackiain, converting them into less 
fungitoxic derivatives [4]. Medicarpin and maackiain are 
antifungal phytoalexins produced by many legumes, and 
are thought to be important components of the defense 
response of these legumes to certain fungal pathogens. 
In a previous study, in Alternaria brassicicola, we iden-
tified a gene encoding a class A flavin monooxygenase 
which was found to be upregulated by camalexin, the 
major phytoalexin produced by Arabidopsis thaliana 
[5]. A. brassicicola causes black spot disease in a wide 
range of Brassicaceae plants and is routinely used as a 
model necrotrophic pathogen in studies with A. thali-
ana. In the present study, we investigated the function of 
the AbMak1 gene by generating a knockout mutant and 
examining its phenotype. Unexpectedly, our functional 
analyses showed that this protein is involved in cell wall 
biogenesis and influences the melanization process. Like 
other filamentous fungi, Alternaria species synthesize 
melanin via a 1,8-dihydroxynaphthalene (DHN) interme-
diate [6]. Melanins constitute a group of related pigments 
that are polymers of phenolic compounds, although the 
exact arrangement of these phenolic subunits is gener-
ally unclear [7]. These ubiquitous pigments are known to 
provide protection against damaging effects of environ-
mental stresses such as ultraviolet (UV) irradiation, enzy-
matic lysis, extreme temperatures, oxidizing agents and 
ionizing radiation [8]. In addition, they play a role in the 
pathogenesis of some human and plant pathogenic fungi 
[9, 10].

Results
AbMak1 encodes a class A flavoprotein monooxygenase
The camalexin-induced sequence P1B3 (GenBank acces-
sion No. DY543080) was previously identified in A. bras-
sicicola as an EST encoding a predicted protein having 
matches with the flavin-containing monooxygenase 
MAK1 described in N. haematococca [5]. The corre-
sponding protein, here referred to as AbMak1 and anno-
tated AB02358.1 through the interactive JGI fungal portal 
MycoCosm (http://genome.jgi.doe.gov/Altbr1/Altbr1.
home.html), displayed strong sequence similarities with 
hypothetical proteins from other Dothideomycetes spe-
cies. For instance, the resulting AbMak1 protein had 95% 
identity or more to the corresponding proteins described 
in Pyrenophora teres or in various Cochliobolus species. 
AbMak1 also displayed high similarities with homologs 
from other lineages, such as Podospora anserina (76%) 

and Aspergillus niger (40%). A lower degree of identity 
(26%) was obtained by alignment with the N. haemato-
cocca MAK1 protein. Only one copy of the gene was 
present in the draft genome sequence of A. brassicicola. 
Automatic annotation at the locus encoding AB02358.1 
predicted four introns and an encoded 528 amino acid 
protein. Nevertheless, examination of the transcribed 
sequence showed that automated prediction of the fourth 
intron was wrong (data not shown), resulting in a pro-
tein containing 497 amino acids (Fig. 1; Additional file 1: 
Figure S1). This protein contains typical motifs of flavin 
monooxygenases belonging to group A. The first finger-
print sequence is the Rossmann fold, or βαβ-fold (con-
taining the GXGXXG sequence), which is crucial for 
binding the ADP moiety of FAD [11]. The second FAD 
binding motif contains the GD sequence which contacts 
the riboflavin moiety of FAD [12]. The last fingerprint 
contains a highly conserved DG motif, which is involved 
in binding the pyrophosphate moieties of both FAD and 
NADPH [13].

Generation of the AbMak1 disruption mutant and major 
morphological traits
Disruption of AbMak1 in A. brassicicola was accom-
plished by replacing a part of the AbMak1 ORF with a 
hygromycin B (Hyg B) resistance cassette (Fig.  2). One 
Hyg B-resistant transformant was generated (Δabmak1) 
after transformation of protoplasts of the wild-type 
strain, regeneration and purification by single-spore iso-
lation. PCR screening, carried out using primers homolo-
gous to the hygromycin resistance cassette and genomic 
sequence outside of the flanking regions, confirmed 
that integration of the replacement construct occurred 
by homologous recombination at the targeted loci for 
this mutant (Fig.  2). Disruption of the coding region in 
the transformant was further confirmed using internal 
primers. One complemented strain (Δabmak1-c) was 
obtained by reintroducing the wild-type copy of AbMak1 
into the ΔabMak1 mutant. In this case, the replacement 
cassette included a 629 bp 5′ region of the gene AbMak1, 
the Nat gene cassette conferring resistance to nourseo-
thricin, and the wild-type allele of the AbMak1 gene with 
its native promoter. The homologous recombination 
event occured at the previously transformed locus in 
the ΔabMak1 mutant (as shown in Fig. 2) and led to the 
replacement of the the Hph gene cassette by the Nat gene 
cassette and to the intoduction of a wild-type copy of the 
AbMak1 gene.

Microscopic observations revealed that Δabmak1 and 
Δabmak1-c mutants displayed a normal hyphal mor-
phology, growth rate and conidiation rate on standard 
potato dextrose agar (PDA) medium. The most obvious 
morphological change was the color of Δabmak1 conidia 
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that appeared lighter than that of conidia produced by 
the reference strain or the Δabmak1-c strain (Fig. 3). In 
order to validate a potential pigmentation alteration in 
Δabmak1 conidia, a semi-quantitative assay of melanin, 
based on spectrophotometry readings at 459 nm on mel-
anin extracted from either isolated conidia or mycelium, 
was first used, as described by Babitskaia et al. [14]. The 
results showed a significant decrease in the melanin con-
tent of the Δabmak1 sample compared to the wild-type 
sample and partial recovery of the melanin level in the 
Δabmak1-c strain (Fig. 4).

Another method, based on calculation of the inte-
gral intensity of electron paramagnetic resonance (EPR) 
spectra, was used and confirmed this significant melanin 
loss in ∆abmak1 cell walls. Different kinds of melanin 
biopolymers, such as eumelanin, pheomelanin and neu-
romelanin, exist and they have some interesting features 
such as redox properties [15]. These properties are due 
to delocalization of an electron between orthoquinone 
and catecholic moieties, giving rise to semiquinone free 
radicals. These radicals offer the opportunity for mela-
nins to be involved in one- and two-electron redox reac-
tions. The semiquinone free radicals trapped in melanin 
are responsible for the paramagnetic properties of mela-
nin detectable by EPR. More precisely, melanin contains 
both o-semiquinone free radicals upon which unpaired 
electrons are localized on oxygen atoms with spin of ½ 
and biradicals with spin of 1 [15, 16]. EPR spectroscopy 
detects the absorption of energy relative to the transition 
of unpaired electrons from a low to a higher energy level. 
EPR spectra provide information about the concentration 

of paramagnetic centers, their type and distribution 
(homogeneous or non-homogeneous) in the samples 
[16].

Figure  5a shows three spectra recorded in the linear 
regime, with microwave powers lower than typical P1/2 val-
ues of 1 mW. Such low P1/2 values are in good agreement 
with those previously reported by Sarna and Hyde [17] for 
different melanin samples. These spectra were normal-
ized with respect to both the experimental conditions and 
sample mass. For all samples, the signal shape was in gen-
eral slightly asymmetric, resembling that expected from a 
powder pattern arising from a π–electron radical with an 
approximately axial g-tensor [17]. The same S =  ½ free-
radical signal was observed for the three samples, with a 
g-factor of 2.0035 for the wild-type and ∆abmak1-c and 
of 2.0030 for ∆abmak1, respectively. These very close 
values—consistent with those reported in the literature 
for o-semiquinone free radicals—indicated that the same 
type of melanin was present in the three samples [15, 
16]. Indeed, the weak difference of 5e−4 in the g-factor 
is much smaller than the dispersion of g-values published 
for melanin, i.e. in the 2.0030–2.0060 range [15, 16]. The 
integral intensity of EPR spectra was calculated to estimate 
the relative contents of free radicals in the three samples. 
Indeed, the free radical concentration is directly propor-
tional to this value [16]. The integral intensity calculation 
was done without any assumption on the spectra shape 
and the area under the absorption curves was obtained by 
double integrations. Figure 5b presents the integral inten-
sities normalized with respect to that of the wild-type. 
These results clearly showed that the relative free radical 

Fig. 1 Sequence features of the AbMak1 gene and corresponding protein. a Schematic AbMak1 gene structure. The predicted intronic sequences 
are indicated in white. b Amino acid sequence of AbMak1. Typical motifs of flavin monooxygenases belonging to group A are indicated in bold
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contents markedly decreased in ∆abmak1 relative to the 
wild-type and ∆abmak1-c. Indeed, the normalized inten-
sities were about 7 ±  2 and 70 ±  10% for ∆abmak1 and 
∆abmak1-c, respectively. Hence, these results suggest a 
substantial loss of melanin in ∆abmak1 and partial recov-
ery of melanin in ∆abmak1-c.

Conidial wall ultrastructure imaged by electron microscopy
We investigated the morphology of the wild-type 
and transformant conidia using scanning (SEM) and 

transmission (TEM) electron microscopy. SEM images of 
the conidial surface showed typical ornamentation for the 
wild-type and ∆abmak1-c strains (Fig.  6a). However, the 
∆abmak1 mutant displayed a highly altered conidial sur-
face. Ornamentation was not found to be as regular as in 
the wild strain and surface subsidences were clearly visible.

The aberrant morphology of the mutant conidia was 
confirmed on TEM images of the conidial wall ultrastruc-
ture (Fig. 6b). Typical conidial walls are composed of sev-
eral superimposed layers, with a thick electron transparent 

Fig. 2 Generation of Δabmak1 and Δabmak1‑c by homologous recombination. a Schematic representation of the AbMak1 locus (grey box) in 
the wild‑type and the replacement construct with the Hyg B resistance cassette (Hph gene) and flanking sequences. b Schematic representation 
of the AbMak1 locus in the Δabmak1 mutant and the replacement construct with the nourseothricin resistance cassette (Nat gene) and flank‑
ing sequences. Arrows indicate the position of primers used for PCR screening of mutants. c Gel electrophoresis of PCR products obtained from 
template DNA of the wild‑type, Δabmak1 or Δabmak1‑c strains with the indicated primer pairs. Molecular sizes (kb) were estimated based on a 
1 kb ladder (lane L, Eurogentec, Seraing, Belgium). Primer 1: CACAGCAACCTTGAACACGA; primer 2: CATTCCTCAATCTGTCCGCG; primer 3: TGGTCGT‑
TACACCAGGGATC; primer 4: GGCGAAGAATCTCGTGCTTT; primer 5: CATCACAGTTTGCCAGTGATAC; primer 6: GTTGTAAAACGACGGCCAGT; primer 7: 
GGCTTCGTGGTCATCTCGTA
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inner layer, a middle cell wall layer and a thin electron-
dense outermost layer. TEM showed that, in the conidial 
cell wall of ∆abmak1, the contours of the outermost layer 
appeared irregular and that the separation between primary 
and secondary walls was no longer visible. It is also appar-
ent that the thickness of ∆abmak1 walls (511 nm ± 120) is 
greatly reduced compared to the thickness of ∆abmak1-c 
(687 nm ± 113) and wild-type walls (809 nm ± 128) (Stu-
dent’s t test, P < 0.01). The ∆abmak1-c cell wall ultrastucture 
was found to be much closer to that of wild-type cell walls.

Investigation of the conidial surface by atomic force 
microscopy (AFM): imaging and force spectroscopy 
measurements
The AFM images of A. brassicicola conidia presented 
in the Additional file  2: Figure S2A revealed the pres-
ence of ornamentation on the wild-type cell wall sur-
face, in agreement with the SEM observations (Fig.  6). 
In contrast, the ∆abmak1 conidial surface was signifi-
cantly affected in the ∆abmak1 mutant, which led to less 

regular ornamentation and the presence of large smooth 
zones on the conidial surface. The cell wall surface mor-
phology of ∆abmak1-c conidia showed more similarities 
to that of the wild-type than to that of ∆abmak1. How-
ever, neither the wild-type nor its mutants presented spe-
cific nanoscale structures on the cell wall surface, which 
remained perfectly smooth (Additional file  2: Figure 
S2B).

To investigate the chemical nature of the cell wall sur-
face and probe any difference between the cell wall com-
position of Abra43 and that of ∆abmak1, non-specific 
force-curves were measured with OH-modified tips 
(Fig.  7). Chemical force spectroscopy measurements 
using OH-modified probes revealed the presence of 
hydrophilic components, such as polysaccharides, OH 
groups of melanin and glycoproteins, on the outer 
conidial cell wall surface [18]. Force-curves recorded on 
the surface of wild-type conidia with OH tips showed 
large adhesion forces of 1.15 ± 0.3 nN, whereas a three-
fold lower value of 0.35 ± 0.15 nN was obtained on the 

Fig. 3 Morphological features of A. brassicicola wild‑type, Δabmak1 and Δabmak1‑c strains. Top panels show representative microscopic images of 
conidia. Scale bars indicate 20 μm. Bottom panels show representative macroscopic images of a colony
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∆abmak1 conidial surface. Hydrophilic OH/OH adhe-
sion forces of 0.9 ± 0.3 nN measured on the ∆abmak1-
c conidial surface were very close to those obtained for 
the wild-type. The uncertainties, which correspond to the 
experimental dispersion, are determined from the Gauss-
ian fits performed on each histogram (Fig. 7). A decrease 
in OH/OH adhesion measured on the ∆abmak1 conidial 
surface suggested that some cell wall components bear-
ing OH groups were lacking on its surface. On the con-
trary, similar OH/OH adhesion values obtained on the 
wild-type and the ∆abmak1-c cell wall surfaces indicated 
that their composition was similar.

Measurement of the conidial surface stiffness of dif-
ferent samples seemed to confirm that the conidial 
cell wall surface composition differed between them 
(Fig.  7). Indeed, twofold lower cell wall stiffness of 
1.5  ±  0.5  N  m−1 was measured on the ∆abmak1 sur-
face in comparison to the stiffness values of 3.2  ±  1 
and 2.5 ± 0.7 N m−1 obtained on the wild-type and the 
∆abmak1-c conidial cell wall surfaces, respectively. As 
for hydrophilic adhesion measurements, the uncertain-
ties are obtained from the Gaussian fits of the stiffness 
measurements, and they reflect the experimental disper-
sion. The significantly lower elasticity measured on the 
∆abmak1 surface highlighted that the mutation strongly 
impacted the cell wall composition. The hydrophilic 
adhesion and conidial surface stiffness results obtained 
for ∆abmak1-c tended to be closer to those of the wild-
type than to those of ∆abmak1.

Susceptibility of the ∆abmak1 mutant to stress conditions
Monitoring growth in solid PDA medium or in liquid 
PDB medium did not reveal any significant effect of 
AbMak1 disruption, compared to the parental and com-
plemented strains, on the mycelium growth rate, conidia 
germination and initial hyphal growth (data not shown). 
The results of analyses of growth curves in liquid medium 
supplemented with H2O2, allyl-isothiocyanate (Al-ITC) 
and camalexin or in solid PDA medium supplemented 
with Congo red (CR) and Calcofluor white (CFW) were 
used to assess the susceptibility of the monooxygenase 
mutant to oxidative stress, plant defense metabolites and 
cell wall stress. As shown in Table 1, none of the strains 
(Δabmak1 and Δabmak1-c) showed increased suscepti-
bility to any of these stresses compared to the wild-type. 
As PDA is a relatively rich medium, we also monitored 
fungal growth in a minimal medium (10  g  L−1 glucose, 
1.65  g  L−1 (NH4)2SO4, 15  g  L−1 agar, 1  g  L−1 KH2PO4, 
0.5 g L−1 KCl, 0.5 g L−1 MgSO4, 7H2O, 0.01 g L−1 FeSO4, 
7H2O). We did not noticed any significative susceptibil-
ity to plant defense metabolites and cell wall stress in this 
particular growth condition (data not shown).

Fig. 4 Semi‑quantitative assay of melanin based on spectrophotom‑
etry readings at 459 nm on extracted melanin from either isolated 
conidia or mycelium. Mycelia or isolated conidia from 7‑day‑old 
cultures were extracted by an alkali–acid method to obtain melanin. 
The amount of melanin was extrapolated from the photometry 
absorbance results at 459 nm, as previously reported by Babitskaia 
et al. [14] and Alviano et al. [48]. Asterisk indicate a significant differ‑
ence between the mutant and the parental isolate (Student’s t test, 
P < 0.01)

Fig. 5 Calculation of the integral intensity of electron paramagnetic 
resonance (EPR) spectra. a Normalized X‑band EPR spectra of A. 
brassicicola wild‑type, Δabmak1 Δabmak1‑c samples represented as a 
function of the g‑factor. b Normalized integral intensities with respect 
to the maximum intensity of the wild‑type
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Fig. 6 Ultrastructure of the conidial walls. a Scanning electron micrographs of 7‑day‑old wild‑type, Δabmak1 and Δabmak1‑c conidia (scale bars 
1 μm). b Transmission electron micrographs of 7‑day‑old wild‑type, Δabmak1 and Δabmak1‑c conidia (scale bars 0.2 μm)

Fig. 7 Histograms of OH/OH hydrophilic adhesion forces and local surface stiffness measured on a the wild‑type, b ∆abmak1 and c ∆abmak1‑c 
strains
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Pathogenic behavior of replacement mutants 
on vegetative organs
Brassica oleracea leaves were inoculated with drops of 
conidia suspension (105, 104 or 103 conidia/mL) to test 
the effects of targeted AbMak1 gene knockout on path-
ogenicity (Additional file  3: Figure S3). The wild-type, 
∆abmak1 and ∆abmak1-c were all able to produce typi-
cal symptoms and, as determined from the lesion sizes 
at various inoculum loads, no significant decreases in 
aggressiveness were recorded for the mutants. Regardless 
of the inoculated strain, small necrotic symptoms were 
already observed at 3  days post-inoculation (dpi) and 
they continued to expand into large typical necrotic areas 
surrounded by chlorotic halos at 6 dpi. During late stages 
of infection, necrotic spots exhibited a dense conidia for-
mation on the surface.

Inoculation experiments were also performed on leaves 
of two A. thaliana ecotypes: Landsberg erecta (Ler) and 
Columbia (Col-0). The wild-type and mutants were all 
able to produce typical symptoms and visual evaluation 
of the necrotic lesion area at 6 dpi showed no alteration 
in mutant aggressiveness (Fig. 8).

Discussion
We investigated the role of AbMak1, a group A fla-
vin monooxygenase, in the plant pathogenic fungus A. 
brassicicola by generating a disruption mutant for the 
corresponding gene. Group A flavin monooxygenases 
comprise single-component enzymes that combine fla-
vin reduction and monooxygenation in one polypeptide 
chain. They use FAD as a prosthetic group and mainly 
NADPH as an electron donor [19]. Well studied exam-
ples of enzymes belonging to subclass A are p-hydroxy-
benzoate hydroxylase, which is involved in degradation 
of aromatic compounds, and squalene monooxygenase, 
which catalyzes the first oxygenation step in sterol bio-
synthesis [20, 21]. Based on sequence homology and the 
gene expression profile, we initially hypothesized that 
AbMak1 could be involved in the metabolization of plant 

phytoalexins, as previously reported for the flavopro-
tein protein MAK1 from the filamentous fungus Nectria 
haematococca. Indeed, MAK1 is known to specifically 
hydroxylate the legume phytoalexins medicarpin and 
maackiain, converting them to less fungitoxic deriva-
tives [4]. Moreover, this hypothesis was consistent with 
the fact that AbMak1 was overexpressed upon expo-
sure to camalexin, the major phytoalexin in A. thaliana 
[5]. However, a major contradictory result is that the 
mutant was not affected in its susceptibility to camalexin 
(Table  1) or to other cruciferous phytoalexins (data not 
shown). More generally, there was no significant impair-
ment in growth, conidia formation or pathogenicity of 
the ∆abmak1 mutant. These results showed that AbMak1 
was not a MAK1 ortholog in A. brassicicola.

As an unexpected phenotype, we observed that the 
loss of function of AbMak1 altered the melanin con-
tent. Like other dematiaceous fungi, Alternaria species 
produce 1,8-dihydroxynaphthalene (1,8-DHN) melanin 
that accumulates mainly in conidia cell walls. This ubiq-
uitous pigment protects them from the damaging effects 

Table 1 Susceptibility of A. brassicicola wild-type, Δabmak1 and Δabmak1-c strains to different stress conditions

The results are expressed as the percentage of inhibition in treated samples compared to the control without additive. Conidia of each genotype were used to 
inoculate microplate wells containing standard PDB medium supplemented with the appropriate compound. Nephelometric growth was automatically recorded for 
33 h at 24 °C. Each condition was tested in triplicate and the experiments were repeated twice. The areas under the curves were used to calculate the percentages of 
inhibition for each treatment compared to the control growth curves. Values are means of three biological repetitions and represent the percentage growth inhibition 
under stress conditions compared with standard growth conditions

H2O2 ITC Camalexin CR CFW

5 mM 10 mM 2.5 mM 25 μM 200 mg L−1 400 mg L−1 200 mg L−1 400 mg L−1

WT 24 ± 4 84 ± 14 18 ± 5 51 ± 4 42 ± 7 55 ± 5 62 ± 5 73 ± 5

Δabmak1 33 ± 5 97 ± 1 20 ± 5 45.5 ± 2 46 ± 2 59 ± 5 61 ± 5 76 ± 3

Δabmak1‑c 42 ± 5 89.5 ± 8 27 ± 8 51.5 ± 8 42 ± 2 56 ± 7 58 ± 5 81 ± 8

Fig. 8 Representative symptoms obtained by inoculation of wild‑
type, Δabmak1 and Δabmak1‑c on Columbia (Col‑0) and Landsberg 
erecta (Ler) A. thaliana ecotypes
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of environmental stress, contributes to the ability of fungi 
to survive in harsh environments and allows overwinter-
ing or dormancy of fungal propagules [22, 23], while also 
playing a role in fungal pathogenesis. In human patho-
gens, fungal melanin can modulate the host immune 
response by interfering with the normal function of 
phagocytic cells or altering the cytokine levels [24, 25]. 
Melanin is also critical to host invasion in some plant 
pathogens, such as Magnaporthe oryzae, by providing 
mechanical strength to the appressoria and allowing the 
organisms to penetrate plant tissues [26]. A. brassicicola 
does not use this mechanical strategy to penetrate host 
tissues, which may explain why the pathogenicity of the 
∆abmak1 strain is not affected. As an AbMak1 homolo-
gous gene exists in M. oryzae, it would be interesting to 
determine the extent to which these genes are involved 
in its pathogenicity. The lack of effect of melanin defi-
ciency on the pathogenicity has also been reported in 
other plant-pathogenic fungi [27, 28]. Cho et  al. [6] 
reported the functions of Amr1, a transcription factor 
that regulates melanin biosynthesis in A. brassicicola. 
These authors determined that Δamr1 mutants were 
melanin-deficient but, unexpectedly, more virulent than 
the wild-type, suggesting that loss of the gene was ben-
eficial to pathogenesis. RNA-seq analysis of interactions 
during late-stage pathogenesis revealed that the expres-
sion of a subset of genes involved in the melanin biosyn-
thesis pathway was regulated by Amr1. AB02358.1, that 
encodes AbMak1, belongs to this subset. In contrast, 
many hydrolytic enzyme-coding genes were expressed at 
higher levels in Amr1 mutants than in the wild-type dur-
ing pathogenesis, indicating that this subset of genes was 
negatively regulated by the transcription factor during 
this infection process. The authors speculated that this 
transcription factor promotes long-term survival due to 
its role in melanin biosynthesis, at the expense of viru-
lence, thus contributing to the success of A. brassicicola 
as a competitive saprophyte and plant parasite. Interest-
ingly, four other genes located in the vicinity of AbMak1 
were also found to be regulated by Amr1 (Additional 
file 4: Figure S4) suggesting that this region represents a 
gene cluster involved in melanin biosynthesis. One gene 
(AB02359.1) encode a cytochrome P450 and the other 
three (AB02355.1, AB02356.1 and AB02357.1) encode 
hypothetical proteins. Deletion of these genes should 
be considered and could lead to obtain more marked 
phenotypes.

The physical conidia surface properties were also inves-
tigated in the different A. brassicicola strains by atomic 
force microscopy. Chemical force spectroscopy measure-
ments using OH-modified probes revealed a potential 
increase in ∆abmak1 conidial surface hydrophobicity 
since some cell wall components bearing OH groups are 

lacking on its surface. It should be noted that typical 
hydrophobic rodlet layers, which have been visualised by 
AFM examination of the A. fumigatus conidial surface 
[29], have not been observed in the A. brassicicola wild-
type or in A. brassicicola mutants. These rodlet layers are 
formed by the self-assembly of particular amphiphatic 
proteins called hydrophobins, that are able to coat hydro-
phobic or hydrophilic surfaces and reverse their hydrop-
athy character [30]. According to our observations, it 
therefore seems that these proteins do not participate in 
the hydropathy profile of A. brassicicola conidia and they 
are not altered by AbMak1 disruption. The ∆abmak1 sur-
face also exhibited a significantly lower elasticity com-
pared to the wild-type or complemented strain. This 
character is probably linked to the decreased thickness of 
∆abmak1 walls we observed on TEM images. This result 
highlighted the fact that the mutation not only impacted 
the surface hydropathy character but also, more gener-
ally, the cell wall structure and properties. However, this 
alteration did not seem to contribute to the marked loss 
of conidia adherence properties since the pathogenicity 
on leaves was not impaired. Contrary to our results, the 
complete loss of melanin in A. fumigatus led to the lack 
of some hydrophobic components on the conidial sur-
face and modified the conidial adhesion to laminin and 
fibronectin [29]. Another mechanism by which pigment 
may contribute to virulence concerns its ability to con-
fer some resistance to reactive oxygen species (ROS), a 
major host antimicrobial effector system. Jahn et al. [31] 
reported that an A. fumigatus isolate lacking conidial 
pigmentation displayed higher susceptibility to oxida-
tive attack in  vitro. In this study, the AbMak1 mutant 
did not show increased susceptibility to hydrogen per-
oxyde or allyl-ITC, which are known to induce intracel-
lular ROS accumulation [32]. More generally, it should be 
noted that the marked phenotypes, such as the increased 
susceptibility to oxidants or the loss of virulence that 
were reported in other studies on fungal melanins, were 
obtained from nonpigmented isolates. As shown in Fig. 4, 
the A. brassicicola AbMak1 mutant did not exhibit a 
complete melanin defect. This partial melanin deficiency 
observed in Δabmak1 could therefore explain the lack of 
increased susceptibility to the applied stresses.

At present, it is hard to determine how the monooxyge-
nase AbMak1 specifically acts on the melanin structure. 
Melanin is an amorphous polymer of phenolic compounds 
that is both hydrophobic and negatively charged [33]. Nev-
ertheless, the precise physicochemical nature of melanin 
is not yet fully understood [34], mainly because melanin 
is insoluble, so many traditional biochemical techniques 
are unsuitable for studying this pigment [7, 9]. However, 
microscopic studies have revealed that melanins form gran-
ular particles localized in cell walls, where they are likely 
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crosslinked to polysaccharides [35–37]. The wide variety 
of pathogenic dematiceous fungi synthesize their melanins 
from 1,8-dihydroxynaphthalene (DHN)-melanin from the 
precursor molecules acetyl coA or malonyl coA. The first 
step is the synthesis of 1,3,6,8-tetrahydroxynaphthalene 
(1,3,6,8-THN), which is catalyzed by a polyketide synthase. 
Then, a series of reduction and dehydration reactions pro-
duce the intermediates scytalone, 1,3,8-trihydroxynaph-
thalene, vermelone, and finally 1,8-dihydroxynaphthalene 
(DHN), whose polymerization leads to melanin forma-
tion [7, 9]. We do not believe that the AbMak1 protein is 
involved in the early stages of synthesis since these steps 
have been relatively well studied in fungi [9, 38], and also 
because the application of pyroquilon, an inhibitor of 
the hydroxynaphtalene reductase, did not modify the 
Δabmak1 phenotype compared to the wild-type (data not 
shown). Most of the later reaction steps involved in mela-
nin synthesis would require further investigation, and we 
favor the hypothesis that the protein is involved in melanin 
polymerization or in crosslinking to cell wall components, 
such as chitin [39], via a hydroxylation step.

Detailed insight into the DHN-melanin synthesis pro-
cess in fungi is important primarily because this pig-
ment contributes to virulence in several human and plant 
pathogenic fungi. Enzymes involved in the DHN-melanin 
biosynthetic pathway are thus emerging targets for the 
development of selective fungicides since this pigment is 
not synthesized in host organisms [40]. Biological control 
strategies have also been envisaged to limit the accumu-
lation and persistence of plant pathogens by degrading 
their melanin content or inhibiting its production [41].

Conclusions
In this study, we identified a fungal flavin-dependent 
monooxygenase that plays a role in DHN-melanization. 
Mutation of the gene encoding AbMak1 resulted in 
major alteration of the cell wall structure, including a 
decrease in the melanin content and a probable modifica-
tion of its chemical structure. The physical and chemical 
properties of the conidia surface were also altered but not 
enough to impact the pathogenicity and susceptibility of 
the fungus to various stress conditions. As homologous 
genes are present in other Ascomycota genomes, this 
enzyme likely has a major role throughout this phylum. 
As the definition of the melanin structure is beyond our 
current technological capability, the exact impact of this 
flavin-dependent monooxygenase on the melanin chemi-
cal structure remains unclear.

Methods
Strains and growth conditions
The A. brassicicola wild-type strain Abra43 used in this 
study has previously been described [42]. For routine 

cultures, fungi were maintained at 24  °C by transferring 
hyphal plugs on 3.9% (w/v) PDA (Difco) or on agar-solid-
ified Vogel’s medium N supplemented with 1.2% (wt/vol) 
sucrose. For radial growth assays, agar disks were cut 
from the margin of a 7-day-old colony growing on PDA 
and were transferred onto the centre of PDA medium 
supplemented with the compounds under investigation 
(at concentrations specified in the Results) and incubated 
at 24 °C. Colony diameters were measured daily and used 
for calculation of radial growth (mm  day−1). To study 
hyphal growth in liquid media, conidial suspensions (105 
spores  mL−1, final concentration) were inoculated into 
microplate wells containing the appropriate test sub-
stances in PDB in a total volume of 300 µL. Microplates 
were placed in a laser-based microplate nephelometer 
(NEPHELOstar, BMG Labtech) and growth was moni-
tored automatically over a 30  h period, as described by 
Joubert et al. [43]. Data were exported from Nephelostar 
Galaxy software in ASCII format and further processed 
in Microsoft Excel.

Generation of the targeted gene disruption mutant
The gene disruption cassettes were generated using the 
double-joint PCR procedure described by Yu et al. [44]. 
The selectable marker inserted in the PCR constructs 
corresponded to the Hph gene cassette (1436  bp) from 
pCB1636 [45] or the Nat gene cassette (2150  bp) from 
pNR [46] conferring resistance to hygromycin B and 
nourseothricin, respectively. The final products of each 
disruption construct consisted of the chosen selective 
marker with 0.5–1.0  kb 5′ and 3′ spart of the targeted 
gene as illustrated in Fig.  2. These products were puri-
fied and used to transform A. brassicicola protoplasts 
as described in [47]. The Hyg B resistant mutants were 
selected and prescreened by PCR with relevant primer 
combinations to confirm integration of the replacement 
cassette at the targeted locus. The gene replacement 
mutants were further purified by three rounds of single-
spore isolation. The A. brassicicola wild-type Abra43 was 
used to obtain the single hygromycin resistant transfor-
mant strain ∆abmak1. The ∆abmak1 genotype was used 
to obtain the complemented nourseothricin resistant 
∆abmak1-c strain.

Melanin extraction
After 7  days of culture on PDA medium, the myce-
lium (entire colony) or only the conidia were harvested 
and used for melanin pigment extraction. Melanin was 
extracted as previously reported by Babitskaia et al. [14] 
and Alviano et al. [48]. Briefly, samples were lyophilized 
and, for each genotype, the same amounts of powder 
were incubated in 2% NaOH (dilution coefficient 1:10) at 
100 °C for 2 h in a water bath. The extract was cooled and 
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acidified with concentrated HCl to pH 2.0. The coagu-
lated pigment was separated by centrifugation at 6000g 
for 15 min and dissolved in 0.1 M HCl. Finally it was dia-
lysed against distilled water and lyophilized. The amount 
of melanin was determined from the photometry absorb-
ance results at 459 nm.

Infection assays
Arabidopsis thaliana plants were grown to the 8- to 
12-leaf stage in controlled environment rooms (21–19 °C 
day and night temperature respectively) and a 8  h light 
photoperiod. Brassica oleracea plants were grown in 
a greenhouse for 5  weeks. For inoculations, 5 μL drops 
of A. brassicicola conidia suspension (105, 104 or 103 
conidia/mL in water) were deposited on intact leaves 
from 5  week-old plants. Drops of sterile water were 
applied on control plants. The plants were then main-
tained under saturating humidity (100% relative humid-
ity) in a plastic box. Symptoms were observed at 6 dpi.

Electron microscopy
The conidial wall ultrastructure was investigated by 
TEM and SEM using conidial suspensions obtained from 
7-day-old cultures on PDA. Concerning the TEM sample 
preparation, successive steps of fixation, post-fixation, 
dehydratation and embedding in Epon were carried out 
as previously described [49]. Thin sections were con-
trasted with uranyle acetate and lead citrate and exam-
ined under a JEM-2010 transmission electron microscope 
(Jeol, Paris, France). SEM samples were prepared as 
described in [49]. After drying by the critical-point 
method, specimens were then sputtercoated with a thin 
carbon layer and examined under a JEOL JSM 6301-F 
scanning electron microscope (Jeol, Paris, France).

AFM imaging and surface property measurement
The surface of A. brassicicola conidia was imaged using a 
NanoWizard® atomic force microscope (JPK Instruments 
AG, Berlin, Germany) operating in intermittent contact 
mode under ambient conditions. For imaging, a standard 
rectangular cantilever (Nanosensors NCL-W) was used 
at a free resonance frequency of 165  kHz and a typical 
spring constant of about 40  N  m−1. The tip radius cur-
vature was ~10  nm. For adhesion measurements, gold-
coated cantilevers (Olympus, Hambourg, Germany) with 
a spring constant of 0.01 N m−1 were functionalized by 
immersion in 1  mM 11-mercapto-1-undecanol (Sigma-
Aldrich) solution in ethanol for 14 h before rinsing with 
ethanol. Using these functionalized cantilevers, hydro-
philic adhesion force measurements were performed on 
the conidial surface in ultrapure water [18]. A detailed 
analysis of the force-distance curves was performed 
using JPK Data Processing software (JPK Instruments 

AG). From these curves (2048 measurements), the mean 
hydrophilic adhesion was extracted from Gaussian fits 
performed on the histograms. For elasticity measure-
ments, silicon nitride cantilevers having a calibrated 
spring constant of 0.05  N  m−1 (Cantilevers MSCT, 
Veeco) were used in contact mode under ambient condi-
tions. From the force-distance curve measurements, JPK 
Data Processing software was used to fit the linear part of 
the approach curves and then to estimate the local sur-
face stiffness [50].

EPR measurement
Melanin samples obtained from an entire 7 day-old col-
ony were examined at room temperature with a Bruker-
Elexsys X-band (9.78  GHz) electron paramagnetic 
resonance (EPR) spectrometer using a magnetic modu-
lation field at 100  kHz. For the EPR measurements, the 
three samples were located in thin walled glass tubes with 
an external diameter of 3 mm. Masses of all samples were 
determined. The EPR spectra were recorded at different 
microwave powers in the 0.04–40 mW range. The P1/2 
experimental parameter, which is the incident microwave 
power at which the signal is half as great as it would be 
in the absence of microwave power saturation, was esti-
mated to avoid microwave saturation of the spectral line.
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Promoters from the itaconate cluster 
of Ustilago maydis are induced by nitrogen 
depletion
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Abstract 

Background: Ustilago maydis is known for its natural potential to produce a broad range of valuable chemicals, such 
as itaconate, from both industrial carbon waste streams and renewable biomass. Production of itaconate, and many 
other secondary metabolites, is induced by nitrogen limitation in U. maydis. The clustered genes responsible for itaco-
nate production have recently been identified, enabling the development of new expression tools that are compat-
ible with biotechnological processes.

Results: Here we report on the investigation of two of the native promoters,  Ptad1 and  Pmtt1, from the itaconate clus-
ter of U. maydis MB215. For both promoters the specific activation upon nitrogen limitation, which is known to be the 
trigger for itaconate production in Ustilago, could be demonstrated by gfp expression. The promoters cover a broad 
range of expression levels, especially when combined with the possibility to create single- and multicopy construct 
integration events. In addition, these reporter constructs enable a functional characterization of gene induction pat-
terns associated with itaconate production.

Conclusions: The promoters are well suited to induce gene expression in response to nitrogen limitation, coupled to 
the itaconate production phase, which contributes towards the further improvement of organic acid production with 
Ustilago.

Keywords: Ustilago maydis, Itaconate cluster, Promoter characterization, GFP

Background
The family of Ustilaginaceae has sparked great interest 
as promising industrial production organisms in recent 
years. The growing biotechnological attention results 
from their native ability to utilize a range of bio-based 
substrates [10, 18, 20, 62] and to produce a broad variety 
of value–added chemicals, such as glycolipids, polyols, 
and organic acids [12, 19, 33]. Considerable efforts have 

been undertaken to optimize fermentation and process 
conditions in order to increase the yield, titer and rate 
of glycolipids [42], erythritol [28], malate [61], itaconate 
[16, 41] and 2-hydroxyparaconate [15, 22]. The biochemi-
cal pathways and associated gene clusters of several 
secondary metabolites have been characterized and engi-
neered, including those of cellobiose lipids [51], manno-
syl erythritol lipids [23, 27], malate [60], itaconate [17, 
59], and 2-hydroxyparaconate [16]. These efforts have 
accelerated recently largely thanks to a growing suite 
of efficient genetic engineering tools, including marker 
recycling through the FLP/FRT system [32], Golden Gate 
Cloning [53] and Cas9-based genome engineering [48]. 
Although originally developed for the model organism U. 
maydis, these tools can also be adapted for use in other 
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Ustilaginaceae [59, 60]. However, critical limitations 
remain that are characteristic for fungal biotechnology, 
including the availability of suitable promoters. Specific 
sets of promoters have been developed for the production 
of proteins and chemicals of high industrial relevance in 
different organisms, such as Aspergillus niger [55, 56], 
Escherichia coli [37, 38], and Penicillium chrysogenum 
[44]. Modern online analysis systems have become an 
attractive means to investigate promoter properties, 
enabling high-resolution characterization of the specific 
time of induction, the induction trigger, or the promoter 
strength, for different conditions or promoter variants 
[64]. One particularly important trigger for the produc-
tion of organic acids and glycolipids in Ustilaginaceae 
is nitrogen limitation. Such a limitation causes a strict 
temporal separation of the very different cellular objec-
tives associated with biomass growth and product forma-
tion [14, 26, 52]. This characteristic of fungal secondary 
metabolite production may be exploited for metabolic 
engineering. Constitutive promoters, such as Potef and 
Poma [13, 46, 49], are mainly active in the growth phase, 
while inducible promoters, such as Pcrg1, Pnar1 or the 
tet-system, come with other drawbacks [4, 6, 63]. Pcrg1 
relies on arabinose and is efficiently repressed by glucose 
and xylose, two of the main carbon sources for industrial 
production processes [4]. Pnar1 is induced by nitrate and 
repressed by ammonium [6] and is therefore not suitable 
for nitrogen-limited production. Other inducible pro-
moters are associated with specific phases of the Ustilago 
life cycle, making them equally problematic for engineer-
ing of secondary metabolite production [2]. Hence new 
promoters, which are specifically activated by nitrogen 
limitation hold much promise for metabolic engineering.

Recently, the gene cluster responsible for itaconate 
production in U. maydis was identified [17] and its pro-
moters are promising candidates to overcome current 
limitations. From the different functions of the genes in 
the cluster, including catalytic, transport and transcrip-
tional regulation activities, it may be deduced that the 
individual promoters should possess different inherent 
properties with respect to induction and strength. This 
was confirmed by qRT–PCR [17]. Two- to ninefold ele-
vated activity for all seven genes in this cluster, except for 
rdo1, was shown during the itaconate production phase 
compared to non-induced conditions in rich medium 
[17]. Further, the regulation of most genes in the cluster 
is strongly dependent on the putative transcriptional reg-
ulator ria1. By deletion of ria1, the transcription level for 
all genes within the cluster was lowered by up to ninefold 
and overexpression triggered expression of most cluster 
genes [17]. Therefore these promoters show much prom-
ise for biotechnological usage as expression tools.

Here we investigate a set of promoters from the genes 
responsible for itaconate production in U. maydis that 
are induced during the non-growing production phase as 
initiated by nitrogen limitation.

Methods
Strains and cultivation conditions
All strains used and constructed within this work are 
listed in Table 1.

As host for cloning experiments, E.  coli  DH5α 
(DSM  6897) was used. All E.  coli strains were grown at 
37  °C shaking at 200  rpm (shaking diameter 25  mm) in 
lysogeny broth (LB) medium. For recombinant strains 
100 mg L−1 ampicillin were added to the medium.

Table 1 Strains used and constructed within this work

Name Genotype Origin

Wildtype strains

U. maydis MB215 Wildtype DSM 17144

E. coli DH5α Wildtype DSM 6897

Recombinant U. maydis strains

U. maydis MB215 Potef-gfp (s) Single integration of pUMa43-otef-gfp-nos cbx This work

U. maydis MB215 Potef-gfp (m) Multiple integration of pUMa43-otef-gfp-nos cbx This work

U. maydis MB215 Ptad1-gfp (s) Single integration of pUMa43-Ptad1-gfp cbx This work

U. maydis MB215 Ptad1-gfp (m) Multiple integration of pUMa43-Ptad1-gfp cbx This work

U. maydis MB215 Pitp1-gfp (s) Single integration of pUMa43-Pitp1-gfp cbx This work

U. maydis MB215 Pitp1-gfp(m) Multiple integration of pUMa43-Pitp1-gfp cbx This work

U. maydis MB215 Padi1-gfp (s) Single integration of pUMa43-Padi1-gfp cbx This work

U. maydis MB215 Padi1-gfp (m) Multiple integration of pUMa43-Padi1-gfp cbx This work

U. maydis MB215 Pmtt1-gfp (s) Single integration of pUMa43-Pmtt1-gfp cbx This work

U. maydis MB215 Pmtt1-gfp (m) Multiple integration of pUMa43-Pmtt1-gfp cbx This work
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Ustilago maydis cultures were cultivated in YEPS light 
medium containing 20  g  L−1 D–sucrose, 5  g  L−1 yeast 
extract, and 10 g L−1 peptone at 30 °C shaking at 200 rpm 
(shaking diameter 25 mm).

For physiological experiments 96 flat-bottom round-
well plates or 48-well flower plates were used as 
described below.

As cultivation medium MTM was used containing 
50  g  L−1 glucose, 0.2  g  L−1  MgSO4  ·  7  H2O, 0.01  g  L−1 
 FeSO4 · 7  H2O, 0.5  g  L−1  KH2PO4, 1  mL  L−1 vitamin 
solution, 10  mL  L−1 trace element solution, 19.5  g  L−1 
2-(N-morpholino)ethanesulfonic acid (MES) as buffer, 
and differing  NH4Cl concentrations. MES buffer was used 
as stock solution with pH adjusted to 6.5 with NaOH. 
The vitamin solution contained (per liter) 0.05 g D-bio-
tin, 1 g D-calcium panthotenate, 1 g nicotinic acid, 25 g 
myo-inositol, 1  g thiamine hydrochloride, 1  g pyridoxol 
hydrochloride, and 0.2  g para–aminobenzoic acid. The 
trace element solution contained (per liter) 1.5 g EDTA, 
0.45 g  ZnSO4 · 7  H2O, 0.10 g  MnCl2 · 4  H2O, 0.03 g  CoCl2 
· 6  H2O, 0.03 g  CuSO4 · 5  H2O, 0.04 g  Na2MoO4 · 2  H2O, 
0.45 g  CaCl2 · 2  H2O, 0.3 g  FeSO4 · 7  H2O, 0.10 g  H3BO3, 
and 0.01  g KI [19]. For phosphate limitation 3.2  g  L−1 
 NH4Cl and 0.1 g L−1  KH2PO4 were used.

Precultures for analytical experiments were cultivated 
for 24  h in 500  mL shake flasks without baffles with 
50  mL MTM containing 4  g  L−1  NH4Cl, to ensure that 
no nitrogen limitation occurs prior to inoculation of the 
main culture.

Analytical methods
All experiments were performed in triplicates, unless 
stated otherwise. The arithmetic mean of the biologi-
cal replicates is shown. Error bars and ± values indicate 
standard error of the mean.

HPLC analysis was performed as described previously 
[62]. Centrifuged samples (13,000g, 5  min) were fil-
tered through cellulose acetate filters (diameter 0.2  µm, 
VWR, Germany) and subsequently diluted 1:10 with dis-
tilled water. For analysis a Dionex Ultimate 3000 HPLC 
(Dionex, USA) with an Organic Acid Resin column (CS-
Chromatographie, Germany) kept at 75  °C, with a con-
stant flow rate of 0.8 ml min−1 of 5 mM sulfuric acid as 
eluent was used. For detection, a Shodex RI101 detector 
at 35 °C and a variable wavelength UV detector (Dionex, 
USA) at 210 nm were used.

Ammonium concentration was determined by a 
colorimetric assay according to Willis [57]. For this 
50  µL of the sample (maximal 50  mg  L−1−  NH4

+) were 
mixed with 1  mL reagent solution and afterwards with 
0.25  mL hypochlorite solution. The mixture was incu-
bated for at least 12  min at room temperature before 
measuring the absorbance at 685  nm. The reagent 

solution contained 32  g sodium salicylate (anhydrous), 
40  g trisodium phosphate (TSP) and 0.5  g sodium 
nitrosylpentacyanoferrate(III) (sodium nitroprusside) 
dissolved in 1 L of water. For the hypochlorite solu-
tion, 50  mL of commercially available bleach (Clorox) 
containing 5–5.25% sodium hypochlorite were diluted 
with water to 1 L with a final concentration of  ~  0.25% 
hypochlorite.

Initial promoter characterization experiments were 
performed in 96-well plates using a BioLector (m2p-
labs, Baesweiler, Germany) at 30 °C shaking at 1000 rpm 
(shaking diameter: 3  mm). GFP fluorescence intensity 
was determined at 488/520  nm (excitation/emission) 
with the gain set to 70. For biomass determination back-
scatter intensity in the far red range 620/620 nm with the 
gain set to 10 was used. Specific promoter activities are 
expressed as GFP fluorescence over biomass backscatter. 
Since both these signals are measured in arbitrary units, 
this specific activity is expressed without dimension. Val-
ues are normalized (point-to-point) for the arithmetic 
mean of the corresponding wildtype. Induction ratios 
were determined by dividing the maximum specific pro-
moter activity by the average activity from 2–10 h.

Induction profiles of U. maydis MB215 Ptad1-gfp under 
different cultivation conditions were analyzed in 48-well 
flower plates (M2P-labs, Baesweiler, Germany) with an 
in-house constructed screening system based on the 
established BioLector setup [45, 54] with a fluorospec-
trometer, which features excitation and emission mono-
chromators for free wavelength selection in the UV/Vis 
range (Fluoromax-4, HORIBA Jobin–Yvon). GFP fluo-
rescence intensity was determined at 495/507 nm (band-
pass: 8  nm, integration time: 600  ms) and biomass was 
measured via backscatter intensity at 650/650 nm (band-
pass: 4 nm, integration time: 1200 ms).

Cloning procedures
The genome of U.  maydis  521 was taken as reference 
sequence [29].

Plasmids Ptad1-gfp, Pitp1-gfp, Padi1-gfp, and Pmtt1-
gfp were cloned by amplifying the promoter regions 
of genes UMAG_05076 (tad1), UMAG_05077 (itp1), 
UMAG_05078 (adi1), and UMAG_05079 (mtt1) with the 
oligonucleotide primers listed in Table  2 and exchang-
ing Potef on the vector pUMa43 [34]. For UMAG_05077 
(itp1), UMAG_05078 (adi1), and UMAG_05079 (mtt1) 
2000 bp in front of the respective start codon were used 
and for UMAG_05076 (tad1) 1500 bp were used (Fig. 1).

The resulting plasmids were linearized with the restric-
tion enzyme SspI prior to U. maydis transformation and 
constructs were integrated into the ip-locus of U. maydis 
strain MB215 by homologous recombination [40]. Trans-
formation of U. maydis was performed using standard 
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protocols [47]. For selection of transformants, PDA plates 
with 2 μg ml−1 carboxin were used. Correct integration 
of constructs and number of integration events was veri-
fied by Southern blot analysis using enzyme EcoRV for 
genome restriction and the Cbx-cassette from vector 
pMF1–C [5] as a probe for the detection of specific DNA 
fragments.

Results and discussion
Expression strengths of promoters from the itaconate 
cluster of U. maydis
The recently characterized genes encoding core catalytic 
enzymes and transporters, which are required for itaco-
nate production (tad1, itp1, adi1, mtt1) were chosen as 
primary targets for the investigation of promoter activi-
ties. From previous studies it was known that their native 
activity is strongly influenced by the activity of the tran-
scriptional regulator Ria1 which is itself also encoded in 
the itaconate gene cluster [17].

For analysis of induction conditions and promoter 
strength we fused each of the four promoters to gfp. 
GFP has been shown to be a suitable tool for expression 
analysis in several organisms including Escherichia  coli 

[11, 43], Saccharomyces  cerevisiae [1] and Pseu-
domonas  putida [64]. Also in U.  maydis GFP was used 
before to investigate host–pathogen interactions [49], to 
identify and localize proteins, for example a motor pro-
tein [39], and to investigate promoter activities [3, 49].

The plasmids containing the promoter-gfp fusions were 
integrated into the ip-locus of U. maydis MB215 [9, 31]. 
The resulting mutants were screened for ip–locus and 
single (s) or multiple (m) integration events by PCR and 
Southern Blotting. This targeted in-locus integration 
avoids undesired polar effects, such as gene disruption, 
and ensures optimal comparability between different 
strains by avoiding locus- and copy number-dependent 
expression differences [49]. For all promoters, one clone 
with single construct integration was chosen for further 
characterization (Fig. 2).

Fluorescence increased over time for all strains (data 
not shown), however, with great differences in the abso-
lute intensity range. While Pitp1 and Padi1 showed very 
low fluorescence intensities after 24  h of cultivation, 
about two-to-three orders of magnitude below that of the 
strong Potef, Ptad1 showed 48-fold and Pmtt1 fivefold lower 
intensities. These data indicate pronounced differences 

Table 2 Oligonucleotide primers with restriction sites

Plasmid Primers/specifications Restriction enzymes

pUMa43 Potef-gfp-Tnos; ori ColE1; ampR; U. maydis ipR-locus

Ptad1-gfp fwd:
CTCGGTACCTTCGACTTGGTGGATACTGCGGCTGTTG
rev:
GTCGGTCTTGACTCGACCCAGCTCACCGGATCCGTA

KpnI/BamHI

Pitp1-gfp fwd:
TCGAAATTCGAGCTCGGTACCGACCTGACAGAAGAGATAG
rev:
AGCTCCTCGCCCTTGCTCACCATGGTTCGACTTGGTGGATACTG

KpnI/NcoI

Padi1-gfp fwd:
TCGAAATTCGAGCTCGGTACCTCAGCCGATAGGTTTCAC
rev:
AGCTCCTCGCCCTTGCTCACCATGGTGAGCTGGGTCGAGTC

KpnI/NcoI

Pmtt1-gfp fwd:
TCGAAATTCGAGCTCGGTACCGTTTACCGCACGCTGTA
rev:
AGCTCCTCGCCCTTGCTCACCATGGTGGATGACGAATCTCAAG

KpnI/NcoI

Fig. 1 Clustered itaconate genes in U. maydis including trans-aconitate decarboxylase (tad1), a major facilitator superfamily transporter (itp1), an 
aconitate–Δ–isomerase (adi1), a mitochondrial tricarboxylate transporter (mtt1), and a transcriptional regulator (ria1) [17]. Red arrows indicate the 
promoter regions investigated in this study
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of promoter activity within the itaconate cluster from 
U. maydis, with Padi1 and Pitp1 as relatively weak promot-
ers and Pmtt1 as a strong promoter. The differences are in 
line with the physiological roles of the regulated genes. 
The mitochondrial transporter Mtt1 is the limiting step 
for itaconate biosynthesis in U.  maydis [17], requiring 
relatively high expression. In contrast, high expression of 
Adi1 would result in a surplus of trans–aconitate, which 
is a potent inhibitor for vital metabolic reactions, such as 
the conversion of citrate to isocitrate by aconitase in the 
TCA–cycle [21]. The in-trans expression of Padi1 and Pitp1 
outside of their original genomic context might influence 
their activity, since the orientation in the genome sug-
gests a possible bidirectional promoter (Fig.  1), which 
might be influenced by additional upstream elements 
in their native context. Based on those results, Ptad1 and 
Pmtt1 were chosen as the two strongest promoters for fur-
ther characterization and for the development as expres-
sion tools.

Activation of the Ptad1 and Pmtt1 occurs in response 
to nitrogen limitation
For expression of genes coupled to itaconate produc-
tion the induction time can be critical, depending on 
the expressed product, since some products are toxic 
during the growth phase, and the production of itaco-
nate poses a drain on the primary metabolite cis-acon-
itate. Consequently we investigated the induction time 
and conditions (Fig. 3) for Ptad1 and Pmtt1 using Potef as 
a control. Additionally, we investigated the differences 
resulting from clones with single construct integra-
tion compared to multiple integration, hypothesizing 
that multiple insertions may allow for a wider range 
of activities. It has to be noted, however, that the copy 

number for multiple integration events could not be 
quantified.

Promoter activities are expressed as GFP fluorescence 
intensity over biomass (measured as scattered light). 
The activity of both Ptad1 and Pmtt1 increased strongly 
after 14  h of cultivation, corresponding to the time 
point where ammonium was depleted from the culture 
medium (Fig. 3). Production of itaconate started approxi-
mately two hours later. This correlates well with the 

Fig. 2 Fluorescence signals for U. maydis single integration mutants 
cultivated in MTM containing 0.8 g L−1  NH4Cl and 50 g L−1 glucose 
expressing gfp under the control of four promoters from the itaco-
nate gene cluster. GFP fluorescence intensities (normalized against 
the wildtype) are shown for single integration mutants under control 
of Potef (red), Ptad1 (green), Pitp1 (orange), Padi1 (purple), and Pmtt1 (blue) 
after 24 h of cultivation. Error bars indicate standard error of the mean 
(n = 3)

Fig. 3 Induction profiles of gfp under control of Ptad1 (a), Pmtt1 (b), 
and Potef (c). Itaconate concentration (red) and  NH4Cl concentration 
(black) correlated to the specific promoter activity (GFP over biomass, 
normalized against the WT) for U. maydis strains containing single 
(light green) and multiple (dark green) insertions. Error bars indicate 
standard error of the mean (n = 3)
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known induction of itaconate production for U.  maydis 
[14]. In contrast, the strong constitutive Potef promoter 
gave a high and relatively stable signal during the growth- 
and production phases. The low fluorescence intensity of 
the Ptad1 construct during the initial growth phase hints 
at a weak, but tightly controlled activity with an induc-
tion ratio of 72 (single integration) and 122 (multiple 
integrations). Pmtt1 in contrast is a strong, but leaky pro-
moter, with a basal activity during the growth phase and 
a lower induction ratio of 13 (single integration) and 11 
(multiple integrations). The basal activity of Pmtt1 in the 
growth phase may result from the generally high pro-
moter activity, or from an activation due to expression 
out of the original chromosomal context.

We next investigated the impact of multiple integra-
tion on the expression activity. With values of 0.03 (Ptad1, 
single, 23–32 h), 0.40 (Ptad1, multi, 28–29 h), 0.33 (Pmtt1, 
single, 27–32  h), 1.32  (Pmtt1, multi, 29–32  h), 1.38 (Potef, 
single, 25–26 h), and 3.00 (Potef, multi, 25–26 h), the max-
imum expression level increased by about twofold (Potef), 
fourfold (Pmtt1), and 13-fold (Ptad1) for multiple construct 
integrations compared to single integration. Taking into 
consideration the promoter activities of single-copy Ptad1 
and Pmtt1 constructs, and multiple integration, expres-
sion levels covering a nearly 50-fold dynamic range with 
high resolution appears realistic. This value may even be 
increased by selecting higher integration numbers for 
Pmtt1.

The impact of growth limiting nutrients on Ptad1
Itaconate production by U. maydis is generally induced 
upon nitrogen limitation. However, the amount of nitro-
gen source as a growth-limiting nutrient has a strong 
impact on the efficiency of itaconate production [16, 41]. 
In other itaconate producers, such as Aspergillus terreus, 
phosphate-limiting media are generally used [36, 58], 
although a P-limitation is not strictly needed for efficient 
induction [25, 35]. In order to further investigate the 
effect of different growth limitations on the activation 
of Ptad1, we cultivated U. maydis Ptad1-gfp with different 
combinations of  NH4Cl and  KH2PO4. Keeping the ini-
tial concentration of  KH2PO4 at 0.5  g  L−1 we increased 
the initial  NH4Cl concentrations from 0.8 to 1.6 and 
3.2 g L−1, resulting in higher biomass concentrations and 
nitrogen limitation at a later time-point during cultiva-
tion. To ensure a phosphate-limited culture, we lowered 
the initial concentration of  KH2PO4 to 0.1  g  L−1 com-
bined with an initial  NH4Cl concentration of 3.2  g  L−1 
(Fig. 4).

Higher  NH4Cl concentrations resulted in a delay of 
Ptad1 induction, correlated with a later depletion of nitro-
gen. However, specific Ptad1 promoter activity was about 
2.5-fold (1.6  g  L−1) and 7.5-fold (3.2  g  L−1) lower for 

the cultures containing more  NH4Cl, compared to the 
culture containing 0.8  g  L−1  NH4Cl, and for the phos-
phate-limited culture the specific promoter activity was 
negligible (Fig. 4). These data further support the role of 
nitrogen limitation as major trigger for the production 
of itaconate, as opposed to general growth limitation. 
They also explain previous observations, where the use 
of 4 and 0.8 g L−1  NH4Cl resulted in similar volumetric 
production rates [16], even though much more biomass 
was formed at 4 g L−1  NH4Cl. Apparently, lower nitrogen 
concentrations result in a stronger induction of itaconate 
production genes, leading to more efficient production. 
This may be related to pH in the employed system of 
batch cultures with a soluble 100 mM MES buffer start-
ing at pH 6.5. Higher nitrogen concentrations may lead 
to a stronger pH drop during growth, and itaconate for-
mation might be triggered at a sub-optimal pH level with 
preference over other secondary metabolites. Indeed, U. 
maydis favors the production of glycolipids over organic 
acids at a low pH [24, 27, 50], and the regulatory interplay 
between different secondary metabolites is complex [7, 8, 
30]. A strong relationship between pH and induction of 
itaconate production has also been observed for A. ter-
reus [35].

In summary, we were able to show that the activa-
tion of the itaconate cluster in U. maydis is induced 
specifically in response to nitrogen limitation, and 
the level of induction was strongly dependent on the 

Fig. 4 Impact of growth limiting nutrients on Ptad1 activity. 
Specific promoter activity (GFP over biomass, normalized against 
the wildtype) for U. maydis Ptad1-gfp cultivated in MTM containing 
0.5 g L−1  KH2PO4 with 0.8 g L−1 (green), 1.6 g L−1 (blue), and 3.2 g L−1 
(black)  NH4Cl, and 0.1 g L−1  KH2PO4 with 3.2 g L−1  NH4Cl (red). Single 
values are shown for two biological replicates (n = 2; diamonds) and 
the mean value (line)
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initial nitrogen concentration. Although the depletion 
of nitrogen triggers the activation, different other fac-
tors, such as pH and the concentration of other nutri-
ents, can be optimized for fine tuning of the promoters 
activities.

Conclusions
The potential of Ustilaginaceae as production organisms 
for different industrially-relevant compounds has been 
convincingly demonstrated in several instances. The 
presented investigation of the promoters from Ustilago’s 
itaconate cluster provides a new set of genetic tools that 
will enable heterologous gene expression under nitrogen 
limitation. Activity of these promoters is clearly coupled 
to the production phase, with a broad range of activi-
ties that reach up to the level of the commonly used Potef. 
The investigation of these promoters opens new doors 
for future metabolic engineering strategies. These strat-
egies aim for an improved match with the different cel-
lular objectives during growth- and production phases 
compared to Potef and Poma, which are mainly active dur-
ing growth phase or e.g. Pcrg1 and Pnar1, which are acti-
vated or repressed under conditions incompatible with 
Ustilago’s production phase. In addition, the GFP fusions 
enable further detailed investigations into the mecha-
nism of induction of secondary metabolite production in 
U. maydis, and specifically give further insight into the 
regulation of the itaconate cluster of Ustilago and of the 
itaconate production pathway.
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Vita activa in biotechnology: what we do 
with fungi and what fungi do with us

Martin Weinhold1, Edeltraud Mast‑Gerlach2 and Vera Meyer2* 

Abstract 

Filamentous fungi are fascinating microorganisms. One of the reasons why it is so worthwhile to take a closer look 
at them is their capacity to produce secondary metabolites. Some of these substances have the potential to be of 
great use for mankind, such as it was the case with penicillin and its discovery in 1928. Almost a century later, the 
situation in healthcare could possibly turn back to the state before the development of the first antibiotics. Due to 
an overuse of antibiotics we are facing a surge of multiresistant bacteria that are not inhibited by any of the currently 
known drugs. That was part of the background why a European research project was launched in October 2013, titled 
“Quantitative Biology for Fungal Secondary Metabolite Producers”, or “QuantFung”. Fifteen young scientists embarked 
on a new phase in their career, moving to new work environments within Europe and dedicating their work lives 
intensively to the quest for useful secondary metabolites. After 4 years, the QuantFung project concluded in October 
this year. In this commentary, we aim to convey what it means to work in this field of fungal biotechnology and how 
important it is to improve the efficiency of the research therein. We introduce five out of the fifteen fellows at length 
and let them have their say about the adventure of science, euphoric moments, prospects and doubts. We also raise 
questions about the current state of research in academia, something the QuantFung fellows experienced first‑hand. 
Being a scientist often goes beyond earning money to make one’s living. This is why we also reflect on aspects of the 
meaning of work in our western society, where production for profit’s sake is a main driver. For that we refer to one of 
the most distinguished thinkers of the twentieth century, to Hannah Arendt.

Keywords: Innovative Training Network (ITN), Marie Curie, Hannah Arendt, Fungal biotechnology, QuantFung, 
Natural product, Secondary metabolite, Systems biology, Synthetic biology, EUROFUNG

Background
In 1960, political theorist Hannah Arendt chose “Vita 
activa” as the title for the German edition of her ground-
breaking book “The Human Condition”, a highly complex 
text elaborating on what we actually do when we work 
[1]. “Vita activa” as a philosophical term means to par-
ticipate socially in the complex structures humans cre-
ate to organize themselves. Arendt was highly in favour 
of using the precious good of a given lifetime for the real 
capacities that humans possess. Applied to today’s world 
of work, it would be about capacities that go way beyond 

the daily toil which is necessary to make ends meet. In 
a job-focused society, where income often matters more 
than input, it may sound demanding to ask for a truly 
meaningful work life. Though closely observing recent 
phenomena in the realms of science or industry, it shows 
that we are limiting our perspectives when narrowing 
them down to profit margins. In one example, as it was 
more profitable, the German car industry was investing 
in new software to deceive testing methods for exhaust 
fumes instead of developing new technologies that would 
make the era of internal combustion engines a historic 
one altogether. Turning towards the antibiotics market: 
since the rewards are too low, the number of pharmaceu-
tical companies worldwide went down from 18 in 1990 
to 4 in 2010 [2]. Having the current crisis of antibiotic 
resistance in mind, that is threatening news.
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In October 2017, a European research project con-
cluded that produced a network for 15 young research-
ers working in five different European countries. The 
project started in October 2013 as a 4-year multi-partner 
Innovative Training Network (ITN), as part of the Marie-
Curie Actions in the Seventh Framework Programme 
‘People’ (FP7 people) and was provided with €3.9 million 
(EU Grant number 607332). The focus of the “Quant-
Fung” project was to identify and isolate novel bioactive 
molecules from filamentous fungi. One of the triggers 
for launching this 4-year project was the crisis of antibi-
otic resistance. QuantFung was offering what should be a 
matter of course for such an important field of science: an 
efficient, result-based network of researchers with diverse 
backgrounds and expertise, where communication can 
flow freely and no efforts are doubled. Even though the 
work of these 15 highly committed researchers took into 
account that finally their new knowledge may result in 
new products for the market, it was not its driving force. 
Motivations to join QuantFung were manifold. For all 
participants the chance to gain new knowledge in a fas-
cinating field of research was compelling—“unlocking (a) 
secret door”, as Min Jin Kwon, one of the researchers put 
it [3]. Nonetheless, the idea of producing something that 
society can really benefit from, is of major importance for 
them. Referring back to Hannah Arends idea of a mean-
ingful life, in which humans can unlock their own capaci-
ties and talents, working for the QuantFung project truly 
qualifies for that. In this paper, we take stock of what was 
achieved within the framework of this exciting project, 
and also shed light on life models in (fungal) biotech-
nology. Kindly, a number of QuantFung fellows agreed 
to give a glimpse of what their life was like during the 
last 4 years and what they think can be learnt from their 
experience for future research projects.

The origins of QuantFung
The quest for novel bioactive fungal products goes far 
beyond the problem of the antibiotics crisis, as it includes 
the need for novel drugs for multiple human health 
problems ranging from different cancers to increasing 
neurodegenerative diseases, which are especially promi-
nent in aging societies. The necessity for a multidisci-
plinary training network that can unlock the genomic 
potential of filamentous fungi to produce novel bioac-
tive compounds for human welfare was identified at a 
meeting of the EUROFUNG consortium in November 
2010. EUROFUNG is a virtual centre of excellence and 
includes 35 academic members from 13 European coun-
tries and an associated industrial platform of 9 small, 
medium-sized and large European biotechnological and 
pharmaceutical companies [4]. A cross sector group 
of EUROFUNG active in the field of fungal bioactive 

compounds developed the initial idea for the Quant-
Fung project (Technische Universität Berlin, Univer-
sität Göttingen, Danmarks Tekniske Universitet, DSM). 
QuantFung stands for “Quantitative Biology for Fungal 
Secondary Metabolite Producers”. The concept was fur-
ther developed at the ESF-EMBO symposium “Synthetic 
biology of antibiotic production” in October 2011 [5], 
where additional groups joined (Rijksuniversiteit Gro-
ningen, Leibniz-Institut für Naturstoff-Forschung und 
Infektionsbiologie Jena—Hans-Knöll-Institut, Chalm-
ers tekniska högskola, Debreceni Egyetem, Christian-
Albrechts-Universität zu Kiel, Bioviotica Naturstoffe, 
HiTeXacoat, Planton GmbH, Codexis Laboratories 
Hungary LTD). The intended mission of the ITN was 
to combine internationally renowned research experi-
ence of the EUROFUNG members with new groups and 
their expertise in new technologies for a training network 
exploring the potential of fungi for innovative, bioactive 
products for biotechnology and, at the same time, train-
ing high quality researchers. This intention resulted in a 
first proposal submitted in January 2012 that scored 93.0 
points and was placed on the EU reserve list for fund-
ing. A revised second proposal had been improved by 
addressing the helpful and constructive comments from 
the reviewers of the first evaluation. It also benefited 
from new ideas and refinements that came from a two-
day workshop in October 2012 in Berlin. The submission 
of the subsequent proposal happened in November 2012 
and it was approved in April 2013 with a score of 93.2.

After negotiations involving all academic and indus-
trial partners, the QuantFung project eventually started 
in October 2013 as the first European training platform 
for the production of novel bioactive compounds based 
on fungal systems and synthetic biology [6]. Six months 
were devoted to selecting and recruiting the best fellows 
among the applicants. The eventual start-up meeting for 
all research projects within QuantFung was in March 
2014, which was nearly 3.5 years after the initial idea for 
this EU project was launched.

Combining excellence in training and research
The driving force of QuantFung was the collaboration 
of 8 academic and 5 industrial partners to expedite the 
application of new secondary metabolites in areas such 
as health care, nutrition or agriculture. The main objec-
tives of the consortium were to find novel bioactive mol-
ecules by exploiting the wealth of fungal biodiversity and 
to translate these into useful products. This required the 
(re-)design and engineering of fungal organisms with 
new characteristics, using highly sophisticated synthetic 
biology tools. The educational idea of QuantFung was to 
use this research context to train 11 Ph.D. students and 
4 Post-Docs as new problem-solving, creative European 
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scientists in interdisciplinary and intersectorial biotech-
nological research. The fields varied from modelling 
and network analysis to systems biology (e.g. genomics, 
transcriptomics, proteomics and metabolomics), from 
molecular biology, like fungal genetics and biochemistry, 
to synthetic biology methods. Different work packages 
were designed which focused on discovery of secondary 
metabolite gene clusters, targeted activation of gene clus-
ters, quantification of secondary metabolites in industrial 
hosts, and bioactivity testing to identify their mode of 
action. In order to bridge the gap between academia and 
industry, the industrial partners offered secondments and 
training modules to share their experience with the train-
ees. As these multidisciplinary projects required physical 
and intellectual flexibility, the training program for the 
young fellows included defined work periods in different 
QuantFung laboratories, as well as local and networked 
training events for researchers. The vision of the Quant-
Fung partners was that such an approach would promote 
the development of a new generation of fungal biotech-
nologist with experience in both the academic and the 
industrial work culture, comprising significant transla-
tional and entrepreneurial skills.

What has been achieved?
We decided to address this question on two different lev-
els: On the one hand, we gathered all relevant data and 
information regarding the scientific output of QuantFung 
(e.g. publications, patent applications, poster presenta-
tions, talks at conferences). On the other hand, we were 
using interviews to discuss with members of the consor-
tium the impact QuantFung had on their personal life 
and personal development.

Regarding the evaluation of “hard facts”, we took the 
project’s official end as an effective end date (October 
1st, 2017), even with the knowledge that much of Quant-
Fung’s output cannot yet be taken into account as many 
manuscripts are still in preparation or have just been 
submitted and are currently under review. Therefore, 
the assessment of the endeavor’s effectiveness and out-
come can currently only be a partial one. The overall 
impact will be most likely revealed in 1 or 2 years’ time 
from now. However, the fellows’ accomplishments are 
already very impressive at this early stage: On average, 
each fellow presented his/her work at four (inter)national 
conferences and has been co-author of 1.9 publica-
tions (Table 1). Three of these publications have receive 
particular attention by the research community: (1) the 
establishment of a CRISPR/Cas9 based genome editing 
tool for Penicillium chrysogenum [7], (2) the sequencing 
of nine different Penicillium genomes and the identifica-
tion of 1317 putative secondary metabolite gene clusters 
hidden there [8], (3) the establishment of polycistronic 

gene expression in the cell factory Aspergillus niger as a 
tool for high level production of secondary metabolites 
[9]. As a team, the QuantFung participants jointly organ-
ised one Mini-symposium in 2014 during the annual 
meeting of the German Society of General and Applied 
Microbiology (VAAM) and a session during the highly 
prestigious Conference on the Physiology of Yeast and 
Filamentous Fungi 2016 in Lisbon (PYFF6). The fellows 
used the opportunity to publicize QuantFung to the 
broader audience of biotechnologists and the interested 
public, and collectively co-wrote a commentary piece in 
2015 [3], which resulted in over 2590 downloads during 
the first 2 years after its publication.

On paper, these years of research on filamentous fungi 
were very successful. But what impact did this time have 
on the fellows? We focused on five fellows who provided 
a personal perspective—Min Jin Kwon, Sietske Grijseels, 
Yvonne Nygård, Carsten Pohl and Jens Christian Frøslev 
Nielsen.

The lab away from home
An essential part of the QuantFung ITN project was its 
mobility rule: the fellows had to move to a European 
country where they had not lived during the past 3 years.

For Yvonne, one of the experienced researchers in 
the group, it meant going from Finland to the Neth-
erlands. As she is used to being much further away for 
work assignments (e.g. being for some time in Berke-
ley, USA, as a visiting researcher), the distance between 
her home country and the Netherlands was not a major 
issue. Going for visits back to Finland on an average of 
every 2  months proved to be sufficient, and convenient 
due to non-stop flights from Amsterdam to Helsinki. In 
Yvonne’s perception the main cultural difference was the 
very direct way of Dutch communication, although in the 
lab Dutch people actually were a minority, as she says, 
there it was way more international.

Min Jin, another of the experienced researchers, moved 
from the Netherlands to Berlin to participate in the pro-
ject. It was a familiar place for her, as she had come to 
the German capital before for her master’s degree after 
graduating in South Korea where she was born. Min Jin 
had lived and worked for 5 years straight in the Nether-
lands before QuantFung, therefore she was qualifying for 
the mobility rule.

For Sietske, Carsten and Jens their respective change 
of country kept them culturally fairly close to what they 
knew from home. There were no greater “shocks” to cope 
with than maybe sweeter pastry for Sietske in Denmark 
or for Jens the Swedish consensus culture which was 
quite different from what he was used to in Denmark, 
he explains in the interview. Carsten even said about his 
time in Groningen (Netherlands) that he sometimes felt 
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as if he were just in another German city. “But where I 
really felt like being in Europe was in my lab. There was 
the world at home.” he continues. Counting all the nation-
alities he was working with in the lab actually takes him a 
while, “…that was like a world community, you can surely 
say that”. The international aspect of their research envi-
ronment—and its positive effect—is a shared perception 
among the QuantFung fellows. As Jens mentions about 
his group in Gothenburg: “The main nationality here is 
not Swedish, it’s Chinese. Then you have Indian, quite a 
few Germans and so on. So it’s not only the new Swedish 
culture I learnt about, it’s about all other cultures from 
just anywhere in the world.”

Nonetheless there are challenges when working abroad. 
For instance, figuring out things like tax authorities and 
insurances, which at the same time trains your ability for 
trouble-shooting and asking colleagues who have been 
in the same situation. Then there were the long com-
mutes when you wanted to see family and friends dur-
ing a weekend, using up most of the Friday for travelling. 
Even seemingly close distances within Europe take a toll 
and, as it was also about getting to know the other coun-
try and the people there, travel back home did not occur 

every weekend. For Jens it is one of the reasons why he 
will look for employment in his home country Denmark 
after the QuantFung project. His overall balance with 
the project is absolutely positive but he wants to be back 
where family and friends are. “This kind of work life-style 
(like during an ITN project) does come at a cost” he says. 
Whereas for Sietske going back to the Netherlands would 
now feel a bit like going back to a previous life. After the 
project she will move to Tromsø in Norway instead, for 
living there with somebody she got to know during her 
time in Denmark. “In that way you could say it’s an out-
come of the QuantFung project.” she says with a laugh.

The balance between work and private life
According to Hannah Arendt’s Vita activa (The Human 
Condition), excellence can only be achieved in the pub-
lic realm, as this is the place where we can prove our-
selves as being one of the best, as the place where we 
can stand out because there is comparison and because 
there are people who will notice our achievements. Noth-
ing humans ever do in private can achieve this potential. 
Nonetheless there is the need to have a retreat where we 
are not seen and heard all the time and can recover [1]. 

Table 1 Dissemination of QuantFung results (referring only to publications, patents or presentations within the 4-years 
funding period)

a Note that projects funded by QuantFung for Ph.D. students were for 36 months, whereas post-doctoral fellows were funded for 24 months only
b Note that one publication was a joined publication of all fellows [2]

Co-author 
of peer-reviewed 
 publicationsb

Co-author 
of patent 
applications

Presentations 
at conferences 
(poster or talk)

Future perspectives/remark

Ph.D.a

 1 2 – 8 Successfully defended Ph.D. and continues research career as Post‑Doc in aca‑
demia working on fungi

 2 1 – 8 Ph.D. defence date is envisaged, currently in job interviews

 3 3 2 4 Ph.D. project continues for a 4th year (not funded by QuantFung)

 4 1 – 4 Ph.D. project continues for a 4th year (not funded by QuantFung)

 5 3 – 5 Ph.D. defence date is envisaged, currently in job interviews with academia

 6 2 – 4 Ph.D. project continues for a 4th year (not funded by QuantFung). Already 
obtained a permanent position in a University to work on fungi as a fermenta‑
tion engineer

 7 1 – 2 Ph.D. project continues, which is however not funded by QuantFung

 8 2 – 4 Ph.D. defence date is envisaged, currently in job interviews with industry

 9 4 – 4 Ph.D. project continues (not funded by QuantFung)

 10 1 – – Ph.D. project continues for a 4th year (not funded by QuantFung)

 11 1 – 3 Ph.D. project continues for a 4th year (not funded by QuantFung)

Post‑Doca

 1 1 – 7 Continues career in a private‑public cooperation project at an University working 
on fungi

 2 1 – 3 Continues career in industry

 3 3 2 3 Obtained an Assistant Professorship position

 4 2 – 2 Obtained a permanent position at a research institution
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The QuantFung fellows certainly moved onto a public 
stage when entering the international research commu-
nity during the project. How did they perceive the bal-
ance between their work and the private life?

Sietske (Fig. 1) is looking back very happily with what 
she experienced in Denmark at DTU. There was spare 
time, there were weekends for going out by bike for 
camping tours, which she loves doing. There was also 
a life besides fungi. However, considering future work 
options for herself she tends towards favoring a job in 
industry, despite the fact that she really likes her field of 
research and enjoys being at a university. There is the dif-
ference between her work life during QuantFung, where 
it was totally okay to go home after 5 pm, and then there 
is the other side of academia that she observed: “When 
I see the professors around here at DTU, many of them 
have a family but they work day and night to do the 
research and to apply for grants at the same time.” Espe-
cially for starting a family it could be very hard, she thinks 
“You find a post-doc for one or two years and during that 
period you already have to start writing grant applica-
tions or applying for new positions. … It’s really insecure 
and it’s not sure whether you can stay in the same coun-
try. I think it could be pretty hard to start a family in such 
a position.”

In the project’s beginning, Carsten (Fig. 2) was involved 
in sporting activities outside work, like fencing classes, 
“…but then there was such a dynamics that literally 
sucked me in. One thing led to another and it became 
more and more exciting and then you were checking the 
clock and it was 9 pm and you said to yourself, okay now 
it really is too late for exercise…” For a tangible break he 
needs a change of location, as work issues remain too 
preoccupying for as long as he is close to the lab: “I don’t 
go home in Groningen, close my door and then I don’t 
think about my work anymore, that’s nothing I am capa-
ble of doing. … There was an intense phase during the 

project in which I actually didn’t see the people at home, 
in my flat-sharing community, at all.” Carsten sees it also 
as a way to find a personal limit with work. He says it is 
mainly your own responsibility to decide how much you 
let yourself being consumed personally through work. 
“For me it was voluntary, I really enjoyed that and it was 
not done under pressure and force at all. … But it’s not 
a life model that works as a permanent set-up, certainly 
not.” During longer vacations that brought him away 
from Groningen and the lab, Carsten participated for 
instance twice in a huge bicycle race at the Nürburgring 
(Rad am Ring), something that required proper prepara-
tion and therefore was a real change of subject.

Min Jin (Fig. 3) was living with her family in Berlin and 
therefore combined being a mother of two kids and pur-
suing the project’s ambitious research goals. Within the 
project’s run she took a 10-months maternity leave after 
giving birth to her second child. That is why she says 
without hesitation: “Within the QuantFung project there 
definitely was a good balance for me between private 

Fig. 1 Sietske during a summer weekend trip to Denmark’s largest 
lake Arresø (© by Aaron Andersen)

Fig. 2 Testing the European mobility rule: Carsten racing to the 
interview appointment in Berlin, 2017

Fig. 3 Min Jin entering one of the labs of the TU Berlin, 2015
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and work life.” The favourite thing besides the kingdom 
of fungi for her is playing with her children. But during 
the 6 months in which she had to come to the lab late at 
night for fostering demanding fungal bioreactor cultiva-
tions, she discovered Harry Potter novels as a diverting 
read. “Whenever I was going by public transportation at 
night or in the early morning, I appreciated J.K. Rowling, 
as she made me forget all the tiredness.”

Jens (Fig. 4) had a very intense first year with the group 
in Gothenburg that he had chosen for its combination of 
biology with informatics. It was the year before his girl-
friend moved to Gothenburg. Being by himself in the 
beginning meant that he “could just give the project all 
I had”. The fantastic research environment he found in 
Sweden was exciting and working intensely was therefore 
nothing he had to force himself to. Nonetheless he would 
not like to continue that way in the future: “Even though 
I really liked this intense time, I think it’s just important 
to also have a balance.” And having a balance could mean 
for him something as simple as watching a Champion’s 
League game together with some childhood friends on 
a Wednesday evening. Jens mentions another important 
aspect about the intensity of research work: “the fear of 
failing, as you have this limited time”. The need to publish 

papers, as otherwise you cannot finish the Ph.D., is quite 
a common fear in the back of the mind of Ph.D. students, 
he says. Therefore, the motivation to work hard comes 
from within. “Hopefully it’s more based on your excite-
ment to the work, which is definitely a major driver, but 
also to some degree that you don’t want to fail.”

Even if there are intense work periods, Yvonne (Fig. 5) 
tries to make enough time also for leisure activities and 
meeting friends and family. “I like to think that I work 
very systematically and organized. And all my spare time 
and all my sports activities are also in my calendar.” She 
agrees that sports are the best thing you can do to reju-
venate your energy, a common view among all the inter-
viewed QuantFung fellows. Another favourite pastime for 
Yvonne is being in nature. Asking her about what she did 
in nature in the Netherlands she is just laughing, “That is 
what I missed most in the Netherlands - nature - there 
is not much nature around.” When the subject of the 
blurred border between work and private life comes up 
she quickly replies “There is no border for me.” and con-
tinues: “Of course it’s problematic because it means that 
a lot of weekends I spend working, but I do it because I 
enjoy my work and want to push forward.”

Results and revelations
The outcome of an intense project time usually is a 
diverse one. With respect to QuantFung, for one there 
are measurable, scientific results—as everybody was 
hoping for, even though all the fellows were very much 
aware of the nature of research, i.e. “not all the reason-
able approaches give the results as expected” (Min Jin). 
Then there is also the personal experience gained as a 
researcher when exposed to a new work environment 
and to a new lab with different opportunities to pursue 
the respective project goals. We asked the QuantFung 
fellows about results and revelations, about personal 
changes they noticed, as well as for their perspective on 
fungi after being immersed in this field of research for a 
substantial amount of time.

Sietske describes a measurable outcome that was very 
satisfying for her, and is an example of why and how 
important it is to work together with researchers with 
different expertise. “There was one fungus that produces 
a secondary metabolite, calbistrin, that was found to have 
an anti-cancer activity … We wanted to identify the genes 
encoding the biosynthetic pathway for formation of 
calbistrin. For this we decided to sequence the genome of 
the fungus in which Jens [from the QuantFung group in 
Goteborg] had the leading role. I analysed the structure 
of the compound to predict which enzymatic activities 
would likely be involved in the formation of the second-
ary metabolite and using these predictions I compared 
the genome sequences of three species that all produce 

Fig. 4 Jens during a day trip to the forests of the greater Gothenburg 
area—apparently being successful at picking edible mushrooms, 
2016
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this secondary metabolite, to predict which genes could 
be essential for its formation. Then we had an idea of 
what the gene cluster could be and Carsten [from the 
QuantFung group in Groningen] deleted several of the 
genes with the CRISPR/Cas9 based method that they 
had developed in the QuantFung team in Groningen. 
Fortunately, I saw that deletion of the genes resulted in 
mutant strains that did not produce calbistrin anymore, 
showing the power of combining all these different tech-
niques The knowledge gained in this project could lead 
to the development of metabolic engineering strategies 
for improving calbistrin yields in future cell factories.” 
Sietske is convinced that “doing research changes your 
personality because it is so unpredictable with respect to 
the outcome. There are so many things not working and 
every time you have to tell yourself: Next time it might 
work, okay, there we go again” and that she “can deal 
with that better, after these three years. If things don’t 

work out - it doesn’t matter, we will try to find a differ-
ent way.” Was her perception of the fungal world changed 
throughout the years? Yes. “It is really fascinating how 
they produce these secondary metabolites. … That they 
have these clusters of genes in the genome that all encode 
for enzymes to work together for making these secondary 
metabolites. They are so interesting because they’re all so 
different and we don’t actually know what these second-
ary metabolites are doing in nature, why they are there.”

One of Carsten’s focal points with his QuantFung 
group in Groningen was to develop new synthetic biol-
ogy tools that can be applied to fungi. The group was 
also involved in quantitative biology. That was some-
thing he enjoyed and was a point of pride, as this work 
went beyond descriptive research to generate usable 
facts. Another measurable outcome was the first paper 
he published, which Carsten describes as follows: “We 
established the CRISPR-Cas9 tool in two different ways 
in our fungus. There were papers about this tool work-
ing in fungi before, but we showed a new way where we 
brought the protein into the cell directly, without it being 
expressed by a plasmid. It’s a method that can accelerate 
the process. Additionally, I was able to show that it works 
the same with one of the other QuantFung fellows’ fungi 
[Sietske at DTU]. It was very satisfying to see that it’s not 
just a one-time-wonder I discovered but a method that 
also works reliably with a different fungus. On top, it was 
a method helpful for my own research experiments, as 
it saved a lot of time.” What did this kind of collabora-
tion do with Carsten? “I learnt how much it matters on a 
social level to really find a way of collaboration. I think in 
the beginning I was very naïve, I thought it would work 
automatically and we would get along just because of the 
great and common goal. Then I was surprised to see how 
much the human factor mattered, despite the common 
goal. The individual aspect must not be underestimated 
also when specialists are expected to work together. It’s 
something I intend to improve for myself, to be better at 
team-building.” And: “I still underestimated the diversity 
of fungi. I was specifically working with one organism. 
However, I think one really should review the kingdom of 
fungi as broad as possible to seek after useful molecules.”

Jens’ field is bioinformatics. Therefore, you won’t find 
him in the lab working with fungi, as he sits in front 
of the computer most of his work day. For the Quant-
Fung project he was looking at genome data from vari-
ous fungi. Studying these masses of genetic information 
led to an outcome he was very happy about: “I ended up 
publishing a paper in a journal called Nature Microbiol-
ogy [8]. As I am just a Ph.D. student, I don’t have a huge 
amount of papers yet but I ended up getting something 
quite impactful out of the work we did, out of all these 
work hours spent. That was super nice. That particular 

Fig. 5 Yvonne in the Madurodam themepark in The Hague, picture 
taken by her mother (© Marianne Nygård) during a visit of Yvonne’s 
parents in 2016
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paper may also help me in the future. As for the big-
gest revelation - how conserved everything is in life. 
What I find fascinating about this biology is the similar-
ity between all species. You can take any genome of any 
species - if it’s a human, a bacterium or if it’s a filamen-
tous fungus - and they actually look quite similar from 
my point of view. I think this “conservedness” of biology 
is what I find most fantastic and what I realized during 
my Ph.D. studies. That’s, of course, a little bit “nerdy” but 
I think that holds true and is really fascinating to me.”

In Berlin, Min Jin was looking for global transcription 
factors that regulate secondary metabolite gene expres-
sion in A. niger. From meta-analyses of transcriptomic 
data she predicted regulators in silico and verified their 
role in secondary metabolism by generating mutant 
strains. Even though she is still finalizing the data and 
preparing the paper, this discovery already makes Min 
Jin very happy as an outcome, as she describes: “I was 
afraid that two selected transcription factors maybe not 
be true regulators of secondary metabolism, so I was 
still a bit doubtful about our candidate genes. But when 
I observed colour changes of the cultivation media of 
the mutant strains and also sclerotia formation induced 
by overexpression of one transcription factor, it was the 
moment that I was very happy. A colour change suggests 
that some secondary metabolites were produced and also 
sclerotia formation is not a very common phenomenon 
with Aspergillus niger. Of course, I was very excited to see 
that.” And her perspective on fungi? “At the beginning I 
thought, oh, Aspergillus niger is very interesting, whereas 
now I realize that many filamentous fungi are attractive 
to be studied.”

Yvonne was working for QuantFung in part at the 
University of Groningen and for half the time she had a 
secondment with DSM, where she was employed by one 
of the project’s industrial partners. In her QuantFung 
project they were developing CRISPR gene editing tools 
and also expression systems. The results are partly pub-
lished [7], which is a measurable outcome. New meth-
odologies developed during the QuantFung project 
are now routinely used at the University of Groningen. 
With respect to the importance of comparable data sets 
for research, she says QuantFung could be a good start-
ing point, as the fellows got to know the different proce-
dures and methods in the labs where they were located. 
She carries on: “So you could take that to initiate some 
more standardization but it would need to be more long-
term and also require commitment.” When we asked her 
about her relationship with fungi, she had to laugh: “Well, 
I think it’s a funny way of looking at it. But yes, that hap-
pens, you get to personalize your microorganism that 
you work with; I don’t know whether it’s always all that 
healthy…”.

Better is the enemy of good
“I think it was a very successful project, in general it 
went well.” This is as brief as Yvonne puts her answer 
when asked for an overall balance of QuantFung. That it 
went very well is a common assessment among the fel-
lows who participated in the interviews. All of them see 
the time with QuantFung as an important and substan-
tial period for making progress in their respective fields 
of research. Without a shadow of a doubt it was a true 
gain for their future career path. However, even with a 
successful project there is always space for improve-
ment. Like Carsten, one of the Ph.D. students, puts it “…
that’s nothing that can be preconceived theoretically. … 
Such a project is basically like one of my experiments—
of course you try to make as much risk assessment as 
possible but in the end you have to do it and see what 
it does in real life.” Which is why we asked the fellows, 
now in hindsight, about valued advantages with an ITN, 
about the things that went well in their view and about 
those aspects that were not perfect, so that one can learn 
from their experiences in order to make the next project 
an even better one.

The complementing effect of working on the same 
project, that is on the same fungus, with different tools 
yet the same goal, and communicating about it, is the 
first thing Sietske mentions with respect to advantages 
of this ITN project. During QuantFung she fully real-
ized “… how valuable it is to work with researchers that 
have slightly different backgrounds and work on the same 
project. … You have the biology and the chemistry and 
the bioinformatics and try to combine all of that some-
how. That is something I really enjoyed - to understand 
that all parts are needed to make one story out of that. It 
is also very nice to be able to talk with each other about 
the research - and truly understand each other. When 
you are doing your Ph.D. you get so specific about things 
that even with people who studied the same field, or even 
work in the same lab, it can be quite difficult to talk in 
depth about what you are doing and what your struggles 
are. But when you’re working on the same project and 
writing papers together, then you can discuss in depth 
about ‘where do we want to go’ and ‘what do we need’. … 
And the third thing for me: It is also just fun and nice to 
work together.”

Carsten “can recommend such an ITN to any young 
scientist, I certainly would do that again, absolutely. It 
really broadens the mind when you can go somewhere 
else and don’t stay where you are at home. That’s an 
important aspect. It was a great opportunity for network-
ing, as I don’t know whether I would have been able to 
organize such an access to other colleagues. You may be 
able to meet somebody occasionally during a conference 
but it is not that kind of access that was provided through 
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the meetings we had with QuantFung.” Where would be 
potential for improvement? “It would be good to start 
and extend the networking earlier. It’s just so important 
to be capable of teamwork in science.”

Jens found the overall balance in general a good one. 
“I would recommend everybody joining an ITN. Being 
connected with other research groups within Europe 
has been a real advantage. I really enjoyed that I basi-
cally could come to all the meetings and talk to some of 
the greatest experts in the field. All the issues I had since 
the last meeting, I can take up with some people who are 
the best to talk to about that. This connection for sharing 
knowledge was great.” What was good and helpful within 
QuantFung for your project? “What has been working 
very well for me was that I had a very strong collabora-
tion since the beginning of the project with partners at 
DTU in Denmark [Sietske’s QuantFung group], where 
we’ve been working really closely together. I was doing a 
lot of the computational analysis and they were doing the 
experimental work. With Sietske, you can say both of our 
entire Ph.D. projects were totally intertwined, which has 
been very nice. My research group [in Gothenburg] has 
not been working that much with the filamentous fungi 
but with the bioinformatics techniques. … so I had that 
place in Sweden where I could discuss the methodology 
and so on, while in QuantFung I had another group of 
people where I could share and discuss more biological 
problems. And that kind of interplay has been working 
very well for me.”

For Min Jin the main advantage of the ITN was “to 
meet the different people regularly. The network an ITN 
provides the “human infrastructure” for discussing ideas 
and questions with other researchers. So that you are not 
working isolated by yourself all the time but regularly 
have an exchange - and having this possibility always 
available. … I think it worked very well for me and also 
for my family. I sure would join such a project again.” And 
how about potentials for improvement? “Maybe to be 
better organized from the very beginning. When starting 
as a Ph.D. or a postdoc, it’s always good to have plan, even 
though we don’t know many things in the beginning…”.

For Yvonne, “the network and the collaboration is the 
most valuable aspect for me. It was good for building up 
a network for your future research career. Also, it was 
very valuable to spend time both in the industry and at 
the university. For me the collaboration worked very well 
but for future projects there also should be some flexibil-
ity. Because it doesn’t fit everybody. It was somewhat dif-
ficult for me to move to the other part of the Netherlands 
[for the DSM secondment]. It’s all these practical issues 
that are quite challenging.”

Continuation and prospects
Carsten will be returning to Germany after the Quant-
Fung project. He wants to apply for a job in biotechnol-
ogy in the vicinity of his hometown Potsdam. Besides 
being reunited with his girl-friend, what is he looking 
forward to when he is back home? “My grandmother has 
a garden in Potsdam; as a pastime I actually would like 
to do again some ‘farming’, to watch how things grow 
that I planted.” With respect to his future work, Carsten 
would like to continue to work with fungi. In general, the 
wasteful use of resources in our affluent society makes 
him very concerned, which is why the ecological niche 
for biotechnology is a lot on his mind, like fungal-based 
materials. “I am truly impressed by start-up companies 
such as Ecovative and Mycoworks who turn by-products 
like leftovers from cereal processing into useful, bio-
degradable products such as packaging materials and 
animal-free leather.” Though, he also stresses that “Bio-
technology of the 21st century is going to be very radical 
when fully applied to replace an existing product. When 
I think about the future of synthetic biology and its pos-
sibilities, I am at first very excited about it. But then you 
should also realize that one need to pay price for change: 
it could become a competition to established industries 
and their products—and in the end, this poses a direct 
competition for human labour itself.“.

Sietske is hoping to find a research position in Tromsø 
so that she can continue with her work after the move 
from Denmark to Norway. In Tromsø there is a focus 
on secondary metabolites and enzymes from marine 
organisms, as marine organisms often produce bioac-
tive secondary metabolites and enzymes that are active 
under cold conditions. She would like to join one of the 
research groups working on that and apply the skills 
she learnt from working with fungi. In every case she 
wants to continue with the topic of industrial microbi-
ology. And another thing matters to her: “What I really 
would like to see in the next project is working with 
other researchers and their different perspectives. I like 
approaching research in an interdisciplinary way, as I did 
with QuantFung where I occupied myself with a lot of 
different aspects. …I could see me working in a project 
like that again.”

Min Jin is going to stay at the TU Berlin, where she was 
working during QuantFung. She already started a pri-
vate-public collaboration project working with another 
filamentous fungus. She says: “It is exciting to work with 
different fungi to see some similarity and also differ-
ences.” Min Jin is preparing a grant proposal for a follow-
up project based on the QuantFung results. Obviously, 
her passion for that field of research continues. As for 
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her private life, she thinks that it is comparatively easier 
having a family within the university than in the indus-
try, even though it is never going to be the fixed work day 
from nine to five. Asked about a working hours scheme 
that she would imagine in a perfect world, she says the 
four-days work week would be her favorite: “…for having 
a longer weekend and especially for having one day just 
for myself.”

Jens will return to Denmark, but this comes with the 
decision of what to do after his Ph.D.. In his view, it is 
basically about two options: either following an academic 
track or a career in industry. “I am somewhat inclined to 
go the industrial track where I have a bit more defined 
work hours.” he says. Jens has a lot of positive to say 
about academia and a lot of ideas for new projects to 
do after his Ph.D.. But, “With academia it’s just so hard 
because the thing about working as a professor is that it 
is so competitive; so if you are just going home early and 
you don’t get your papers and you don’t get your grants 
then you don’t have any Ph.D. students—and it’s just this 
vicious circle.” On the other hand he thinks it’s tempting 
to be in an academic environment where you are not as 
predefined in your research as you may encounter in the 
industry where the need to produce a specific product is 
prevailing. With respect to weighing the options he con-
tinues: “I have former colleagues who went straight to 
industry after their Ph.D. and then they thought: ‘that’s 
too strict’. Then they went to academia but realized that’s 
also tough. It can be hard to choose what is exactly good 
for you. Maybe you should end up being your own boss 
by starting some company based on secondary metabo-
lites and filamentous fungi; that could also be a good idea. 
… That’s something I dream about. Let’s see. It could be 
amazing, I think.”

Yvonne already moved from the Netherlands to Swe-
den for a position as assistant professor at the Chalm-
ers University of Technology in Gothenburg (one of 
the QuantFung partner universities). The focus of her 
research has now shifted from the quest for secondary 
metabolites to produce antibiotics to the production of 
fuels and chemicals, where for example the substitution 
of fossil fuels is one of the goals. She says both topics are 
really interesting and that it really matters to her that the 
research she does potentially has an application. In that 
respect her view is a very pragmatic one. “If I would have 
happened to study solar energy then probably I would be 
all into developing solar panels because that’s also impor-
tant. I want to do meaningful work and at the moment 
this is the meaningful work that I do. … I think being a 
scientist is a privilege. I am interested in how things work 
and I daily get to figure out how things work. I think it’s a 
lot of fun.”

The QuantFung legacy
The interdisciplinary research and training programme 
of QuantFung ensured that the fellows became well 
qualified with a broad spectrum of expertise in the field 
of fungal systems and synthetic biology. They are now 
equipped with skills and knowledge to awaken the nat-
ural product reservoir of filamentous fungi, to overpro-
duce compounds of interest and to publish their work in 
peer-reviewed high impact journals. The collaboration of 
different academic and industrial groups led to research-
ers with experience of public and private work cultures 
and an understanding of the wider and commercial 
potential of their work.

For the life sciences and especially biotechnology it is 
essential—like a conditio sine qua non—to work together 
with each other. And this is what the QuantFung fel-
lows have learnt. They never hesitated to ask each other 
because they were peers; there were no obstacles by 
hierarchy, they all communicated on eye level with each 
other. The fellows are thus much more self-confident 
after these years with QuantFung, as well as they are 
more articulate profound in scientific debates. They are 
not intimidated by questions anymore. Instead of evading 
questions they now come up with ideas of how to handle 
an issue, which is an important outcome of the constant 
communication process among the QuantFung fellows. 
They are also way more active asking colleagues dur-
ing presentations, as they now have the courage and the 
experience to do that. These young scientists think along 
with their peers.

Another remarkable progress is the way these young 
scientists handle criticism. Criticism now is perceived as 
something positive among the fellows that underwent the 
QuantFung years. They understand that critical questions 
are nothing negative but see these questions as pieces of 
advice to think about for further improvement of their 
work. The QuantFung fellows thus became more mature 
scientists who grasp critical questions as part of the sci-
entific discourse. Their next step would be to explain and 
picture the research work for the general public, some-
thing which they hopefully will learn during their next 
career steps. All things considered, ITNs such as Quant-
Fung are ideal training networks for the new generation 
of (fungal) scientists. Here they can learn how to share 
scientific know-how and research infrastructures and 
how to turn research results into new technologies and 
products. Furthermore, they experience hands-on the 
importance of the human factor and of cultural exchange 
for unlocking their own capacities and talents. The essen-
tial assets of ITNs are indeed a very good way to advance 
science and enable young scientists to find their paths 
into a truly meaningful work life.
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Everything perfect then?
No, unfortunately not. As indicated by some of the fel-
lows in their interviews, the job of a scientist and the 
career path in academia is not as attractive as it used 
to be. Not because one can make more money in other 
jobs—this is often not as relevant for students and estab-
lished scientists alike, as they are intrinsically motivated 
and gain satisfaction from their daily work. It is because 
the journey into this professional future is such an unse-
cure one. The employment situation in academia is par-
ticularly vulnerable and one has to face the continuous 
challenge to get funding for new projects. This is why 
professors are constantly “swamped and work like mad”, 
to the effect that they are no longer perceived as role 
models for their students. Recently, the head of the 
Department of Experimental Neurology at the Charité 
Berlin, Ulrich Dirnagl, gave a glimpse of what a regular 
Saturday is like for him: Having to read nine project pro-
posals of 50 pages each, plus working on a grant proposal 
himself. He also points out that even under the best of 
circumstances the chance of getting a proposal granted 
is 50%; in the recent past that number is closer to a mere 
10%. If turned down, all the resources that went in the 
application process are basically wasted [10]. When look-
ing at the success rate in ITN applications, that number 
even dropped to 7% (Table 2). A substantial part of sci-
entist’s resources is thus burnt: All the work invested 
in a complex ITN application that can easily take up 
2–3  months, including the creation of a network, the 
communication with potential partners and the actual 
grant writing which comes easily close to 50–60 pages. 
All of this is wasted capacity when the proposal is not 
successful in the end. In fact, it can be considered true 
economic damage, as so many work hours rendered by 
highly qualified experts are simply lost.

How can we make science and research more efficient? 
One suggestion for a new modus operandi to finance 
research in academia would be granting the funds in ret-
rospect. This is a complete change of the current models 
where proposals are evaluated in foresight, proposals that 

are consequently rather promises. How could retrospect 
funding work? Here’s a possible scenario. University 
departments receive a particular budget enabling them 
to do teaching and research. After a period of 3–4 years 
there will be the evaluation of what is achieved with the 
provided funds—e.g. how many (under)graduate stu-
dents defended there thesis (BSc MSc, Ph.D.) and how 
many publications and patents were gained. This assess-
ment then is the base for funding for the next 3–4 years. 
That means the core funding may vary, according to the 
performance and achievements, and scientists would not 
thus need to spend most of their time on grant writing 
with insecure outcome but on doing research. Even years 
with a somewhat lower funding could be used for the 
proper preparation of new projects. Another advantage 
of an assessment in retrospect would be that institutions 
are not getting generous funds only because they have 
by chance somebody in their employ who is brilliant at 
writing grants. Funding then would rather be given to the 
ones demonstrated to bring the best of results.

Another suggestion, particularly for ITNs, would 
be the implementation of so-called two-stage propos-
als. Applicants write at first a project sketch that may 
consist of 2–3 pages only. Here they briefly outline the 
intended application’s concept, mention potential part-
ners and the coordinator’s CV is added, for proving there 
is the experience to realize such a project. In 2017, about 
1400 complete ITN applications were submitted; each of 
them containing 50–60 pages. If these applications were 
reduced to 2–3 pages project sketches and that would 
be taken as base for the reviewer panel to decide who is 
being invited to submit the full application—it clearly 
would make the application/funding process and thus 
science more efficient. Conceivable is a rate of 300 of the 
original 1400 submissions being invited to write full pro-
posals with a chance to get one granted being about 30%. 
In that case it also would give the reviewer panel suffi-
cient time to evaluate full proposals thoroughly. This sys-
tem is in place in Germany, e.g. for calls from the Federal 
Ministry of Education and Research (BMBF).

Table 2 Chances of success for getting an ITN proposal granted

Year of evaluation Budget (Mio €) No. of proposals submitted No. of proposals granted Success rate (%)

2010 243 900 92 10.4

2011 318 863 63 7.4

2012 423 1022 128 12.6

2013 470 1175 150 12.9

2014 405 1161 121 10.5

2015 370 1566 106 6.8

2016 370 1611 109 7.0

2017 370 1437 98 6.8
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Science needs its path! True innovation is often only 
possible at the margins of different scientific disciplines. 
But they must, at first, come together and get to know 
each other; they must comprehend how the other ones 
are working, what their methods are. Out of the 4 years 
with QuantFung, the real time for project work was 
3 years for Ph.D. students and only 2 years for the post-
docs. After these 2–3 years, the QuantFung fellows now 
have a much better idea of what needs to be considered 
when one intends to find and overproduce new second-
ary metabolites from fungi, how important the merge of 
different disciplines is and have achieved their first prom-
ising results. However, QuantFung as a consortium is 
still far away from actually having produced new classes 
of antibiotics, although industrial partners for the full 
pipeline to develop such products were within that net-
work. Clearly, 2–3  years of research are not enough to 
really accomplish such a challenging mission. It is worth 
remembering that it was well over a decade between 
the discovery of penicillin and effective production [11]. 
This is why we propose that the EU consider applications 
for follow-up ITN projects. They should be limited and 
awarded in case of outstanding scientific achievements of 
an ITN consortium.

Conclusions
The QuantFung participants were so immersed in the 
field of fungi, got so intrigued, that actually a number 
of fellows will continue doing research work with these 
organisms. Another QuantFung post-doc, Danielle Trop-
pens, became a passionate blogger on the world of fungi. 
She regularly reports on findings that are curious and fas-
cinating [12]. And as for QuantFung’s coordinator, Vera 
Meyer, another effect came along with her work for the 
QuantFung project (Fig. 6). “Fungi turned out to be not 
only objects of scientific study for me. I also see and use 
them as art objects. It is an opportunity to convey the 
work that we do for the general public, to get them inter-
ested. I don’t see these fields separated, science and art. 
Especially art for me is a means of communication. Since 
I have seen fungi so many times under the microscope, 
they became also aesthetically fascinating creatures for 
me. Fungi are champions for me, and it really intrigues 
me how to use art to give our science, the science around 
fungi, a face.”

ITNs represent one of the best funding instruments 
the EU is offering. They provide an ideal framework 
for international exchange and for building up a vital 
and innovative research environment where knowl-
edge, state-of-the-art technologies and the most mod-
ern equipment can be shared. All of which is what is 
needed to train our next generation of high-calibre sci-
entists, to foster their creativity and to jointly come to 

new scientific breakthroughs. How beneficial it is to have 
such a network was strikingly proven by the success that 
QuantFung had on many levels. There are the measur-
able results and there is the fact that 15 young research-
ers are now exquisitely prepared for a future career in 
biotechnology. The fellows are well qualified with a broad 
portfolio of skills and practical experience of cross sec-
tor working; this will make them strong candidates for 
future employers and underpin their career progression. 
Importantly, taking responsibility for their own develop-
ment has instilled in them at an early stage the impor-
tance of continuous professional development. Such high 
quality and highly competitive candidates are needed in 
both the public and private sectors. Although academia 
may lose great talents, they have excellent chances to take 
up industry posts.

“Antibiotic resistance is one of the biggest threats to 
global health, food security, and development today.” 
[14]. This is the first sentence of the World Health Organ-
ization’s internet fact sheet addressing the crisis of more 
and more frequently failing antibiotic medication. Which 
leaves nobody in doubt about the problem’s dimension. 
There are ambitious researchers in academia who eagerly 
want to contribute to the problem’s solution. But they 
should be given the opportunity to pursue their respec-
tive work lives in a way that leaves them space to breathe, 
instead of keeping them in the uncertainty of perpetual-
temporary contracts and in the frenzy of constant grant 
writing. A “Vita activa” in Hannah Arendt’s view means 
a life spent reaching up to higher goals. Advancing the 
deeper understanding of fascinating organisms like 

Fig. 6 Champi(gn)ons, V. meer, 2017. Parasol mushroom, iron stand, 
shellac, rust (Reproduced with permission from [13])
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filamentous fungi for the sake of human health is cer-
tainly such a goal.
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Spontaneous and CRISPR/Cas9-induced 
mutation of the osmosensor histidine kinase 
of the canola pathogen Leptosphaeria 
maculans
Alexander Idnurm1* , Andrew S. Urquhart1, Dinesh R. Vummadi1, Steven Chang2, Angela P. Van de Wouw1 
and Francisco J. López‑Ruiz2

Abstract 

Background: The dicarboximide fungicide iprodione has been used to combat blackleg disease of canola (Brassica 
napus), caused by the fungus Leptosphaeria maculans. For example, in Australia the fungicide was used in the late 
1990s but is no longer registered for use against blackleg disease, and therefore the impact of iprodione on L. macu-
lans has not been investigated.

Results: Resistance to iprodione emerged spontaneously under in vitro conditions at high frequency. A basis for 
this resistance was mutations in the hos1 gene that encodes a predicted osmosensing histidine kinase. While loss of 
the homologous histidine kinase in some fungi has deleterious effects on growth and pathogenicity, the L. maculans 
strains with the hos1 gene mutated had reduced growth under high salt conditions, but were still capable of causing 
lesions on B. napus. The relative ease to isolate mutants with resistance to iprodione provided a method to develop 
and then optimize a CRISPR/Cas9 system for gene disruptions in L. maculans, a species that until now has been par‑
ticularly difficult to manipulate by targeted gene disruptions.

Conclusions: While iprodione is initially effective against L. maculans in vitro, resistance emerges easily and these 
strains are able to cause lesions on canola. This may explain the limited efficacy of iprodione in field conditions. Ipro‑
dione resistance, such as through mutations of genes like hos1, provides an effective direction for the optimization of 
gene disruption techniques.

Keywords: Agrobacterium‑mediated transformation, Canola, Gene editing, HOG pathway

Background
Canola (Brassica napus) is a major crop worldwide, and is 
also grown as part of the crop rotation systems with cere-
als [1]. Control of the main disease of canola, blackleg, is 
through farming practices that minimize exposure to the 
infectious spores, sowing cultivars that carry resistance 
genes, and more recently relying on fungicides. Black-
leg disease is caused by a species complex in the genus 
Leptosphaeria (Dothideomycetes; Pleosporales) [2–4], 
with most crop losses due to L. maculans. Although a 
number of molecular biology resources are available for 

L. maculans, including a genome sequence [5], investiga-
tions of gene functions in the fungus has been hampered 
by the low rates of homologous integration of constructs 
used in generating gene deletion strains, with just nine 
gene knock outs reported in the literature [6–11]. Hence, 
this aspect of the fungus has limited the ability to test 
how specific genes may impact the ability of this fungus 
to cause disease on canola.

The application of fungicides has provided large yield 
increases to crops by reducing the symptoms caused by 
fungal diseases. In the case of blackleg disease, different 
fungicides have been and continue to be employed [1]. In 
Australia, currently these are in the triazole class [Fungicide 
Resistance Action Committee (FRAC) group 3], and used 
as seed dressings, combined with fertilizer, or as a foliar 
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spray. In another class, the dicarboximide iprodione (FRAC 
group 2; trade name  Rovral® produced by Bayer CropSci-
ence), was approved for use against blackleg disease and 
used for about 5 years before being unregistered at the end 
of the 1990s. Iprodione currently can still be used for treat-
ment of Sclerotinia stem rot of canola, which is a disease 
that has an overlapping distribution as blackleg.

Resistance to dicarboximide fungicides, like iprodione, 
can occur if mutations arise in the high osmolarity glyc-
erol response (HOG) pathway [12]. The HOG pathway 
was first characterized in Saccharomyces cerevisiae for its 
role in enabling growth under hyper- and hypo-osmotic 
conditions [13–15], and subsequent research in numer-
ous fungal species has defined multiple phenotypes of 
strains with mutations in the signaling genes. The HOG 
pathway features a sensing histidine kinase that transfers 
environmental information into a cascade of three mito-
gen activated protein kinases [12]. Mutations often occur 
in the homologs of the histidine kinase in other fungi to 
confer resistance to the dicarboximide fungicides [16].

Exposure to fungicides is linked to the emergence of 
fungicide resistance, thereby rendering specific fungi-
cides or entire classes ineffective. We recently initiated 

an investigation into the levels of resistance to triazole 
fungicides in L. maculans populations in Australia [17]. 
As a control, isolates were tested for their responses 
against the unrelated chemical iprodione. Spontaneous 
resistance to this molecule was commonly observed, 
leading to the investigation into its basis and the impact 
of those mutations on pathogenicity. Subsequently, the 
hos1 gene that was mutated in these resistant strains 
was used as a tool for the development of the clus-
tered regularly interspaced short palindromic repeats 
(CRISPR)-Cas9 system to make targeted mutations in L. 
maculans.

Methods
Fungal strains and culturing
Routine culturing of L. maculans was on 10% V8 juice 
with 2% agar. The wild type strains or those isolated dur-
ing this study are listed in Table 1. Because there is often 
limited contrast between the color of the V8 juice and 
fungal hyphae, to increase the contrast in the figures the 
strains were cultured on potato dextrose agar. Iprodione 
was dissolved in dimethyl sulfoxide, and added to agar 
media at final concentrations of 5 or 10 µg/ml.

Table 1 Strains of Leptosphaeria spp. used in this study

All strains are L. maculans, with the exception of one L. biglobosa strain used as a source of DNA for constructs. The numerous hos1 mutants isolated from CRISPR-Cas9 
sources and the 28 progeny from the D3-IpR × D13 cross are not listed. IBCN indicates a strain in the International Blackleg of Crucifers Network collection

Strain name(s) Genotype Origin

L. biglobosa 06J154 Wild type Burren Junction, NSW, Australia, 2006 [19]

D5 (IBCN18; M1) Wild type Penshurst, VIC, Australia, 1988

D5‑IpR hos1− Selection of D5 on iprodione

D5‑IpR + hos1 hos1− + hos1 Transformation of D5‑IpR with wild type hos1

D2 (IBCN15) Wild type Streatham, VIC, Australia, 1988 [2]

D2‑IpR hos1− Selection of D2 on iprodione

D2‑IpR + hos1 hos1− + hos1 Transformation of D2‑IpR with wild type hos1

D3 (IBCN16) Wild type Mt Barker, WA, Australia, 1988 [2]

D3‑IpR hos1− Selection of D3 on iprodione

D3‑IpR + hos1 hos1− + hos1 Transformation of D3‑IpR with wild type hos1

14P290 Wild type Katanning, WA, Australia, 2014 [17]

14P290‑IpR hos1− Selection of 14P290 on iprodione

14P290‑IpR + hos1 hos1− + hos1 Transformation of 14P290‑IpR with wild type hos1

D13 (09SMW024) Wild type Cummins, SA, Australia, 2009 [52]

DV1 hos1 guide D5

DV2 hos1 guide; cas9 DV1

DV3 hos1 guide; cas9; hos1− DV2

D13‑CoT cas9; hos1 guide D13 cotranformed with both guide RNA (hyg) and Cas9 (G418)

D13‑IpR1 cas9; hos1 guide; hos1− Selection of D13‑CoT on iprodione

D13‑IpR2 cas9; hos1 guide; hos1− Selection of D13‑CoT on iprodione

v23.1.3 Wild type In vitro crosses, France [5]

JN3‑Cas9 cas9 v23.1.3 transformed with pMAI23

JN3‑avrLm1‑1 cas9; AvrLm1 guide; avrLm1− JN3‑Cas9

JN3‑avrLm1‑2 cas9; AvrLm1 guide; avrLm1− JN3‑Cas9

37Spontaneous and CRISPR/Cas9-induced mutation of the osmosensor histidine kinase of the canola...



For genetic segregation analysis, crosses were set up 
between strain D3-IpR and strain D13, on 20% V8 juice 
and  CaCO3 medium. After 1 week of growth, the plates 
were overlaid with water agar. Cultures were incubated 
at 14  °C with alternating 12 h dark-blacklight cycles for 
6 weeks. At this point, the plates were examined for the 
formation of pseudothecia. Asci were released by plac-
ing the pseudothecia in sterile water whereby ascospores 
were discharged naturally. Individual ascospores were 
then collected and allowed to germinate on 2% water 
agar plates before being hyphal-tip subcultured to cre-
ate individual strains. A total of 28 progeny was collected 
and analyzed.

DNA isolation of L. maculans, PCR and sequencing
Leptosphaeria maculans mycelia were cultured in 10% 
cleared V8 juice medium (pH 6). Mycelia were freeze-
dried, broken with 2 mm glass beads, and DNA extracted 
in a CTAB buffer and incubation at 65  °C, followed by 
one chloroform extraction, and precipitation with an 
equal volume of isopropanol [18].

For sequencing, hos1 was amplified with different 
primer combinations to cover different regions of this 
large gene. Amplicons used to identify spontaneous 
mutations were MAI0218-MAI0223 and MAI0220-
MAI0224. Primer sequences used in this study are found 
in Additional file 1: Table S1. Primers used to amplify and 
then identify mutations in hos1 induced by CRISPR-Cas9 
were MAI0220-MAI0224.

To resolve which hos1 allele is present in progeny of the 
D3-IpR × D13 cross, the region was amplified with prim-
ers MAI0220-MAI0376. The DNA was precipitated and 
then digested with AgeI restriction enzyme, which cuts 
the amplicon of the wild type copy but not the iprodione 
resistance allele.

Primers used to amplify the AvrLm1 gene to iden-
tify mutations induced by CRISPR-Cas9 were 
MAI0353-MAI0354.

Construction of plasmids for transformation of L. maculans
Plasmids were constructed for the introduction of 
T-DNA molecules into L. maculans using Agrobacterium 
tumefaciens mediated transformation.

Two plasmids conferring resistance to G418 or hygro-
mycin were made, in which gene expression was from 
the promoter and terminator of the actin gene of L. 
biglobosa strain 06J154 [19]. G418 resistance has not 
been used previously in L. maculans transformation. 
For the G418 construct, the promoter region was ampli-
fied with primers MAI0014-MAI0015, and terminator 
region with primers MAI0016-MAI0017 from genomic 
DNA of strain 06J154, isolated as for L. maculans. The 
open reading for the aminoglycoside phosphotransferase 

that confers resistance to G418 was amplified with prim-
ers ALID0835-ALID0836 from plasmid pPZP-NEO1 
[20]. The three pieces were joined by overlap PCR using 
primers MAI0014-MAI0017, and cloned into the TOPO 
pCR2.1 plasmid (Invitrogen). To ensure the expression 
system worked for resistance to G418, the equivalent 
plasmid was made to confer resistance to hygromycin. 
The promoter was amplified with primers MAI0018-
MAI0024 and terminator with MAI0020-MAI0021. 
The hygromycin phosphotransferase gene was ampli-
fied with primers MAI0022-MAI0023 from plasmid 
pPZPHygHindX [21]. The three pieces were joined 
together using primers MAI0018-MAI0021, and cloned 
into the TOPO 4.0 plasmid (Invitrogen). All PCRs used 
 Platinum®  Pfx DNA polymerase (Invitrogen). Plasmids 
containing clones without PCR-derived errors were iden-
tified, by sequencing the inserted fragments. The G418 
resistance construct was excised with EcoRI and cloned 
into the EcoRI site of plasmid pPZP-201BK, which is 
able to replicate in Agrobacterium tumefaciens [22], to 
form pMAI2. The hygromycin resistance construct was 
excised with KpnI-SpeI and cloned into the KpnI-XbaI 
site of pPZP-201BK to form plasmid pMAI6.

Plasmid pLAU2 was constructed by cloning two frag-
ments, the L. maculans actin (act1) promoter and the 
trp3 terminator, into pPZPHygHindX [21] digested with 
AscI and PacI using Gibson Assembly (New England 
Biolabs). Primers used to amplify the actin promoter, 
with  Platinum® Pfx DNA Polymerase (Invitrogen), were 
AU1 and AU2 and for the trp3 terminator were AU5 and 
AU6. Primers were designed with additional nucleotides 
such that a BglII site was introduced between the pro-
moter and terminator. Green fluorescent protein (GFP) 
was amplified with primers AU28 and AU31, and cloned 
into the BglII site of pLAU2 to form plasmid pLAU17. 
The act1 promoter and trp3 terminator combination was 
excised from plasmid pLAU2 using restriction enzymes 
SpeI and NheI and cloned into the XbaI site of plasmid 
pMAI2, to form pLAU53.

For complementation with the wild type copy of hos1, 
the gene was amplified with primers MAI0206 and 
MAI0207 using Q5 DNA polymerase (New England Bio-
labs) from genomic DNA of wild type isolate D5, and 
cloned using Gibson assembly (New England Biolabs) 
into plasmid pMAI2 that had been linearized with EcoRV 
and XhoI.

Constructs were made to express either the Cas9 endo-
nuclease or the CRISPR guide RNAs using the actin pro-
moter of L. maculans. Cas9 was amplified with primers 
MAI0225 and MAI0226 from plasmid pHSN401 [23] 
and cloned into the BglII sites of pLAU2 and pLAU53 
by Gibson assembly to form plasmids pMAI22 and 
pMAI23, respectively. The DNA fragment to target the 
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endonuclease to hos1, guide RNA and two ribozymes 
were synthesized by Thermo Fisher Scientific (sequence 
in Additional file  2) and provided as a cloned product. 
The fragment was amplified using primers MAI0228 and 
MAI0229 and then inserted into the BglII sites of both 
plasmids pLAU2 and pLAU53 using Gibson assembly.

To streamline the production of the guide RNAs, two 
additional plasmids were made that incorporate the hepa-
titis delta virus (HDV) ribozyme, such that a single oli-
gonucleotide of about 100 nt can be used for cloning the 
targeting RNA, rather than a synthesized and cloned DNA 
fragment. A XhoI restriction enzyme site was included 
to facilitate subsequent cloning of the gene-specific frag-
ments. A DNA molecule (Additional file 2) was synthesized 
by Thermo Fisher Scientific, and amplified with primers 
MAI0228-MAI0229 and cloned into the BglII sites of both 
plasmids pLAU2 and pLAU53 using Gibson assembly to 
form plasmids pMAI75 and pMAI97, respectively.

A construct to produce a guide RNA to target muta-
tions to the AvrLm1 gene was generated, by amplification 
off oligonucleotide MAI0336 with primers MAI0309-
MAI0310, and cloning the amplicon into plasmid 
pMAI75 linearized with XhoI.

In all cases of plasmid construction that used ampli-
fication of DNA and subsequent cloning, the inserted 
DNA molecules in the plasmids were sequenced to either 
confirm that no PCR-induced errors occurred or to iden-
tify error-free clones.

Transformation of L. maculans with Agrobacterium 
tumefaciens
The plasmids were transformed into A. tumefaciens 
strain EHA105 using electroporation, and selected on LB 
medium  +  kanamycin (50  µg/ml). The Agrobacterium 
strains were then used to transform strains of L. macu-
lans, with selection of fungal transformants using either 
G418 (100 µg/ml) or hygromycin (50 µg/ml), and cefotax-
ime (100–150  µg/ml) to inhibit Agrobacterium growth. 
The transformation of L. maculans was as follows. Over-
night cultures of Agrobacterium in LB + kanamycin were 
diluted in sterile water and plated onto Agrobacterium 
induction medium [24] solidified with 2% agar (25 ml in 
15  cm diameter Petri dishes) with pycnidiospores har-
vested in sterilized water from the L. maculans strains. 
Bacterial and fungal cells were spread across the plate. 
After 3  days incubation at 22  °C in darkness, 25  ml of 
cleared V8 juice 1.5% agar media containing selective 
antibiotics were overlaid. Transformed colonies emerged 
through the overlay agar 10–18  days later. The trans-
formed strains were subcultured at least once onto V8 
juice agar supplemented with the antibiotic suitable to 
select for fungal transformation and cefotaxime to inhibit 
Agrobacterium growth.

Quantification of antifungal drug resistance
Levels of resistance to two dicarboximide fungicides and 
a triazole fungicide were quantified in a radial growth 
assay, as in Ref. [25] with some modifications. In brief, for 
each strain 4 mm diameter mycelium plugs were inocu-
lated into the center of 9-cm PDA petri dishes amended 
with a range of concentrations of technical grade ipro-
dione (0.195–50 µg/ml), procymidone (0.195–50 µg/ml) 
and tebuconazole (0.0782–5 µg/ml) dissolved in dimethyl 
sulfoxide (DMSO). The colony diameter was measured in 
two perpendicular directions and values recorded in mil-
limeters.  EC50 values were calculated as described previ-
ously [16].  EC50 values of wild type and complemented 
strains were analyzed by the Mann–Whitney U-test.

Microscopy
Spores of wild type and a GFP-expressing strain were ger-
minated in cleared V8 juice (10%) and examined 3 days 
later using a Leica DM6000 microscope with an attached 
digital camera.

Plant inoculations and pathogenicity testing
Brassica napus cultivar Westar was grown in soil in 
growth cabinets. Two weeks after sowing the seed, pyc-
nidiospore suspensions  (106 spores/ml) from the L. mac-
ulans strains were placed as 10  µl drops onto wounded 
cotyledons. Lesions were scored on a 0–9 scale, as previ-
ously described [26], 11–14 days later.

Results
Development of a positive selection system in L. maculans 
based on resistance to iprodione due to mutations in the 
hos1 gene
Wild type strains of L. maculans developed resistance to 
iprodione readily when mycelial plugs were inoculated 
on V8 juice agar medium supplemented with iprodione 
at concentrations up to 10  µg/ml. The fungicide at first 
inhibited growth, and then after several days a section 
of the mycelial plug initiated growth. These sectors were 
cultured and purified as single spore isolates.

A single homolog, named hos1, of the osmosensing 
histidine kinase is present in L. maculans as assessed by 
BLAST analysis of the genome sequence [5]. Amplification 
of the hos1 gene and sequencing revealed mutations in the 
gene in iprodione resistant mutants, all of which are pre-
dicted to cause a loss-of-function (Fig. 1a). Two mutants, 
one arising from strain D2 (referred to as D2-IpR) and the 
other from strain 14P290 (P290-IpR), cause frame shifts 
in the reading frame, leading to the introduction of pre-
mature stop codons. The mutations that occurred in the 
mutants arising from strains D5 (D5-IpR) and D3 (D3-IpR) 
cause amino acid substitutions (R923K and G929R, 
respectively). These two amino acid residues are highly 
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conserved in homologs of the histidine kinase, because 
BLAST analysis of the fungal genomes available through 
the MycoCosm Portal of the Joint Genome Institute [27] 
revealed that both residues are invariant in all fungal spe-
cies, including those of the early diverging lineages com-
monly termed the chytrids and zygomycetes.

Two methods were used to confirm that mutations in 
the hos1 gene caused the resistance to iprodione. The first 
approach was to analyze the segregation of traits and gen-
otypes in progeny from a cross. Resistant strain D3-IpR 
was crossed with sensitive strain D13, and 28 progeny 
obtained. The strains were scored for growth on medium 
containing iprodione and genotyped for the hos1 allele by 
PCR–RFLP. The AgeI restriction enzyme recognition site 
(ACCGGT) of the wild type strain is lost in strain D3-IpR 
due to a base pair substitution (ACCCGT), as under-
lined. Nine progeny were sensitive to iprodione and 19 
were resistant, which is not statistically different from the 
expected 1:1 ratio based on a χ2-test. The AgeI cut site 

polymorphism in hos1 co-segregated with the iprodione 
sensitive or resistant phenotype (Fig.  1b). The second 
approach was complementation of the mutant pheno-
type. A wild type copy of the hos1 gene was amplified and 
cloned into a plasmid that confers resistance to G418 for 
selection when the T-DNA is transformed into L. macu-
lans. This construct was transformed into four strains 
that were iprodione resistant (i.e. D2-IpR, D3-IpR, D5-IpR 
and 14P290-IpR). Transformants were tested on medium 
containing iprodione. Reintroducing the wild type copy 
of hos1 into the strains caused them to become sensitive 
once again to iprodione, indicating that the mutations 
identified in hos1 were the cause of the resistance to this 
antifungal agent (Fig. 1c).

A quantitative assay was used to measure the level of 
resistance to iprodione, a second dicarboximide chemi-
cal, procymidone, and an azole, tebuconazole, in four sets 
of strains (Table 2). The minimum inhibitory concentra-
tion was between 1 and 2 µg/ml for the wild type strains 

Table 2 Half maximal effective concentration  (EC50) measurements of fungicide action for strains of L. maculans

SD standard deviation

Strain Iprodione  EC50 (μg/ml) Procymidone  EC50 (μg/ml) Tebuconazole  EC50 (μg/ml)

Average SD Average SD Average SD

P290 1.25 0.09 1.75 0.04 0.29 0.01

P290‑IpR > 50 > 50 0.53 0.01

P290‑IpR + hos1 1.32 0.09 1.70 0.01 1.12 0.34

D2 1.10 0.22 1.94 0.12 0.40 0.14

D2‑IpR > 50 > 50 0.39 0.02

D2‑IpR + hos1 0.94 0.11 2.66 0.16 0.43 0.00

D3 1.21 0.06 1.84 0.13 0.91 0.01

D3‑IpR > 50 > 50 0.51 0.02

D3‑IpR + hos1 1.07 0.10 1.73 0.06 0.77 0.01

D5 0.43 0.27 1.57 0.20 0.50 0.03

D5‑IpR > 50 > 50 0.10 0.05

D5‑IpR + hos1 0.48 0.28 1.25 0.23 0.14 0.00

(See figure on previous page.) 
Fig. 1 Spontaneous iprodione resistance occurs through mutation of the hos1 gene. a Positions and nature of spontaneous mutations in iprodione 
resistant strains from four wild type strains relative to the exon (blue) and intron (grey) structure of the hos1 gene. The sequence alignments are 
of the wild type and mutant strains, with the nucleotide mutations that occurred in the four strains in red bold, and the predicted amino acid 
sequences underneath. The mutations in strains 14P290 and D2 cause frame shifts (the stop codon in the D2 mutant is underlined, in 14P290 the 
new stop codon is beyond the sequence shown). The mutations in M1 and D3 cause amino acid substitutions in residues that are invariant across 
hos1 homologs in the fungi. b A mutation in hos1 co‑segregates with iprodione resistance. Growth of two parents and 14 progeny (from 28 total) of 
a D13 × D3‑IpR cross between the parents on PDA with or without iprodione. The alleles of hos1 were assessed by PCR from genomic DNA of the 
two parents and 14 progeny from a cross between them, and subsequent digestion with AgeI restriction enzyme. M is the Invitrogen 1 kb + ladder. 
c Complementation of iprodione resistance back to sensitivity by the wild type hos1 gene. Mycelial plugs were inoculated onto PDA medium with 
or without iprodione (10 μg/ml) and cultured 4 days. The strains are four wild type strains, four spontaneous mutants derived from them, and the 
four strains whereby the wild type copy of hos1 was transformed into the mutants. The wild type copy of hos1 returned the strains to the wild type 
sensitive phenotype
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for the dicarboximides. The strains derived from selec-
tion on iprodione were not inhibited with these chemi-
cals at concentrations up to 50 µg/ml. Complementation 
of the strains with the wild type copy of hos1 restored the 
 EC50 values to close to those seen in the wild type par-
ents. In contrast, resistance to the unrelated molecule, 
tebuconazole (FRAC group 3), was not altered. Analysis 
of the results revealed no significant differences between 
wild type and restored strains on iprodione (p = 0.200–
1.00), procymidone (p = 0.057–0.686) and tebuconazole 
(p = 0.333–1.00).

Mutation of the HOG pathway components is also 
responsible for other phenotypes in fungi, the best 
known being changes in growth in the presence of the 
phenylpyrrole fungicide fludioxonil (FRAC group 12) and 
salt [12]. Using growth on plates, a wild type D5, hos1− 
mutant (D5-IpR) and a +  hos1 complemented strain 
(D5-IpR  +  hos1) were examined for these properties. 
As has been reported for other fungi, mutation of hos1 
resulted in increased resistance to fludioxonil and an 
increased sensitivity to sodium chloride (Fig. 2).

Growth in planta can be considered an environment of 
high stress to plant pathogenic fungi. Three L. maculans 
strains were inoculated onto wounded B. napus cotyle-
dons, and lesion formation was examined over time. No 
difference in pathogenicity was observed between the 
three strains (average  disease scores for wild type 6.14, 
hos1− mutant 6.03 and +  hos1 complementated 6.73; 

Fig. 3), indicating that hos1 is not required for the ability 
of L. maculans to cause disease on canola.

Development of a CRISPR/Cas9 gene disruption system 
for L. maculans
Identification of gene functions in L. maculans through 
targeted gene replacements has been inefficient due to 
low rates of homologous integration of constructs. The 
potential to use a positive selection system, i.e. growth 
on iprodione when hos1 is mutated, was an impetus to 
use the hos1 gene for the development of gene targeting 
methods, specifically through CRISPR-Cas9.

A versatile pair of plasmids (pLAU2 and pLAU53) was 
created for strong constitutive transcription of DNA 
sequences that are cloned into them. Both plasmids 
feature the 1001  bp prior to the start codon (the pro-
moter) of the act1 gene, encoding an actin subunit, and 
the terminator of trp3 encoding anthranilate synthase 
of L. maculans. Actin is considered to be constitutively 
expressed and is commonly used as the reference gene in 
quantitative reverse transcriptase PCR experiments [21, 
28, 29]. The plasmid includes a BglII site between the 
promoter and terminator into which genes or other DNA 
fragments can be cloned. To test if this promoter and ter-
minator combination was able to drive protein produc-
tion, the open reading frame for GFP was cloned into 
plasmid pLAU2, and the T-DNA transformed into wild 
type L. maculans. Fluorescence was abundant in spores 
and hyphae of transformants, indicating that the con-
struct induces gene expression and yields high and stable 
protein synthesis (Additional file 3: Fig. S1).

The open reading frame of the Cas9 endonuclease was 
amplified and cloned into both the pLAU2 or pLAU53 
constructs. Similarly, a hos1 RNA guide construct was 
cloned into both pLAU2 and pLAU53. As a consequence, 
different options were available for the order of trans-
formation and selection of transformants. The T-DNAs 
were sequentially introduced into wild type strain D5, 
either as the hos1 RNA guide first and Cas9 second (e.g. 
strains DV1 and DV2), or in the other order, and the 
transformants were plated onto media containing iprodi-
one (5 µg/ml) to isolate resistant strains (Fig. 4a).

Iprodione resistant strains were cultured as mycelia, 
genomic DNA isolated, and the region spanning the site 
for CRISPR-Cas9 induced mutation in the hos1 gene 
amplified. Amplicons were digested with KpnI restric-
tion enzyme and/or sequenced. All isolates derived from 
strains expressing both Cas9 and the hos1 RNA guide 
had mutations in this region (Fig.  4b). Most mutations 
were either the insertion of an additional nucleotide, or 
the deletion of one or several nucleotides (Fig. 4b). One 
strain, which is not illustrated in Fig. 4b due to the size 
of the DNA sequence, had a tandem duplication of 69 bp 

Fig. 2 Mutation of hos1 causes L. maculans to become resistant 
to the fungicide fludioxonil and more sensitive to NaCl. Strains D5, 
D5‑IpR and D5‑IpR + hos1 and were cultured of PDA, and with PDA 
supplemented with fludioxonil (1 µg/ml) or NaCl (0.5 M)
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(acctggaaagacctcacggaaaacgtgaatggtatggc-
catgaatctcacaacccaggtgcgagaaatc). In all cases 
the mutations in hos1 were near the region of the genome 
where the guide RNA would target Cas9, indicating that 
they were derived from inaccurate repair of DNA damage 
by the endonuclease. The types of mutations also often 
differed from those found in the spontaneous mutants as 

many featured large deletions, compared to single nucle-
otide substitutions or insertions.

The pathogenicity of strains from one set of gene 
manipulations were tested by inoculating B. napus coty-
ledons. The three strains derived from the wild type pro-
duced lesions like the wild type isolate (Additional file 4: 
Fig. S2). This indicates that the introduction of Cas9 

Fig. 3 L. maculans hos1 mutants are pathogenic on canola. Lesions on B. napus cv. Westar 11 days post inoculation caused by wild type isolate 
14P290, a spontaneous mutation in hos1 isolated on iprodione medium, and that strain complemented with a wild type copy of hos1

Fig. 4 Development of the CRISPR/Cas9 system for targeted gene disruption in L. maculans. a Phenotype of transformants on plates with or 
without iprodione. Three strains derive from sequential modification of the wild type (WT) strain D5, first by transformation of the hos1 guide 
RNA construct (strain DV1), then transformation of the Cas9 construct (strain DV2), and lastly by selection on iprodione (strain DV3). b Alignment 
of sequences of hos1 from the wild type and 11 independently‑created iprodione resistant mutants. On the wild type sequence the protospacer 
adjacent motif (PAM) is in blue highlight, region incorporated in the guide RNA in green highlight, and the KpnI restriction enzyme site used for 
screening is underlined. Changes in the sequence in the mutants are in red text
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or a guide RNA into L. maculans does not impact its 
pathogenicity.

Improvements to mutation by CRISPR/Cas9
One disadvantage of the method to induce mutations by 
the CRISPR/Cas9 system developed here was the need 
to perform two rounds of transformation, and hence co-
transformation was therefore tested. The wild type strain 
D13 was co-transformed with both the hos1 RNA guide 
and Cas9 constructs, with simultaneous co-selection on 
media containing G418 and hygromycin. One double-
drug resistant transformant (strain D13-CoT) was then 
cultured on medium containing iprodione, and two 

iprodione resistant isolates (D13-IpR1 and D13-IpR2) 
characterized by sequencing the hos1 region (Fig.  5). 
Both strains have mutations caused by additional base 
pairs that can be attributed to the CRISPR-Cas9 system. 
While iprodione is generally considered non-mutagenic, 
the proportion of iprodione resistant spores were com-
pared between the wild type D13 and the D13-CoT 
strains by culturing these in the absence of iprodione and 
then plating onto media with or without the fungicide. 
While the proportion of spores resistant to iprodione was 
less than 1 in 10,000 for the wild type, 54% of spores were 
resistant from the strain carrying the Cas9 endonuclease 
and hos1-guide construct.

To eliminate the requirement to order synthesized 
DNA fragments, which have to be cloned due to the 
complexity in secondary structure (Thermo Fisher Sci-
entific), two plasmids were created that have the regions 
for the HDV ribozyme and Cas9-binding RNA. This 
new plasmid system was then used to target the first Avr 
gene identified in L. maculans, AvrLm1. The hammer-
head ribozyme and a region to target the AvrLm1 gene 
was synthesized as an 101 nucleotide oligonucleotide, 
amplified by PCR and cloned into the XhoI site of plas-
mid pMAI75. Cas9 was transformed into wild type strain 
v23.1.3, and then the guide RNA construct to mutate 
AvrLm1 was transformed into this strain. Genomic DNA 
isolated from the resulting transformants was used as the 
templates to amplify a fragment of AvrLm1, and ampli-
cons then cut with NlaIII restriction enzyme. Two strains 
without the NlaIII site were obtained and AvrLm1 was 
amplified and sequenced from them. The mutant alleles 
had a single additional base pair or a 27  bp deletion 
(Additional file  5: Fig. S3). Thus, CRISPR-Cas9 can be 
used to isolate strains with mutations in genes, without a 
strong selection system as used for hos1.

Discussion
Resistance to fungicides is a major problem in many 
areas of disease management, especially in agriculture 
with the high levels of antifungals applied to ensure max-
imum yield returns. For example, currently in Australia 
canola growers may apply triazole fungicides three times 
during a season, including as a seed dressing, in combi-
nation with fertilizer and as a foliar spray [1]. Stubble is 
retained in the field after harvest, and the subsequent 
crop in the same field may receive fungicide treatments, 
thereby inadvertently causing additional exposure to the 
L. maculans populations while growing as a saprophyte 
in the canola stubble.

Resistance to iprodione and other dicarboximide fun-
gicides and the underlying mechanisms have been well 
characterized in other plant pathogenic fungi, such as 
Botrytis cinerea [30–32]. The impact of mutation of hos1 

Fig. 5 Co‑transformation of Cas9 and the CRISPR guide RNA con‑
structs into L. maculans by Agrobacterium‑mediated transformation. 
Wild type strain D13 was co‑transformed with T‑DNAs from both 
constructs, and selected on media containing both hygromycin and 
G418. One transformant (D13‑CoT) was cultured on medium contain‑
ing iprodione. Two independent resistant strains were obtained, their 
DNA isolated, and the hos1 mutations determined by amplification 
and sequencing. The region incorporated into the guide RNA is 
highlighted in green, and adjacent PAM site in blue highlight. The 
two iprodione resistant strains have additional nucleotides (red font) 
within the hos1 gene
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in plant pathogens varies, in some cases impacting path-
ogenicity and in others having no effect [16]. Hallmarks 
of impairing the HOG pathway, i.e. increased resistance 
to fludioxonil and sensitivity to salt, occur upon mutation 
of the hos1 gene in L. maculans, but the important ability 
to cause disease on plants is not. These results indicate 
that while iprodione is initially effective in  vitro, resist-
ance emerges easily, and these strains are still pathogenic 
on canola, potentially in part explaining the limited effi-
cacy of iprodione in field conditions. Studies in other 
plant pathogenic fungi show differing results in terms of 
the contribution of the histidine kinase to pathogenic-
ity. Similar to L. maculans, disruption of the gene does 
not impair pathogenicity in Alternaria alternata, Par-
astagonospora nodorum and Pyricularia oryzae [16, 33, 
34]. In contrast, the homolog is required for pathogenic-
ity in Botrytis cinerea, Fusarium oxysporum, Monilinia 
fructicola, Sclerotinia sclerotiorum and Ustilago maydis 
[35–39]. Deletion strains in Alternaria longipes form 
larger lesions on Nicotiana tabacum than the wild type 
[40]. There is ambiguity about the role of the gene in A. 
brassicicola with isolates with point mutations having 
wild type pathogenicity, while a deletion allele, albeit ana-
lyzed in a large scale study, being less pathogenic [41, 42]. 
The histidine kinase contributes to the virulence of the 
human pathogens Candida albicans and Cryptococcus 
neoformans [43, 44].

Leptosphaeria maculans continues to be a recurrent 
disease of oilseed Brassicas around the world because 
the factors that this fungus produces to cause disease are 
mostly unknown. One challenge with finding new ways 
to combat L. maculans is that identifying gene functions 
has been technically challenging. Gene disruption in L. 
maculans is inefficient, with only nine genes disrupted as 
reported in the literature [6–11]. Constructs require large 
amounts of DNA for targeting by homologous recom-
bination and even then the proportion of gene deletion 
events versus ectopic integration of the constructs is 
low, e.g. an efficiency of just one knock out from > 450 
transformants screened [6]. Advances in improving the 
proportion of targeted gene replacements versus ectopic 
integrations have been made, including the use of a coun-
ter selection system against ectopic insertion events [9] 
or using the selectable marker split into two pieces [11]. 
However, isolating the large DNA fragments needed and/
or the cloning into suitable vectors imposes limitations to 
the efficiency of created targeted mutations. For this rea-
son, alternative methods to disrupt genes are needed for 
L. maculans, and the method employing CRISPR-Cas9 
was explored.

CRISPR/Cas is a combination of an endonuclease that 
is guided to a specific site in a genome using an RNA 
molecule, found in Bacteria and Archaea for recognition 

of parasitic DNA elements and their specific cleavage. 
Modified for use in other organisms, its ability to make 
specific double-stranded breaks in DNA that are then 
inaccurately repaired to induce small mutations, such 
as within genes, is on the cusp of revolutionizing meth-
ods for gene functional studies, including in fungal spe-
cies that have until now been difficult to manipulate 
genetically.

Here we used iprodione resistance due to mutation 
of the hos1 gene as an easy screening tool to develop 
CRISPR/Cas9 for L. maculans. Iprodione resistant strains 
derived from strains expressing Cas9 and a guide RNA 
targeting hos1 all had mutations at the place within hos1 
where the endonuclease would cut the DNA. As proof-
of-function that the method could work on other genes, 
the first avirulence gene that was identified in this fungus, 
AvrLm1, was disrupted [45]. Targeting these effectors, 
all found to date to lie within distinctive large regions of 
AT-rich and highly repetitive DNA [5, 46], has not been 
possible using homologous recombination. Curiously, the 
avirulence profile of these strains did not change as pre-
dicted (data not shown), and will require additional exper-
iments to understand what is emerging in L. maculans as 
complex multigene sets of interactions between fungal 
avirulence genes and plant resistance genes [46, 47].

In the first iteration of CRISPR/Cas9 for L. maculans, 
two rounds of transformation were used to separately 
introduce the guide RNA and Cas9 expression constructs 
into the fungus. After seeking a suitable promoter for 
regulation by RNA polymerase III in L. maculans with-
out success, the dual ribozyme system to process the 
guide RNA when expressed from an RNA polymerase 
II promoter was used. This dual ribozyme approach was 
developed for plant transformation [48], and has recently 
also been employed in Aspergillus spp. [49], the basidi-
omycete human pathogen Cryptococcus neoformans [50] 
and the ascomycete plant pathogen Alternaria alternata 
[51]. The disadvantage of using ribozymes for processing 
the guide RNA is that they add size to the constructs. To 
alleviate this issue, we created a vector such that just one 
of the ribozymes and the RNA fragment to target Cas9 to 
the gene to be mutated are synthesized: the hammerhead 
ribozyme requires folding with part of the target RNA 
and hence there is a requirement for long ~  100 nucle-
otide oligonucleotides. The current method, although 
involving two transformation steps or co-transformation 
of both constructs, is suitable for making targeted muta-
tions in genes, and has been tested in multiple wild type 
isolates. We have mutated more than 24 other genes in 
L. maculans to date (unpublished data). Potential refine-
ments to the method in the near future will likely make it 
even more effective as a mutational tool to discover gene 
functions in L. maculans.
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Cinnamomum zeylanicum bark essential oil 
induces cell wall remodelling and spindle 
defects in Candida albicans
Zinnat Shahina1, Amira M. El‑Ganiny2, Jessica Minion3, Malcolm Whiteway4, Taranum Sultana1*† 
and Tanya E. S. Dahms1,3*†

Abstract 

Background: Cinnamon (Cinnamomum zeylanicum) bark extract exhibits potent inhibitory activity against Candida 
albicans but the antifungal mechanisms of this essential oil remain largely unexplored.

Results: We analyzed the impact of cinnamon bark oil on C. albicans RSY150, and clinical strains isolated from 
patients with candidemia and candidiasis. The viability of RSY150 was significantly compromised in a dose dependent 
manner when exposed to cinnamon bark oil, with extensive cell surface remodelling at sub inhibitory levels (62.5 μg/
mL). Atomic force microscopy revealed cell surface exfoliation, altered ultrastructure and reduced cell wall integrity for 
both RSY150 and clinical isolates exposed to cinnamon bark oil. Cell wall damage induced by cinnamon bark oil was 
confirmed by exposure to stressors and the sensitivity of cell wall mutants involved in cell wall organization, biogen‑
esis, and morphogenesis. The essential oil triggered cell cycle arrest by disrupting beta tubulin distribution, which led 
to mitotic spindle defects, ultimately compromising the cell membrane and allowing leakage of cellular components. 
The multiple targets of cinnamon bark oil can be attributed to its components, including cinnamaldehyde (74%), and 
minor components (< 6%) such as linalool (3.9%), cinamyl acetate (3.8%), α‑caryophyllene (5.3%) and limonene (2%). 
Complete inhibition of the mitotic spindle assembly was observed in C. albicans treated with cinnamaldehyde at MIC 
(112 μg/mL).

Conclusions: Since cinnamaldehyde disrupts both the cell wall and tubulin polymerization, it may serve as an effec‑
tive antifungal, either by chemical modification to improve its specificity and efficacy or in combination with other 
antifungal drugs.

Keywords: Cinnamomum zeylanicum, Candida albicans, Essential oil, Cell wall remodelling, Spindle defects

Background
Candida albicans, a commensal fungi, develops into 
a resilient pathogen under low host immunity such as 
that for immunocompromised individuals with HIV/
AIDS, and patients undergoing cancer chemotherapy 
[1–3]. A limited number of antifungals are available for 
treating such infections, and the use of these antifungal 

classes, including azoles, echinocandins, polyenes and 
allylamines, can be accompanied by side effects. Poor 
bioavailability requires higher doses, which can ulti-
mately result in resistance and ineffectiveness [4]. The 
continued high morbidity following systemic fungal 
infection and emerging resistance to antifungal agents 
underscore a clear need for alternatives [5]. In this con-
text, essential oils (EOs) are gaining popularity due to 
their strong antimicrobial and antibiofilm activity [6, 7]. 
EO combinations with other essential oils or existing 
antifungal agents could vastly reduce the probability of 
multi-drug resistance [6–11]. However, comprehensive 
studies are required to fully assess their independent 
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pharmacological properties and potential side effects 
prior to consideration for clinical use as antifungal 
agents.

Cinnamon oil is an aromatic liquid obtained from the 
twigs, bark and leaves of Cinnamomum zeylanicum [12]. 
Extracts of cinnamon bark (CNB) and leaves (CNL) have 
been used extensively as therapeutics in many cultures 
since antiquity. The anti-candida activity of CNB oil 
against planktonic and biofilm culture of C. albicans and 
non-albicans spp. has been documented [7, 13–15]. The 
main constituents of CNB oil include trans-cinnamal-
dehyde, and minor components such as eugenyl acetate, 
linalool, and benzyl benzoate, each having antifungal 
activity [16–20]. CNB oil has been shown to alter cell 
membrane permeability and fluidity, and inhibit biofilm 
formation [7, 13, 15, 21], but the mechanisms of toxicity 
remain unknown. On the other hand, each component 
has been extensively studied, showing effects at various 
cellular sites, including the cell membrane and cytosol. 
For example, cinnamaldehyde, the major constituent 
of CNB oil, targets the membrane and causes increased 
cell wall thickness in C. albicans [16], attributed to β-1-
3-glucan synthase inhibition as observed in Saccharo-
myces cerevisiae [22]. The increase in bud scar formation 
upon cinnamaldehyde exposure also suggests an impact 
on cell division, resulting in decreased viability [16, 23]. 
Benzyl benzoate and linalool affect membrane fluidity 
and induce cell cycle arrest at the G2-M and G1 phases, 
respectively [20] at concentrations greater than the mini-
mum inhibitory concentration (MIC) [7, 16, 17, 23]. We 
hypothesized that the cell wall and membrane are pri-
mary targets of CNB oil, which in turn disrupt intracel-
lular processes vital to Candida survival.

Here, we report a detailed characterization of the anti-
candidal effects of CNB oil using atomic force micros-
copy (AFM), laser scanning confocal microscopy (LSCM) 
and traditional biochemical assays. AFM quantitative 
imaging (QI™) is a powerful tool for assessing the impact 
of antifungals [24–28], nutrient stress [29], oxidative 
stress [30] and characterizing yeast genetic mutants 
[31], while LSCM imaging of fluorescent markers can 
delineate defects in intracellular processes. AFM was 
used to quantify the morphological, ultrastructural and 
biophysical properties of RSY150 and a clinical isolate 
exposed to CNB oil. The RSY150 strain of C. albicans 
with RFP tagged histone protein B (Htb-RFP) and GFP 
tagged β-tubulin (Tub2-GFP) was used to track cell cycle 
defects in response to CNB oil exposure. Finally bio-
chemical assays were used to verify physiological changes 
identified by imaging. We report for the first time that 
CNB oil causes β-tubulin depolymerisation and cell 
cycle arrest, which we attribute to its major constituent 
cinnamaldehyde.

Methods
Chemicals and media
The cinnamon bark essential oil (Chemical Abstract 
Service (CAS), registry number 8015-91-6) was a steam 
distilled extract from the dried inner bark (Now foods, 
USA) of Cinnamon zeylanicum (cinnamon). Bacto™ agar, 
yeast extract and peptone were obtained from Difco (BD 
Biosciences, NJ, USA), and all other chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).

CNB essential oil analysis
CNB oil was analyzed using gas chromatography-
flame ionization detection (GC-FID) and gas chro-
matography–mass spectrometry (GC–MS) with an 
Agilent 7890A GC according to previously reported 
methods [32, 33]. Briefly, 1  μl of diluted CNB oil 
(1:10 in ethanol) was injected onto a HP-5 column 
(30  mm ×  0.32  mm ×  0.25  µm) and separated using a 
carrier gas of helium (constant flow of 1.1 mL/min) with 
the following temperature gradient: 60  °C for 5  min, 
increased to 210 °C at 3 °C/min and to 260 °C at 10 °C/
min. The GC-FID injector and detector temperatures 
were 250 °C and the split ratio of injection was 20:1. For 
GC–MS using similar conditions, 0.2  μl was injected 
with a split ratio of 200:1 and separated on a HP-5MS 
column (30 mm × 0.25 mm × 0.25 um).

Retention indices (RI) were determined using a C8-20 
standard (~ 40 mg/L each, in hexanes) for both the GC-
FID and GC–MS methods. RI values were averaged 
between the methods for each component of the oil and 
identified using the NIST14 database and reported litera-
ture [32, 34].

Strains and culture conditions
Candida albicans strains and clinical isolates used in 
this study are described in Table  1. The RSY150 and 
RSY35 strains were a kind gift of Dr. Richard J. Bennett. 
RSY150 expresses Tub2-GFP and Htb-RFP and RSY35 
is a Kar3 deletion mutant that express only Tub2-GFP 
[35]. Kar3 is a bifunctional protein having a kinesin-like 
motor domain joined to a distinct microtubule binding 
domain that is essential for yeast nuclear fusion during 
mating [36]. Strains were stored as 50% glycerol stocks 
at −  80  °C and were freshly revived on yeast-extract 
peptone dextrose agar (YPDA) containing 1% Bacto-
yeast extract, 2% Bacto-peptone, 2% glucose and 2% 
Bacto-agar prior to each experiment. All strains were 
grown with continuous shaking (200  rpm) at 30  °C in 
YPD broth and the mutant strains supplemented with 
80 mg/L uridine (YPDU). For the yeast to hyphal tran-
sition and leakage assays, cells were grown to mid log 
phase before exposure to CNB oil. For hyphal induction 

49Cinnamomum zeylanicum bark essential oil induces cell wall remodelling and spindle defects...



experiments, cells were grown in YPD broth with 10% 
fetal bovine serum and 2% glucose.

Minimum inhibitory concentration (MIC)
The MIC of CNB oil was determined for all strains listed 
in Table  1 following the guidelines of the Clinical and 
Laboratory Standards Institute [CLSI 2014] [38] and pre-
viously reported method [15], with slight modifications. 
Briefly, 100 µl of CNB oil (stock concentration 1000 µg/
mL) was serially diluted in triplicate in the wells of flat-
bottom polystyrene 96-well microtiter plates (Sarstedt, 
Nümbrecht, Germany). A suspension  (OD600  =  0.001) 
of C. albicans (2.2 ×  105  cells/mL) in YPD was added, 
with appropriate positive (amphotericin B) and negative 
(Candida only in media) controls and a blank (CNB oil in 
media) included. The microtiter plates were sealed with 
parafilm prior to incubation at 30 °C to avoid oil evapo-
ration, and the  OD600 recorded after 24 h (Biotek Epoch; 
Northern Vermont, USA). The endpoint was defined as 
the lowest concentration of the compound resulting in 
total inhibition (MIC 100%) of growth, compared to the 
growth in negative control wells. All experiments were 
performed in triplicate. The MICs for cinnamaldehyde 
(stock concentration 450 μg/mL) and linalool (stock con-
centration 9.85 mg/mL) were also tested for RSY150 and 
RSY35 [16, 39, 40].

Growth and viability of C. albicans with CNB oil exposure
Growth curves
To investigate the effect of CNB oil on growth kinet-
ics of C. albicans, an overnight culture of C. albicans 
RSY150 diluted to contain 2.2  ×  105  cells/mL  (OD600 
of 0.001) was treated with CNB oil (62.5, 31.25 and 
15.1 µg/mL corresponding to 1/2 MIC, 1/4 MIC and 1/8 

MIC) in separate wells of a microtiter plate in triplicate 
and incubated at 30  °C [41, 42]. The  OD600 was meas-
ured at 30  min intervals for 24  h using a BioTek Syn-
ergy HTX multi-mode microplate reader (Northern 
Vermont, USA). Media with CNB oil was used to deter-
mine background absorbance for three independent 
experiments.

Cell viability
The cell viability after CNB oil exposure was determined 
using the methylene blue dye exclusion assay, as reported 
previously [43]. Briefly, mid logarithmic phase C. albi-
cans RSY150 cultures (2.2 ×  105  cells/mL) were treated 
with various concentrations (62.5, 31.25 and 15.1 µg/mL 
corresponding to 1/2 MIC, 1/4 MIC and 1/8 MIC) of 
CNB oil at 30 °C for 24 h. Cells fixed with formaldehyde 
were used as positive controls for staining. The cells were 
washed and resuspended in phosphate buffered saline 
(PBS;0.01  M pH 7.4) to ~  107  CFU/mL, then 100  µL of 
treated and control cell suspensions mixed with 100  µL 
methylene blue (0.1 mg/mL stock solution in 2% sodium 
citrate) and incubated for 5  min at room temperature. 
Cells were examined using an Eclipse 80i microscope 
(Nikon) at 40× magnification. A minimum of 100 cells 
in consecutive visual fields were examined and the per-
centage of stained cells were calculated using the Nikon 
SPOT software [44].

To determine colony forming units (CFU), overnight 
cultures of CNB oil-treated C. albicans RSY150 (1/2 
MIC, 1/4 MIC, and 1/8 MIC) along with controls were 
serially diluted  (103,  104,  105  cells/mL) and plated in 
duplicate on YPD agar [45]. Viable colonies were counted 
and recorded at each specific concentration of CNB oil 
prepared in triplicate.

Table 1 Candida albicans strains used in this study

Strain Genotype References

RSY150 TUB2‑GFP‑SAT1/TUB2_ HTB1‑RFP‑ARG4_/HTB1_ arg4_/_ [35]

RSY35 leu2::hisG/leu2::hisG his1::hisG/his1::hisG arg4::hisG/arg4::hisG kar3::LEU2/kar3::HIS1 TUB2/TUB2‑
GFP::SAT1

[35]

CASS1 his3::hisG/his3::hisGleu2::tetRGAL4AD‑URA3/LEU2 [37]

ATCC 64548 Reference strain Cedarlane Labs, Ontario, Canada

ATCC 10231 Reference strain for clinical isolates RQHR, Regina,

SK, Canada

C. albicans (1‑4) Clinical isolates; 2 blood, 2 genital RQHR, Regina, SK, Canada

C. albicans knockout mutants

VPS28 his3::hisG/his3::hisGleu2::tetRGAL4AD‑URA3/LEU2‑VPS28 [37]

CRH11 his3::hisG/his3::hisGleu2::tetRGAL4AD‑URA3/LEU2‑Crh11 [37]

SSU81 his3::hisG/his3::hisGleu2::tetRGAL4AD‑URA3/LEU2‑SSU81 [37]

DFG5 his3::hisG/his3::hisGleu2::tetRGAL4AD‑URA3/LEU2‑DGF5 [37]
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Morphological analysis
Calcofluor white (CFW) at a concentration of 0.01  μg/
mL was used as a chitin specific dye [35] to highlight 
the gross morphology and chitin distribution in CNB oil 
treated RSY150 along with blood and genital clinical iso-
lates. Cell suspensions at two growth phases each, mid 
logarithmic (1 × 107 cells/mL) and stationary (2.2 × 105 
cells/mL), were treated with MIC and 1/2 MIC of CNB 
oil and imaged on an Axio Observer Z1 inverted epif-
luorescence microscope (Oberkochen, Germany) at 63× 
magnification (λex = 365 nm; λem = 435 nm).

Hyphal induction
Hyphal induction in C. albicans RSY150 was performed 
according to the literature [46]. Briefly, a yeast suspen-
sion (1  ×  107  CFU/mL) was prepared from mid loga-
rithmic phase cells in pre-warmed YPD with 10% fetal 
bovine serum (FBS) and deposited into a 12 well plate 
with the appropriate amounts of CNB oil to achieve MIC 
and 1/2 MIC. Control cultures lacked CNB oil. The cells 
were stained with CFW (0.01 μg/mL) to highlight hyphae 
and pseudo hyphae after 4  h incubation at 37  °C, and 
images captured on an AxioObserver Z1 inverted epif-
luorescence microscope (Oberkochen, Germany). Germ 
tubes were identified when the cell projection was equal 
to the size of the blastospore. Results from three inde-
pendent experiments were reported as average ± stand-
ard deviation.

Ultrastructural and mechanical analysis
The cell surface biophysical properties of CNB oil treated 
C. albicans RSY150 and a clinical isolate from blood 
were analyzed by Quantitative Imaging (QI™) using a 
Nanowizard III AFM (JPK Instruments, Berlin, Ger-
many) as described previously [47, 48]. Briefly, cell sus-
pensions (2.2 ×  105 cells/mL) from both strains treated 
either with YPD only (control) or YPD with 1/2 MIC 
CNB oil for 24  h were deposited onto poly-l-Lysine 
coated cover slips for 1  h, fixed with formalin and air 
dried prior to AFM imaging. Cells treated with the fungal 
wall degrading enzyme, glucanase, served as a positive 
control. Samples were imaged with silicon nitride cantile-
vers (HYDRA6R-200NG; Nanosensors, Neuchatel, Swit-
zerland) having calibrated spring constants ranging from 
0.03 to 0.062 N/m.

QI force curves (JPK software) obtained at each pixel of 
a 128 × 128 raster scan were collected using a Z-length 
of 7  μm and a raster scan of 100  μm/s for QI™. Adhe-
sion and Young’s modulus calculations were made from 
approximately 16,536 force curves collected from each 
of five biological replicates. All force curves within a 
200 × 200 nm square in the center of the cell were batch 

processed and histogram data exported from the JPK 
software using Excel. Adhesion was determined using 
the distance between the lowest point and baseline of the 
retract curve and Young’s moduli determined using the 
Hertz model (JPK software), an estimate of cell envelope 
elasticity. Surface roughness was measured at the mid-
point of the cell using the QI™ height images [48] and 
cellular volume was calculated using “Ellipsoid” (http://
planetcalc.com/) [49] for at least 20 different cells from 
three different samples.

Membrane integrity
To assess the integrity of the cell membrane following 
CNB oil exposure, the cellular content leakage assay [43] 
was carried out with slight modification. Briefly, a mid 
logarithmic phase culture of C. albicans RSY150 was 
washed three times and resuspended to ~107 CFU/mL in 
PBS. Cell suspensions were transferred to a 24 well plate 
containing CNB oil at MIC, 1/2, 1/4 and 1/8 MIC in PBS, 
and incubated at 30  °C for 6  h with shaking (200  rpm). 
CNB oil in PBS served as a blank, untreated cells in PBS 
as negative controls, and amphotericin B at MIC served 
as a positive control. Following incubation, cell leakage 
was analyzed from supernatant diluted 1:10 with PBS 
based on absorbance at 260  nm (Varian Cary 100 BIO, 
UV–VIS spectrophotometer; Midland, ON, Canada) 
against a blank lacking CNB oil. Nucleotides represent 
one class of leakage components that absorb at 260 nm, 
for which uracil containing compounds have the highest 
absorbance. Mean ratios for each treatment from three 
independent experiments were calculated and compared 
to that of corresponding untreated samples.

Cell wall stress
The sensitivity of C albicans to cell wall perturbing agents 
(Congo red (CR) and CFW) after exposure to CNB oil 
was tested following a previously reported method [6], 
with minor modifications. Briefly, overnight stationary 
phase cultures of C. albicans RSY150 (2.2  ×  105  cell/
mL) in YNB complete media, unexposed or exposed to 
CNB oil at 1/2 MIC and 1/4 MIC, were incubated for 
24 h with shaking (200 rpm) at 30 °C in a microtiter plate. 
Cells were washed with PBS to eliminate oil residues and 
any carryover effect of the oil to different wells. An ali-
quot (5 μL) of each was diluted to final densities of  105, 
 104,  103  cells/mL and were spotted on YNB plates sup-
plemented with one of the following cell wall disrupting 
agents: CFW (15  μg/mL) or CR (15  μg/mL). The plates 
were incubated at 30  °C and monitored for Candida 
growth over 3 days. Each experiment was performed in 
triplicate and colonies counted for statistical analysis and 
graphical representation.
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Confocal microscopy
The effects of CNB oil treatment on the cell cycle was 
determined by laser scanning confocal microscopy 
(LSCM) [35]. RSY150 cells expressing Tub2-GFP and 
Htb-RFP [35] at mid logarithmic phase  (107 cells/mL) 
were treated with CNB oil, cinnamaldehyde and lin-
alool at MIC and 1/2 MIC for 4  h. Treated and con-
trol cells were transferred to glass slides sealed with 
clean coverslips and imaged at 63  × magnification 
on a Zeiss LSM 780 system (Carl Zeiss Micro imag-
ing, Oberkochen, Germany) using an argon laser 
(λex = 488 nm; λem = 512 nm) for Tub2-GFP and HeNe 
laser (λex =  543 nm; λem =  605 nm) for Htb-RFP. Cells 
were identified and enumerated in each cycle phase cat-
egory. Statistical significance was calculated from three 
independent experiments.

Statistical analysis
All experiments were performed in triplicate, unless oth-
erwise stated, and GraphPad Prism7 used for statistical 
analysis. The results were reported as mean ±  standard 
deviation (SD), differences assessed using a two-tailed 
unpaired t test with Welch’s correction at a 95% confi-
dence interval, for which p < 0.05 was considered statisti-
cally significant.

Results
CNB oil composition
CNB oil analyzed by GC-FID and GC–MS identi-
fied several known constituents. The peaks identi-
fied by GC-FID were further confirmed with GC–MS 
and previously reported RI [32, 34]. The composi-
tion of our CNB is shown in Additional file  1: Table 
S1 (see  Additional file  2: Figure S1), for which com-
pounds are listed in the order of elution on the HP-5 
column. The major compounds (concentrations  >  2.0 
as relative % peak area from GC-FID and GC–MS) 
were E-cinnamaldehyde (74%), α-caryophyllene (5.3%), 
linalool (3.9%) and E-cinnamyl acetate (3.8%). Minor 
components with known function included limonene 
(2%), eugenyl acetate (0.6%), α-pinene (0.3%) and ben-
zyl benzoate (0.6%). Another minor constituent was 
p-cymene (1.4%).

RSY150 and clinical isolates of C. albicans respond 
differently to CNB oil
The relative susceptibilities of the RSY150 strain and 
clinical isolates to CNB oil were determined using a 
broth microdilution method. The planktonic growth of 
C. albicans lab strains (ATCC 64548 and RSY150) was 
effectively inhibited by 125 μg/mL CNB oil, whereas the 
clinical strain isolated from blood and the ATCC 10231 
strain were more resistant and required higher concen-
trations (250  μg/mL) of CNB oil to produce an inhibi-
tory effect. This clinical strain isolated from blood was 
selected for detailed analysis and further experiments. 
Clinical isolates from blood and genital infections dis-
played varying susceptibility to CNB oil. In general, 
a blood isolate was resistant to CNB oil with a MIC of 
500 μg/mL, whereas one genital strain was more resistant 
to CNB oil with a MIC at 1000 μg/mL and the other more 
susceptible with a MIC of 125 μg/mL. The data is sum-
marized in Table 2. RSY35, a mutant strain for microtu-
bule motor protein Kar3, showed growth inhibition at 
125 μg/mL of CNB oil. Similarly, the growth of RSY150 
and RSY35 was inhibited by cinnamaldehyde with a MIC 
of 112.5  μg/mL. Both strains showed identical response 
to linalool with MICs at 2.46 mg/mL.

Dose dependence of C. albicans RSY150 growth, viability 
and membrane integrity
To determine the dose dependence of CNB oil over a 
24  h period, growth curves were constructed at differ-
ent concentrations of CNB oil (15.625–125  µg/mL) in 
YPD media. Growth inhibition was dose dependent with 
complete inhibition of growth at MIC (125  µg/mL) and 
increased growth at progressively lower sublethal con-
centrations: 62.5  μg/mL (1/2 MIC), 31.25  μg/mL (1/4 
MIC) and 15.625    µg/mL (1/8 MIC) (Fig.  1a), used for 
subsequent experiments.

The viability of cells cultured to logarithmic phase after 
treatment for 4  h with different concentrations of CNB 
oil (125–62.5  µg/mL) were assessed using the vital dye, 
methylene blue (Fig. 1b), which enters both live and dead 
cells. Since live cells are able to reduce the dye [50, 51] they 
become colorless, whereas dead cells remain blue. The cells 
were non-viable following CNB oil treatment, confirmed 

Table 2 Number of reference and clinical strains at various MIC values

*Used as representative clinical strain in all further experiments

 **Tested for chitin staining

CNB oil (µg/ml) Blood Genital RSY150 RSY35 ATCC 10231 ATCC 64548

1000 1

500 1

250 *1

125 3 **1 1 1 1 1
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by CFU for each CNB oil treatment (1/2, 1/4 and 1/8 MIC 
and control). There was a significant reduction in the num-
ber of colonies treated with 1/2 MIC CNB oil in compari-
son to cells treated at 1/4, 1/8 MIC and control (Fig. 1c).

Membrane disruption in CNB oil treated RSY150 
cells was assessed as leakage of cellular contents 
 (OD600 = 260 nm) in the supernatant [43]. The amount 
of leaked cellular content increased as a function of CNB 
oil concentration, from 1/8 MIC to MIC (Fig. 1d), show-
ing that compromised cell membrane integrity is dose 
dependent. The positive control amphotericin B showed 
leakage at MIC.

Sublethal doses of CNB oil altered chitin distribution in C. 
albicans
To determine morphological changes, we analyzed bright 
field images of C. albicans in stationary and logarith-
mic phases exposed to sublethal concentrations of CNB 
oil for 24  h. Stationary phase C. albicans RSY150 cells 
exposed to sublethal CNB were oval and swollen, with 
distinct changes in chitin distribution, but with normal 
budding compared to control cells (Fig. 2a, d). Epifluores-
cence images of stationary phase control RSY150 show an 
even distribution of chitin around the cell wall and septal 
region (Fig. 2a, d). In contrast, cells treated with CNB oil 

at 62.5 μg/mL (1/2 MIC) had an increase in chitin con-
tent in the lateral cell wall and more intense staining at 
septal regions (Fig. 2a, d). This effect was absent at lower 
concentrations (31.625 μg/mL; 1/4 MIC) of CNB oil.

Similarly, the effects of CNB oil on metabolically active 
cells were distinct. Logarithmic phase cells exposed to 
CNB oil for 4  h at MIC and 1/2 MIC had intense chi-
tin staining in the bud neck region and uneven lateral 
cell wall staining (Fig.  2b, e) compared to control cells 
that stained evenly at the bud and lateral wall. We also 
observed an increased frequency of elongated cells during 
exposure to CNB oil at MIC, which became less promi-
nent at 1/2 MIC (Additional file 3: Figure S2a, b). The clin-
ical isolate from blood, on the other hand, showed overall 
stronger staining than RSY150, with increased intensity at 
the bud neck upon exposure to CNB oil at MIC and 1/2 
MIC (Additional file 4: Figure S3a). In contrast, the genital 
clinical isolate having a similar MIC to RSY150 showed a 
normal chitin distribution (Additional file 4: Figure S3b).

Based on the altered phenotype during CNB exposure at 
sublethal levels, we studied the impact of CNB on hyphal 
growth. During hyphal induction (10% serum) in the pres-
ence of CNB oil, growing hyphae had intense chitin stain-
ing at their growing tips. The intensity of chitin staining was 
higher in cells treated at MIC and decreased progressively as 

Fig. 1 CNB oil decreased cell viability and compromised cell membrane integrity in RSY150. a Growth curves of RSY150 exposed to 125, 62.5, 31.25 
and 15.125 µg/mL of CNB oil, with absorbance measured at 30 min intervals to show the antifungal time course of the CNB oil. b Methylene blue 
staining of cells exposed to CNB concentrations as in (a) showed decreased cell viability. c Corresponding CFU counts of viable CNB exposed cells 
as compared to control. d Leakage of cellular content as a function of absorbance at 260 nm following exposure to CNB oil at concentrations as in 
(a) confirm a dose dependent compromise of the cell membrane in (a). GC indicates growth controls of cells incubated without CNB oil. Double 
asterisks represent statistical significance (p < 0.05)
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Fig. 2 CNB oil exposure induces a cell wall stress response with altered chitin distribution in RSY150. Epifluorescence (top panel) and bright field 
(bottom panel) images of CFW stained cells. Cells were grown in YPD in (a) and (b) while cells in (c) were grown in YPD plus 10% serum for hyphal 
induction. a RSY150 cells were incubated for 24 h with and without 1/2 and 1/4 MIC CNB oil in YPD media and stained with CFW. b Mid log phase 
RSY150 were exposed to MIC and 1/2 MIC for 4 h stained with CFW and imaged. c Cells grown in YPD with 10% serum were exposed to the same 
concentration as in (b) for 4 h, stained with CFW and imaged. (d, e, f) are bar graphs showing enumeration of cells in (a, b and c) respectively, where 
double asterisks indicate p < 0.05. Bars = 5 μm
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a function of CNB oil concentration, at 1/2 MIC (Fig. 2c, f). 
At 1/4 MIC CNB the intensity of CFW staining was compa-
rable to control, however hyphal width remained the same.

Sublethal CNB oil induces cell wall remodelling in C. 
albicans
AFM is a powerful tool for imaging ultrastructural 
changes at the cell surface and probing the associated 
biophysical properties. We chose QI™ mode, which 
records a large number of force curves (n = 16,536; 128 
 pixel2 resolution) for a detailed analysis. Representative 
QI™ images of RSY150 and a clinical isolate of C. albi-
cans exposed to sub lethal concentrations of CNB oil, 
along with comparable controls, are shown in Fig. 3a–d. 
Changes in RSY150 and the clinical isolate after CNB 
treatment are summarized in Table 3. There was a clear 
difference between the CNB treated RSY150 and the clin-
ical isolate, with 50% of the RSY150 cells showing leakage 

and exfoliation while the clinical isolate showed leak-
age with increased surface roughness. The exfoliation in 
these cells was usually limited to a small area on the cell 

Fig. 3 Surface remodelling of RSY150 C. albicans exposed to 1/2 MIC CNB oil. RSY150 and the clinical isolate from blood were treated with 1/2 MIC 
(62.5 μg/mL) CNB oil for 24 h, deposited and fixed on PLL‑coated cover slips for AFM imaging. Images (1 μm; 128  px2) of control and CNB oil treated 
cells are at low resolution for control (a, c) and treated (b, d) C. albicans showing leakage (arrow heads) in treated cells. High resolution (1 μm) 
height images of the cell surface (boxed area) for control (e, g) and CNB treated (f, h) C. albicans reveal increased surface roughness in the treated 
clinical isolate as compared to the treated RSY150 strain. (i, j, k, l) High resolution (1 μm) adhesion maps from corresponding height images. Bar 
a–d = 1 μm; Bar e–l = 200 nm

Table 3 Various changes to C. albicans cells with CNB oil 
exposure revealed by AFM

Control cells had no visual changes

C. 
albicans 
treated 
with CNB 
oil (total 
# of cells)

Leakage 
only

Exfolia‑
tion only

Leakage 
and exfo‑
liation

Surface 
rough‑
ness only

Leakage 
and sur‑
face 
roughness

RSY150 
(n = 24)

9 3 12 – –

Clinical 
strains 
(n = 21)

1 1 1 5 13
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in the form of an aberration, while the rest of the surface 
showed little change. The clinical isolate exposed to CNB 
oil had rough cell surfaces, with or without leakage.

Candida albicans RSY150 and the clinical isolate dis-
played cell swelling and substantial cell wall structural 
and mechanical changes in response to CNB oil (Fig. 3). 
QI™ AFM of RSY150 (n = 24) and a clinical isolate from 
blood (n = 21) exposed to 1/2 MIC of CNB oil showed 
obvious changes in cell volume, roughness, surface adhe-
sion and cell wall elasticity.

Images of untreated RSY150 (Fig. 3a, c) revealed a nor-
mal oval cell with a height of 1.65 ± 0.19 μm and cell vol-
ume of 9.41 ±  1.7 μm3, which significantly (p < 0.0001) 
increased to a height of 2.18 ±  0.31  μm and volume of 
18.4  ±  4.7  μm3, respectively, following CNB oil treat-
ment. The change in height (2.07 ± 0.29 μm vs. control 
1.83 ± 0.27 μm) (p = 0.01) and volume (volume: treated 
12.7 ±  5.9  μm3 vs. control 16.2 ±  4.7  μm3) (p =  0.047) 
of the clinical isolate was significant with CNB oil treat-
ment, but less pronounced than that of RSY150 with sim-
ilar treatment.

Control cells of both strains (Fig.  3e, g) revealed a 
smooth and homogeneous surface. There was a sig-
nificant increase (p  =  0.015) in cell surface rough-
ness (5.4  ±  1.0  nm) of the clinical isolate following 
CNB oil exposure compared to control (2.7 ±  1.2  nm), 
whereas the RSY150 (Fig.  3e–h) showed no significant 
change (p =  0.2432) compared to control cells (treated 
4.9 ± 1.08 nm vs. control 3.52 ± 1.77 nm). These results 
are summarized in Table 4.

For accurate adhesive measurements of the cell sur-
face, 1  μm QI™ AFM images (128  px2 resolution) were 
captured at the center top of the cells to eliminate arti-
facts from cell curvature. The adhesive properties of both 
RSY150 (treated 7.1 ± 0.5 nN vs. control 5.5 ± 0.3 nN) 
and the clinical isolate (treated 7.6  ±  0.6  nN vs. con-
trol 5.7 ±  0.4  nN) were significantly increased (RSY150 
p  =  0.0016, clinical isolate p  =  0.0025) in response 
to CNB oil. Figure 3b, f, j and d, h, l shows whole cells,  
high resolution images, roughness and adhesive forces 
on the center top of RSY 150 and clinical isolates, 
respectively, grown for 24 h in the presence of sublethal 

(62.5 μg/mL) CNB oil. Exposure to CNB oil altered cell 
shape, increased the average cell volume and rough-
ness (Fig.  3j, f ), with a twofold increase in elasticity for 
RSY150 (treated 7.8 ± 0.9 GPa vs. control 4.7 ± 0.4 GPa) 
and the clinical isolate (treated 15.0 ±  2.7  GPa vs. con-
trol 8.1 ± 0.7 GPa) compared to their respective controls. 
Table 5 shows a summary of these differences in RSY150 
and the clinical isolate.

CNB oil exposure increases C. albicans sensitivity to cell 
wall disrupting agents
In order to determine whether cell wall integrity was 
compromised by CNB, RSY150 were exposed to cell 
wall perturbing agents CR and CFW at 1/2 MIC and 
1/4 MIC. Higher sensitivity, reflecting compromised 
cell wall integrity, was observed in CNB treated cells in 
comparison to control (Fig. 4a) at 1/2 MIC, progressively 
decreasing to 1/4 MIC (Fig. 4b). As positive controls, we 
analyzed mutants lacking genes related to cell wall integ-
rity and to wall organization and biogenesis for their 
sensitivity to CNB oil treatment. The mutants tested had 
the following knockouts: VPS28, a VPS factor required 
for vacuolar protein sorting; CRH11, encoding a GPI-
anchored cell wall transglycosylase; SSU81, encoding a 
function involved in oxidative stress, cell wall biogenesis, 
and morphogenesis; and DFG5, encoding an N-linked 
mannoprotein of the cell wall and membrane. All these 
mutants exhibit generalized sensitivity to CNB oil, with 
lower MIC than the wild type strain (CaSS1), further ver-
ifying an impact of CNB on cell wall integrity (Fig.  4c). 
The associated MIC decreased two-fold, from 125 μg/mL 
to 61.5 μg/mL, for all mutants.

CNB oil induces spindle defects in C. albicans at MIC 
and sub‑MIC
The RSY150 strain expressing both Tub2-GFP-and Htb-
RFP was imaged by LSCM to visualize the mitotic spin-
dle in dividing cells exposed to CNB oil. In untreated 
cells, the spindle varied in length for the control RSY150 
strain, but it consistently spanned the distance between 
mother and daughter cells (Fig.  5a) and nuclear migra-
tion was normal. In contrast, these well-defined mitotic 
spindles were missing in RSY150 cells exposed to CNB 
oil at MIC. Furthermore, Tub2-GFP fluorescence in these 

Table 4 Comparison of ultrastructural properties of RSY 
150 and the clinical isolate from blood

RSY150 Clinical isolate

Control Treated Control Treated

Height (nN) 5.5 ± 0.3 7.1 ± 0.5 5.7 ± 0.4 7.6 ± 0.6

Volume (μm3) 9.4 ± 1.7 18.4 ± 4.7 16.2 ± 4.7 12.7 ± 5.9

Roughness (nm) 3.5 ± 1.8 4.9 ± 1.1 2.7 ± 1.2 5.4 ± 1.0

Table 5 Comparison of biophysical properties of RSY150 
and the clinical isolate from blood

RSY150 Clinical isolate

Control Treated Control Treated

Adhesion (nN) 5.5 ± 0.3 7.1 ± 0.5 5.7 ± 0.4 7.6 ± 0.6

Elasticity (GPa) 4.7 ± 0.4 7.8 ± 0.9 15.0 ± 2.7 8.1 ± 0.7
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cells consistently failed to show the wild type pattern of 
spindle formation between mother and daughter cells 
(Fig.  5b). Instead, Tub2-GFP often had reduced fluo-
rescence in cells undergoing nuclear division, with only 
several fluorescence spots visible, indicating disruption 
of the mitotic spindle. Cells exposed to sub MIC CNB 
oil had reduced spindle defects, with most of the cells in 
recovery phase and observed as fluorescent patches or 
aggregates of tubulin (Fig. 5c).

RSY150 cells grown to the mid logarithmic phase and 
exposed to oil for 4  h were imaged by LSCM to view 
patterns of nuclear division and tubulin distribution in 
the parent cells and the bud. Budding cells with a single 
nucleus were considered to be pre-mitosis, representing 
those in the G1 or S phase. Cells with nuclei traversing 
the parent and budding cells were considered to be in the 
anaphase stage of mitosis. Finally, cells having separate 
nuclei in both parent and budding cells were considered 
to be at a post-mitotic phase, G2/M. For RSY150 control 
cells, 52% of the population was in the G1 or S phase; 

36% of the cells had undergone mitosis; and the final 10% 
were in anaphase (Fig. 5b, c). On the other hand, RSY150 
treated with MIC of CNB oil displayed noticeable dif-
ferences in cell cycle distribution, with 39% having not 
begun mitosis, 48% having completed mitosis, and 14% in 
anaphase, still undergoing nuclear division (Fig. 5c). Cells 
treated with 1/2 MIC were at GI phase (38%), whereas 
the dominant number of cells were at G2/M phase, with 
no change in the number of cells undergoing anaphase. 
Cells treated at MIC with CNB oil showed extended cells 
with pseudohyphal formation, however the effect was less 
pronounced in cells treated at 1/2 MIC, where large bud-
ding cells were observed (Additional file  3: Figure S2a, 
b). The data clearly indicate that CNB oil induces tubulin 
depolymerisation leading to cell cycle arrest at anaphase.

Cinnamaldehyde treated C. albicans showed similar 
morphological features to CNB oil treated cells (Addi-
tional file  5: Figure S4), with depolymerized tubulin, 
resulting in an absence of mitotic spindles. Overall the 
effect was more pronounced in cinnamaldehyde treated 

Fig. 4 CNB treated RSY150 C. albicans exhibit a cell wall stress response. Logarithmic phase RSY150 cells were treated with 1/2 and 1/4 MIC CNB 
oil or without oil for 24 h. a Treated and control cells at  105,  104 and  103 CFU were spotted on YNB complete media agar containing CFW and CR 
and examined after 2 days. Treated cells showed greater sensitivity to cell wall stressors. b The number of colonies on the CR and CFW plates show 
a dose dependent effect that decreases as a function of oil concentration. The 1/2 MIC CNB oil was more effective than 1/4 MIC, with a significant 
difference ** between 1/2 MIC oil treatment compared to untreated controls (p < 0.05). The cell count was normalized with treated cells grown on 
YNB media agar only. c Wild type background strain (CaSS1) and cell wall defective mutants (SSU81, CRH, DFG and VPS) were exposed to a twofold 
increasing dilution of CNB oil in a MIC assay, showing overall sensitivity to the CNB oil and indicating a moderate cell wall stress response
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cells as compared to those treated with CNB oil. Cells 
exposed to cinnamaldehyde at MIC showed a significantly 
increased percentage of cells in anaphase (15.8%) as com-
pared to control (9.6%), whereas RSY150 cells exposed to 
linalool were arrested at the G1 phase of the cell cycle, as 
previously reported [20]. There was complete disruption 
of the cell wall at MIC after 4 h, with cells having depo-
lymerized tubulin compared to controls, however the cells 
showed some tubulin fluorescence at 1/2 MIC, with intact 
cell walls (Additional file 5: Figure S4).

Discussion
The cell wall of C. albicans is the first line of defense 
against the host immune system and toxic agents, 
modulating fungal interactions and maintaining cell 
integrity [52–55]. The C. albicans yeast cell wall con-
tains three main components: mannoproteins (~ 39%), 
β-glucans (~  59%), and chitin (~  2%), that contribute 

to a highly dynamic molecular architecture which is 
continuously remodelled in response to cell surface 
interactions [53–55]. The cell wall integrity (CWI) 
pathway compensates for damage caused by environ-
mental stress, signaling through the MAPK cascade to 
mediate cell wall biosynthesis and actin organization, 
regulating cell cycle progression and other necessary 
events [56–59]. In response to cell wall stressors, for 
example the antifungal drug caspofungin which is a 
non-competitive inhibitor of β-1,3-glucan synthase 
[60–62], activation of the CWI pathway can reinforce 
the cell wall by increasing chitin levels in Candida [63] 
and C. glabrata [64].

Cell wall and membrane stress
CNB oil treated RSY150 cells in the stationary phase 
had an irregular chitin distribution found on the lat-
eral wall of budding cells (Fig.  2a). Such effects became 

Fig. 5 CNB oil exposure in RSY150 C. albicans caused spindle defects in RSY150 and a delayed cell cycle. Mid logarithmic phase RSY150 cells 
were treated with MIC and 1/2 MIC oil for 4 h and imaged live by LSCM (Tub2‑GFP λex = 488 nm; λem = 512 nm and Htb‑RFP λex = 543 nm; 
λem = 605 nm). RSY150 were examined for nuclear and spindle localization in budding cells. a Spindle morphologies of MIC and 1/2 MIC CNB oil 
treated cells and untreated control. Control cells showed normal spindle formation during mitosis (arrow heads) whereas the MIC treated cells had a 
majority of dividing cells lacking a mitotic spindle (small arrow heads). Cells treated with 1/2 MIC of CNB oil had diminished spindle defects. Despite 
the spindle defect, the cells completed mitosis. Images are representative from three independent experiments. Bar = 5 μm. b Cell cycle analysis 
of cells treated with MIC and 1/2 MIC CNB oil and untreated controls. Of cells treated at MIC CNB oil, 14% were in anaphase in comparison to 10% 
for control cells, whereas 12% of cells exposed to 1/2 MIC CNB oil were in anaphase. c The number of cells counted for treated and control cells in 
anaphase were plotted. Double asterisks represent statistical significance (p < 0.05). For each treatment 250 cells were analyzed
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pronounced in metabolically active cells grown in the 
presence of 10% serum (Fig.  2c, f ), with intense chitin 
staining at the hyphal tip. Similar staining patterns have 
been reported for cells exposed to high sugar or salt 
concentrations [23], for which hypo-osmotic pressure 
induced chitin synthesis or polymerization at the grow-
ing hyphal tip. Consistent with this idea is the larger cell 
volume of RSY150 (Fig.  3) and sensitivity of the SSU18 
mutant (Fig. 4c) exposed to CNB oil. Cell wall reinforce-
ment with chitin in response to stress is a well-known 
phenomenon in yeast [62, 64–67]. It is known that 
most resistant clinical strains have a higher overall chi-
tin content, reinforcing the cell wall and making them 
more resistant to cell wall targeted antifungals [68]. As 
expected, the metabolically active clinical isolate showed 
more chitin than RSY150 (Additional files 3, 4: Figures 
S2, S3) for both control and treated cells, confirming cell 
wall reinforcement in the clinical strain.

Chitin plays an important role in defining the cell wall 
nanomechanical properties [25, 27, 69], and β-1,3 D-glu-
can is critical in maintaining cell shape, mechanical rigid-
ity and resistance to osmotic pressure [4, 70]. Exposure to 
CNB oil produced osmotically fragile, swollen cells with 
an uneven chitin distribution and increased elasticity, 
consistent with prior studies [25, 27, 52, 59]. The elastic-
ity values reported in this study are high in comparison, 
reflecting cross linking from fixation [71]. Inhibition of 
β-1,3-d-glucan synthase by cinnamaldehyde in S. cerevi-
siae or by caspofungin in C. albicans results in reduced 
cell wall β-1,3-glucan [22] and increased cell wall chitin 
content, respectively [25]. Furthermore, mutants defec-
tive in chitin and β-glucan cross linking (chr1chr2Δ) have 
cell wall elasticity that varies with architecture and com-
position [60].

In addition to cell wall chitin and glucans, the surface 
of C. albicans is decorated with proteins called adhes-
ins that play a pivotal role in cell communication, adhe-
sion and microbial infection [72, 73]. Many adhesins are 
mannoproteins that are homogenously dispersed on the 
cell surface [74, 75]. Cell wall stress, temperature varia-
tion, exposure to antifungal agents, host interaction and 
biofilm formation have been shown to alter the adhesive 
properties of cells [67, 76]. Adhesive forces in this study 
are based on the interaction between the cell surface and 
the hydrophilic, negatively charged silicon nitride AFM 
tip. Exposure to CNB oil gave rise to a moderate increase 
in cell adhesion, which may be attributed to cell wall 
remodelling, as evidenced by concomitant changes in 
roughness. Changes in adhesion may reflect loss or rear-
rangement of adhesins, or reorganization of surface sug-
ars [25, 27, 29].

Cell wall stress was characterised not only by changes 
in chitin distribution and expression, but also polarized 

growth and moderate sensitivity to cell wall perturbing 
agents, leading to cell cycle arrest and fungal death [57]. 
Congo Red and Calcofluor White target chitin and β-1,3-
glucan synthases to produce a cytokinetic defect lead-
ing to cell cycle arrest [77, 78]. A delayed or arrested cell 
cycle results in polarized growth with formation of pseu-
dohyphal cells [79–81], as characterized by depolymer-
ized microtubules [35, 82, 83]. Such a morphology was 
observed in 30% of the cell population exposed to CNB 
oil, along with defects in microtubule polymerization.

Spindle defects
Microtubules are central to cell division, forming the 
mitotic spindle and coordinating nuclear movement [82, 
84, 85]. In Candida, the pre-mitotic movement of the 
nuclei through the bud neck and subsequent separation 
of nuclei are coordinated by microtubules [86]. In normal 
cells, nuclear division is complete when the buds are still 
small, such that larger budding cells are never observed 
without the nucleus [86]. In the control cells, two dis-
tinct subcellular microtubule structures were observed, 
one traversing the mother and budding cells and the 
other only in the mother cells. Anaphase and G2 cell 
cycle arrest, as well as a more pronounced filamentous 
growth, were apparent following CNB exposure (Fig. 5a, 
c). Cell cycle defects associated with microtubule pertur-
bation were readily visualized in CNB treated RSY150 in 
which Htb-RFP and Tub2-GFP highlighted the nucleus 
and microtubules, respectively. Four hours following 
treatment with CNB at MIC, log phase cells had ablated 
mitotic spindles, observed as fluorescent patches or 
aggregates of tubulin (Fig.  5a). Large-budding cells had 
nuclear staining restricted to the mother cell (Fig.  5a, 
arrow). These results are consistent with previous obser-
vations in which tubulin polymerization inhibitors and 
Δkar3/Δkar3 mutants had similar phenotypes [35, 85]. 
We observe anaphase arrest in cells exposed to CNB at 
MIC, with 14% of the cells in anaphase as compared to 
10% in the control, an effect which is reduced at 1/2 MIC. 
Cells treated at MIC cinnamaldehyde had 15% of cells 
in anaphase, slightly less than the Δkar3/Δkar3 mutant 
that had 17% of cells in anaphase and exhibited polarized 
growth [35]. Kar3 may mediate microtubule sliding dur-
ing nuclear fusion and possibly mitosis, interacting with 
spindle microtubules to produce an inwardly directed 
force on the poles that antagonizes the CIP8 and KIP1 
outward force [36]. The Δkar3/Δkar3 mutant (RSY35) is 
no more resistant to CNB oil than wild type, suggesting 
that Kar3 is not likely the target of CNB oil.

We observed pseudohyphal growth in CNB oil treated 
RSY150 at MIC, an effect which became less prominent 
at 1/2 MIC, a common response of yeast experiencing 
cell wall stress [87]. For instance, toxins and chemicals 
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that arrest cells in the S phase or mitosis display polar-
ized growth due to activation of the CWI pathway [57, 
88, 89]. The CWI pathway activates the MAPK cascade 
to manage stress, and its components are key elements 
in controlling the cell cycle. There are three MAPK path-
ways, namely; the pheromone response pathway, the high 
osmolality glycerol (HOG) pathway and the PKC1-medi-
ated pathway [88, 89]. The increased sensitivity of the 
SSU81 knock-out mutant (Fig. 4c) suggests that the HOG 
pathway is activated in the presence of CNB oil. Under 
stress there is cross talk between these pathways and cell 
cycle checkpoints, resulting in a delayed cell cycle [88] 
and a mixture of yeast and pseudohyphal cells (Addi-
tional file 3: Figure S2a, b).

Impact of CNB oil components
The multisite impact of CNB oil can be attributed to 
both its major (cinnamaldehyde) and minor compo-
nents. Cinnamaldehyde has been shown to compromise 
cell membrane and wall integrity [16], which we observe 
in this study along with a pronounced spindle defect 
and anaphase arrest. Minor components, which include 
limonene (2%), eugenyl acetate (0.6%), linalool (3.9%) and 
benzyl benzoate (0.6%), also contribute to CNB oil anti-
fungal activity. The synergistic, additive or antagonist 
activity of these components to modify the overall effect 
of the oil has yet to be explored. However based on previ-
ous reports, these components target the cell membrane 
and modulate its function, including fluidity and perme-
ability, leading to cell death [16–20]. Limonene (2%) has 
been reported to affect the cell wall in S. cerevisiae [90, 
91] and p-cymene (1.4%) inhibits germ tube formation 
and alters cell membrane integrity [92]. Eugenyl acetate 
and linalool exhibit anti-virulence activity by inhibiting 
germ tube formation, and linalool has been reported to 
arrest cell cycle in the GI phase [20]. Such studies used 
higher (mg) concentrations of CNB oil components to 
produce their effects in comparison with their presence 
in CNB oil at only 0.6-5%. There remains the possibility 
of synergies between the CNB oil components.

CNB oil as an antifungal
We propose that the main component of CNB oil, namely 
cinnamaldehyde (75%), is responsible for the majority 
of the cell envelope defects observed in this study. The 
cell envelope mutants and cell stressor assays demon-
strate that the cell wall is moderately affected, reinforced 
by chitin. Further, the sensitivity of all the cell envelope 
mutants indicates multiple targets for CNB oil, consist-
ent with its chemical heterogeneity. Our data reports for 
the first time the depolymerisation of β tubulin leading 
to cell cycle arrest at MIC of CNB oil. The mitotic spin-
dle defect, a novel finding of this study, we attribute to 

cinnamaldehyde. The effect was strong at MIC and 
reduced at 1/2 MIC in cells exposed to either CNB oil 
or cinnamaldehyde. We propose that membrane disrup-
tion may lead to aberrant actin filaments, by virtue of 
actin’s association with the membrane, and microtubule 
depolymerisation that ultimately disrupts the mitotic 
spindle, causing cell cycle arrest. This notion is supported 
by a finding in S. cerevisiae, for which both cytoplasmic 
microtubules and actin filaments are needed for spindle 
orientation [93], but further study is required to deter-
mine the role of actin in tubulin depolymerisation.

In summary, we suggest that CNB exerts its antifungal 
effect by targeting multiple cellular sites, including the 
cell wall, membrane and cell cycle machinery, ultimately 
leading to cell death induced by cell cycle arrest, a mech-
anism which requires further study.

Conclusions
In conclusion, the CNB oil used in this study consists of 
a mixture of terpenoids, phenols and aldehydes in vary-
ing amounts which target multiple cellular sites. Taken 
together, our data suggest essential oils may serve as 
antifungal alternatives or could be used in combination 
with synthetic antifungal agents to combat antifungal 
resistance.
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Abstract 

Background: Currently around one billion people in the world do not have access to a diet which provides enough 
protein and energy. However, the production of one of the main sources of protein, animal meat, causes severe 
impacts on the environment. The present study investigates the production of a vegan-mycoprotein concentrate 
from pea-industry byproduct (PpB), using edible filamentous fungi, with potential application in human nutrition. 
Edible fungal strains of Ascomycota (Aspergillus oryzae, Fusarium venenatum, Monascus purpureus, Neurospora interme-
dia) and Zygomycota (Rhizopus oryzae) phyla were screened and selected for their protein production yield.

Results: A. oryzae had the best performance among the tested fungi, with a protein yield of 0.26 g per g of pea-
processing byproduct from the bench scale airlift bioreactor cultivation. It is estimated that by integrating the novel 
fungal process at an existing pea-processing industry, about 680 kg of fungal biomass attributing to about 38% of 
extra protein could be produced for each 1 metric ton of pea-processing byproduct. This study is the first of its kind 
to demonstrate the potential of the pea-processing byproduct to be used by filamentous fungi to produce vegan-
mycoprotein for human food applications.

Conclusion: The pea-processing byproduct (PpB) was proved to be an efficient medium for the growth of filamen-
tous fungi to produce a vegan-protein concentrate. Moreover, an industrial scenario for the production of vegan-
mycoprotein concentrate for human nutrition is proposed as an integrated process to the existing PPI production 
facilities.

Keywords: Pea-processing byproduct, Edible filamentous fungi, Vegan-mycoprotein concentrate, Meat substitute

Background
Attributed to the rise in population, urbanization, and 
income, a steady growth in the consumption of protein 
from animal sources has been observed in developed 
countries over the last few decades [1]. Nevertheless, 
currently around one billion people in the world do not 
have access to a diet which provides enough protein and 
energy [2]. Lack of protein can result in severe health 
problems such as growth failure, muscle weakness and an 
impaired immune system. Protein-energy malnutrition 

(PEM) can lead to conditions such as kwashiorkor and 
marasmus. Additionally, the production of meat has a 
heavy impact on the environment and makes a large con-
tribution to the eutrophication process [3, 4]. In this con-
text, it is important to find an alternative, cheap, and less 
resource-consuming protein source to substitute meat 
or meat products. Fungal organisms such as mushrooms 
and truffles have traditionally been part of human nutri-
tion largely because of their flavor; however they can-
not be considered as an important source of protein in 
comparison to meat-based sources [1, 5]. Considerable 
attention has been recently given to the use of filamen-
tous fungi as a commercial human food component; 
especially due to their high protein content with all the 
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essential amino acids to human nutrition, easy digestibil-
ity, low-fat content (cholesterol free), and the presence of 
dietary fibers [6]. The fibre content (6% w/w) is also com-
parable with other vegetarian protein sources [7].

Several strains of edible filamentous fungi have been 
recognized as a traditional source of palatable food by 
many societies around the globe, especially in Asia [8]. 
Rhizopus sp. has been used for centuries in the orien-
tal cuisine in the preparation of fermented food such as 
tempeh [9]. Aspergillus oryzae also has culinary applica-
tions for the production of hamanatto, miso and shoyu. 
Neurospora intermedia is used in the preparation of the 
Indonesian staple food oncom [6]. Similarly, Monascus 
purpureus has been used as coloring and flavoring agent 
in food and beverages, as in the production of red yeast 
rice and rice wine [10–12]. Other applications of fila-
mentous fungi include the production of several ingre-
dients for the food and beverage industries, especially 
enzymes. In recent years, production of vitamins and 
polyunsaturated fatty acids by these microorganisms has 
been receiving increased attention [13]. Single-cell pro-
tein (SCP) can also be produced by filamentous fungi. 
An example currently in the market is the filamentous 
fungus Fusarium venenatum, commercialized under the 
name Quorn™. The fungus is cultivated in a synthetic 
medium with glucose, ammonium and supplemented 
with biotin. The costs associated with the substrate and 
the lack of competition results in a market price for the 
SCP that is higher than that of meat. Despite the high 
price, the fungal SCP has found its place in the market 
as a healthy substitute to meat, with its presence only 
in developed markets such as Europe and USA [6, 14]. 
Nevertheless, the SCP from the mycelium of filamentous 
fungi can be inexpensively produced when using cheap 
materials as substrates [15]. One such example is the pea 
processing industry byproduct that is being used in the 
present study.

Pea (Pisum sativum) is the second most important 
leguminous crop in the world with an annual produc-
tion above 17 million metric tons, finding its applications 
mainly as food and feed. Originally from western Asia 
and northern Africa, its production has spread to over 
10  million hectares of farmlands, especially in Russia, 
China, Canada, Europe, Australia and the United States. 
Rich in protein, carbohydrate, dietary fiber, vitamins, and 
minerals, the peas are used to produce food ingredients 
such as proteins, starches, flours, and fibers [16–18]. Pea 
proteins have faced a growth in food applications due to 
their nutritional and functional benefits, including their 
balanced amino acid profile, positive fat- and water-
binding capabilities, emulsification and gelation proper-
ties, texture, and nutritional values. Moreover, allergies to 
pea are less frequent than allergies to other protein-rich 

grains, like soy [19]. Pea proteins have also been dem-
onstrated as a useful ingredient in the formulation of 
antihypertensive foods because of their antihypertensive 
effects [16, 19, 20].

Pea proteins are commercialized in three forms: pea 
flour, pea protein concentrate, and pea-protein isolate 
(PPI). The manufacturing of pea flour consists of the dry 
milling of hulled peas, whereas pea protein concentrate 
is obtained by dry separation techniques. PPI production 
generally occurs by isoelectric precipitation at pH around 
4.5, followed by a membrane separation technique to 
increase the protein concentration, such as ultrafiltra-
tion and diafiltration. PPI can be used in the preparation 
of dairy-based beverages, sports and nutritional foods, 
and other non-dairy sports products, such as vegan 
style yogurts. Additionally, it can partially replace dairy 
protein in therapeutic beverages and powders [19, 20]. 
Despite the high quality of the protein, the pea-process-
ing byproduct (PpB) is considered to have poor func-
tional properties. Therefore, its uses in food applications 
are limited and it is mainly produced as a byproduct of 
the protein extraction process [21]. A novel and alterna-
tive approach to valorize this pea-processing byproduct 
(PpB), as discussed in the present study is to convert it 
into a vegan-mycoprotein concentrate for human food 
applications, using edible strains of filamentous fungi. 
Intake of mycoprotein may be beneficial to human health 
[7, 22–24]. Several studies have investigated the choles-
terol-lowering effects of mycoprotein; the results from 
these studies point to the same direction with reductions 
in both total and LDL-cholesterol [7, 22]. The greatest 
benefits are seen in individuals with a higher cholesterol 
level at baseline and in hypercholesterolaemic subjects. 
There is a difference between the macronutrients regard-
ing satiety; protein is generally recognised as most sati-
ating, followed by carbohydrates and fat [25]. Compared 
to other protein sources such as chicken, mycoprotein 
seems to be more satiating and hence have the possibil-
ity to decrease energy intake in subsequent meals [7, 23, 
24]. It is possible that fibres in mycoprotein, one-third 
chitin and two-thirds beta-glucan, might have a specific 
effect on satiety [7]. Additionally mycoprotein appears to 
affect the glycaemic response positively [7, 24]. The exact 
mechanism that explains this is not known, but might be 
associated with its fibre content [7].

The aim of the present study was hence to convert PpB, 
a cheap and low-nutritional value byproduct of the PPI 
production, into a vegan-mycoprotein concentrate for 
human food applications. Five strains of filamentous 
fungi, namely A. oryzae, F. venenatum, M. purpureus, 
N. intermedia and R. oryzae, were screened for their 
growth to maximize the protein yield from the PpB. The 
best cases of the fungal growth were selected and further 
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scaled-up in a bench airlift bioreactor, considering the 
industrial application potential of the process.

Methods
Substrate and enzymes
Pea-processing byproduct (PpB) used for this study was 
kindly provided by Protein Consulting AB (Sweden). The 
powder was sieved through a pore size of 0.2–0.25 mm 
and was characterized using triplicate samples for its 
carbohydrate, protein, ash, and moisture content. Cel-
lulase cocktail Cellic Ctec2 (Novozymes, Denmark) 
with 94  FPU/mL  activity at 35  °C, amyloglucosidase 
from Aspergillus niger (300 U/mL activity at 35 °C), and 
α-amylase from Aspergillus oryzae (100 U/mg activity at 
35 °C) were supplied by Sigma-Aldrich Co. (Germany).

Microorganisms
Edible food-grade filamentous fungi were used in the 
present study. The Ascomycota strains were Neurospora 
intermedia CBS 131.92 (Centraalbureau voor Schim-
melcultures, Netherlands), Aspergillus oryzae var. ory-
zae CBS 819.72, Monascus purpureus CBS 109.07, and 
Fusarium venenatum ATCC 20334 (American Type Cul-
ture Collection, USA), and the Zygomycota strain was 
Rhizopus oryzae CCUG 61147 (Culture Collection Uni-
versity of Gothenburg, Sweden). All the fungal cultures 
were maintained on potato dextrose agar (PDA) slants 
containing (in g/L) potato extract 4; glucose 20; agar 15 
and were renewed every 6 months. New PDA plates were 
prepared via incubation for 3–5 days at 30 °C followed by 
storage at 4 °C. For preparing spore solution, PDA plates 
(72  h grown) were flooded with 20  mL sterile distilled 
water and the spores were released by gently agitating the 
mycelium with a disposable cell spreader. An inoculum 
of 3 mL spore suspension (with a spore concentration of 
3.9 × 105–3.8 × 106  spores/mL) per liter of the medium 
was used for the cultivations, unless otherwise specified. 
For preparing fungal biomass inoculum, the spores were 
inoculated into 100  mL YPD broth containing (in g/L) 
glucose 20, peptone 20, and yeast extract 10. The culture 
was incubated aerobically for 48 h at 35 °C and 125 rpm. 
The fungal biomass was harvested at the end of the culti-
vation and used as the inoculum. Dry weight was deter-
mined by drying at 105 °C overnight.

Experimental set‑up for fungal cultivation
The cultivations in 250  mL Erlenmeyer flasks were car-
ried out using 100 mL of culture medium consisting only 
of the PpB substrate dissolved in distilled water. The opti-
mum concentration of the medium was determined by 
testing the maximum load of PpB substrate which could 
go through the sterilization operation without causing 
retrogradation. The term retrogradation refers to the 

changes in the gelatinized starch during cooling, when 
the molecules recrystallize. This process leads to the pro-
duction of a starch with high resistance to the enzymatic 
attack, thus reducing the effectiveness of the microbial 
metabolism [26–28]. The Erlenmeyer flasks were kept 
in a water bath shaker at 35  °C and 150  rpm (with a 
9 mm orbital shaking radius). The pH of the sample was 
adjusted to 5.5 ± 0.1 prior to autoclaving by adding HCl 
1 M. The enzymes were added according to the substrate 
at a load of 150  U/g for α-amylase, 163  U/g for amylo-
glucosidase, and 24  FPU/g for cellulase. At the end of 
the cultivations, the produced fungal mycelium was col-
lected using a sieve, washed with ultra-pure water, dried 
at 70 °C and had the weight and protein content analysed. 
Samples were taken during cultivation to follow the con-
sumption of sugars and the production of metabolites. 
All the cultivation experiments were conducted in dupli-
cate and the mean values are presented with standard 
deviations.

Scaling‑up of the fungal cultivation in a bench scale airlift 
reactor
A 4.5-L airlift bioreactor (Belach Bioteknik, Sweden) 
with a working volume of 3.5 L was used to scale-up the 
fungal cultivation process. The entire bioreactor and the 
draft tube were made of transparent borosilicate glass. 
An internal loop with cylindrical geometry with 58 mm 
of diameter, 400 mm of height and 3.2 mm in thickness 
was used to achieve the airlift-liquid circulation. Aeration 
at the rate of 0.42 v.v.m.  (volumeair/volumemedia/min) was 
maintained throughout the cultivation, using a sintered 
stainless steel air-sparger with a pore size of 90 μm. Filtra-
tion of the inlet air was achieved by passing it through a 
polytetrafluoroethylene (PTFE) membrane filter (0.1 μm 
pore size, Whatman, Florham Park, NJ, USA). The cul-
tivation was carried out at the natural pH of PpB media, 
6.1 (for 2% substrate) and 6.5 (for 3% substrate) with-
out any adjustments during the cultivation. An enzyme 
loading of 5 FPU of commercial cellulase enzyme com-
plex (Cellic Ctec 2) per gram substrate was added (filter 
sterilized) during the start of the cultivation (time 0). The 
fermentation was carried out at 35 ± 2  °C for 48 h, with 
sample collection at every 12 h.

Analyses
The fungal spore concentration was measured using a 
Bürker counting chamber. The total sugar, total solid, 
suspended solid and volatile solids of the samples were 
measured according to the National Renewable Energy 
Laboratory (NREL) methods [29, 30]. The total nitro-
gen content in the samples was determined by Kjeldahl 
method  applying digestion, distillation, and acid–base 
titration using the InKjel P digestor and the Behrotest 
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S1 distiller (Behr Labor-Technik, Germany). Protein was 
estimated by multiplying the nitrogen content by the 
nitrogen-to-protein conversion factor of 6.25 [31]. HPLC 
(Waters 2695, Waters Corporation, Milford, U.S.A.) was 
used to analyze the components in all liquid fractions. 
Acetic acid, ethanol, glucose, glycerol, lactic acid, and 
xylitol were analyzed using an analytical ion exchange 
column based on hydrogen ions (Aminex HPX-87H, Bio-
Rad, USA) operated at 60  °C with 0.6 mL/min of 5 mM 
 H2SO4 as eluent. Arabinose, galactose, glucose, mannose, 
and xylose were analyzed using a lead (II)-based column 
(HPX-87P, Bio-Rad) with two Micro-Guard Deashing 
(Bio-Rad) precolumns operated at 85  °C with 0.6  mL/
min ultrapure water as eluent. A UV absorbance detec-
tor (Waters 2487), operating at 210  nm wavelength, 
was used in series with a refractive index (RI) detector 
(Waters 2414). Fructose and sucrose in the liquid samples 
and starch in the PpB media were measured using assay 
kits of Megazyme (Ireland). The total chemical oxygen 
demand (COD) was determined using  NANOCOLOR® 
COD 15000 kit, with the photometric determination 
of the samples using  NANOCOLOR® photometers. 
The viscosities of the samples were determined using a 
Brookfield digital viscometer-model DV-E (Chemical 
Instruments AB, Sweden).

Statistical analysis
Statistical analysis of the collected data was performed 
using the software  MINITAB® (version 17.1.0). Analy-
ses of variance (ANOVA) of the data used general linear 
models and a confidence level of 95% was used for all 
analysis. In the graphs, the average values are presented 
with an error bar representing one standard deviation. 
All the results presented in the tables are the average val-
ues from duplicate experimental sets and are reported 
with intervals representing the standard deviation.

Results and discussion
With an abundance of food and a sedentary lifestyle in 
many parts of the world there is a need of food that is 
both nutritious and filling. Consumption of mycoprotein 
has been shown to improve health in relation to blood 
cholesterol concentrations, energy intake and glycemic 
response. Furthermore, it can contribute to satiety and 
thus decreased energy intake in subsequent meals, some-
thing that can increase weight-control [7, 23, 24]. There-
fore, mycoprotein can potentially contribute to both 
prevention and treatment of lifestyle dependent condi-
tions such as obesity and type 2-diabetes; however more 
research is needed to confirm this. The optimal dose of 
mycoprotein to boost health also remains unknown. In 
this study, pea-processing byproduct (PpB) with low 
nutritional value, obtained as a byproduct of the pea 

protein isolate process, was used as the substrate for the 
cultivation of edible ascomycetes and zygomycetes fungi. 
These fungi are known for their palatability and high pro-
tein content, with its potential application as human food 
components. The results on the characterization of the 
PpB and the fungal cultivation experiments together with 
the scale up studies in the airlift reactor are presented 
and discussed further.

Pea‑processing byproduct (PpB) substrate characterization
The PpB was presented as a white odorless fine powder 
with the characterization as presented in Table  1. The 
PpB substrate was characterized to have a total glucan 
content of 62.38 ± 0.51% (w/w), more than 90% of this 
being starch. Protein is the second most common com-
ponent in the material, amounting 18.19 ± 0.33% in dry 
weight basis. The C:N ratio of the PpB could be deter-
mined from the carbohydrate and protein contents as 
10.28 ± 0.20. Retrogradation of the starch was observed 
to determine the best concentration of the substrate PpB 
in the medium (distilled water) which would not cause 
the change in the quality of the liquid, while being auto-
claved. The PpB concentrations (dry weight) of 1, 2, 3, 4, 
and 5% (w/v) were tested. For the substrate loadings of 4 
and 5%, gelification of the medium was observed. At 3% 
substrate loading, the gelification was not as clear as in 
the previous cases although it was still noticed. For 1 and 
2% substrate loadings, there was no observed retrograda-
tion of starch.

Additionally, the viscosity of the PpB suspension was 
determined. The rheological properties of the cultiva-
tion medium have effects on momentum, heat and mass 
transfer, influencing the fermentation performance. In 
reactors, the flow properties of the media cause changes 
in the coalescence of the air bubbles, the bulk mixing, 
the process control, and the formation of stagnant zones 
[32]. The 2% PpB suspension was determined to have a 
viscosity of 1.93 ± 0.15 cP before sterilization. After steri-
lization in the autoclave, however, the viscosity increased 

Table 1 Characterization of the pea-processing byproduct 
(PpB)

Component Content (% w/w in dry basis)

Protein 18.19 ± 0.33

Ash 2.98 ± 0.03

Moisture 10.54 ± 0.19

Arabinans 2.61 ± 0.06

Xylans 0.00

Galactans 2.30 ± 0.04

Glucans 62.38 ± 0.51

Of which

Starch 56.34 ± 2.52
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to 10.47 ± 0.12 cP, which means the viscosity increased 
by 441%. The effect of the viscosity of the medium in the 
performance of bioreactors generally remains unclear. 
Some studies associate the increase in the viscosity with 

the reduction of the liquid turbulence, promoting bubble 
coalescence and the decrease of the gas holdup. On the 
other hand, other researchers have found an increased 
gas holdup in viscous media [33].
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Fig. 1 Glucose concentration profile during the filamentous fungal cultivation in 2% (w/v) PpB substrate with no external enzyme supplementa-
tion (filled triangles) and with the addition of 150 U/g of α-amylase (filled squares). The figure represents fungal strains M. purpureus (a); A. oryzae (b); 
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PpB as substrate for efficient fungal growth
The cultivation of four strains of ascomycetes (N. inter-
media; A. oryzae; M. purpureus; and F. venenatum) and 
one of the zygomycetes fungi (R. oryzae) was exam-
ined in a suspension containing 2% (w/v) PpB substrate 
using 250  mL Erlenmeyer flasks. The tests were carried 
out with and without α-amylase addition and in dupli-
cate samples. The effect of the cultivation temperature 
was not studied in this experimental set. Even without 
enzyme addition, the ascomycete strains showed a good 
capacity to hydrolyse starch to glucose (Fig. 1a). M. pur-
pureus and R. oryzae consumption of glucose exceeded 
the sugar production rate after 24 h. On the other hand, 
the sugar consumption rates of A. oryzae and N. inter-
media became higher than the sugar production rate 
after 12  h. Consumption of glucose by F. venenatum 
was always lower than glucose production. On the other 
hand, when α-amylase was added (Fig. 1b), M. purpureus 
consumed the glucose at a faster rate than its production 
after the first 12 h of cultivation. N. intermedia presented 
the same behaviour. R. oryzae showed an even higher 
glucose uptake, overtaking the glucose production rate 
after the first 6 h of cultivation. Glucose profile during A. 
oryzae and F. venenatum cultivation oscillated between 
increasing and decreasing the glucose concentration in 
the medium during the cultivation, likely because of dif-
ferent glucose production and glucose uptake rates.

N. intermedia produced the most ethanol among the 
microorganisms (4.30  g/L with enzyme addition) while 
M. purpureus cultivation resulted in the lowest final etha-
nol concentration (0.28  g/L without enzyme addition). 
R. oryzae also converted glucose into lactic acid, yielding 
0.66 g/L. α-amylase addition to the media did not result in 
a significant change in the ethanol and lactic acid produc-
tion for the ascomycetes strains. However, R. oryzae had 
its ethanol and lactic acid production increased by the 
addition of the enzyme. Inhibitory effect of these com-
pounds were not considered since the microorganisms 

have been cultivated in media with concentrations higher 
than the ones obtained in this study [9, 34]. Biomass pro-
duction after 36 h is shown in Fig. 2. M. purpureus pro-
duced significantly less biomass than the other strains (p 
value ≤ 0.031), except F. venenatum (p = 0.185). A. oryzae 
produced more biomass than R. oryzae (p = 0.074) and N. 
intermedia (p = 0.038). The addition of α-amylase to the 
medium significantly affected only A. oryzae (p = 0.003) 
and M. purpureus (p = 0.038) growth. When comparing 
the protein content of the harvested biomass, cultivation 
of A. oryzae resulted in the highest yield of protein per 
gram of PpB substrate, 0.14 g/g (Table 2).

From the previous results, three strains were being 
considered the most promising ones. A. oryzae, N. 
intermedia, and R. oryzae were cultivated in the same 
medium as before (2% PpB substrate), with the addition 
of the amyloglucosidase enzyme and the cellulase cock-
tail to test if a higher biomass yield would be obtained. 
As observed in Fig.  3, N. intermedia was most efficient 
in consuming the glucose, with its concentration reach-
ing zero in about 18 h. Maximum ethanol concentration 
reaching 5.98 g/L, was also observed with N. intermedia. 
The fungal protein yield obtained for A. oryzae and R. 
oryzae was 0.09 g/g of PpB substrate while for N. inter-
media it was 0.10 g/g.

Cultivation of A. oryzae in the airlift bioreactor
A. oryzae growth was examined in a bench-scale air-
lift bioreactor. Since A. oryzae is known as an amylase 
producer [35], for the further experiments the medium 
was supplemented only with the cellulase cocktail. Four 
cultivations were run in the bioreactor to test two con-
centrations of PpB substrate in duplicates: 2 and 3%, 
resulting in media with pH 6.1 and 6.5 respectively. The 
results presented in Fig.  4 shows that for both tested 
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Table 2 Protein yield from the fungal biomass obtained 
after 36 h cultivation in 2% pea-processing byproduct 
(PpB) substrate

Enzyme addi‑
tion

Microorganism % Protein in dry 
fungal biomass

Protein yield 
(g/g PpB 
substrate)

Without 
α-amylase

M. purpureus 53.61 0.02

A. oryzae 43.13 0.11

F. venenatum 55.28 0.09

N. intermedia 54.53 0.11

R. oryzae 50.03 0.09

With α-amylase M. purpureus 58.66 0.03

A. oryzae 46.36 0.14

F. venenatum 59.75 0.11

N. intermedia 54.11 0.11

R. oryzae 54.79 0.11

69Vegan-mycoprotein concentrate from pea-processing industry byproduct using edible filamentous fungi



scenarios glucose concentration increased up to 36  h. 
Additionally, 44  h were not enough for the total con-
sumption of the sugar. When the pea processing load 
was 2%, the other sugars were consumed and at 36  h 
their concentration was below 0.10  g/L. On the other 
hand, when the initial load of PpB substrate was 3%, the 
concentration of the sugars (except glucose) reached the 
maximum value at 36 h. The ethanol profiles were also 
divergent, with maximum concentration being reached 
at 36 h (0.40 g/L) for 2% PpB substrate load and at 44 h 
(1.01 g/L) for 3% PpB substrate load. The obtained pro-
tein yields were 0.26 and 0.13  g/g of PpB substrate for 
2 and 3% of the substrate, respectively. The yield for 
2% PpB medium is almost twice the value obtained in 
the shake flask experiments. Moreover, working with 
a low load of the substrate (and low viscosity) resulted 
in increased protein production. Airlift bioreactors are 

known for their capacity to operate using higher aera-
tion rates when compared to traditional stirred fer-
menters [36]. Moreover, efficient oxygen transfer and 
mixing are obtained when using airlifts [37]. As a result, 
cultivation in airlift bioreactor yielded low ethanol con-
centrations and high fungal protein.

Process integration at the existing pea‑processing 
industrial facilities
The use of co-products from the industries as impor-
tant sources of protein for human consumption has been 
receiving considerable attention. A method of protein 
production, applicable to a wide range of industrial pro-
cesses, is to use edible filamentous fungi which could be 
used as a protein rich meat substitute. Filamentous fungi 
have been reported as important industrial microorgan-
isms for their capacity to produce numerous metabolites 
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with high market potential [38]. Among these metabo-
lites, the vast assortment of enzymes produced by these 
microorganisms has special importance. These catalysts 
are responsible for making filamentous fungi a flex-
ible group able to use a large range of biomaterials as 
substrate.

The scheme of an industrial process for the produc-
tion of PPI is presented in Fig. 5 [39] with the proposal 
of integrating the production of fungal biomass for 
the valorization of the byproduct. The starch and fib-
ers separated from the pea protein would be fed in a 
bioreactor. For dilution of the solid material, the low-
protein content stream from the ultrafiltration step 
could be used. This stream is sterile and rich in oli-
gosaccharides, which can also be used by the fungi as 
substrate. Following the same yields of the bench-scale 
airlift bioreactor, 1  ton of pea-processing byproduct 
would consume 50 m3 of water, and would be predicted 
to produce 680 kg of A. oryzae biomass with 260 kg of 
pure protein under ideal conditions. The biomass, how-
ever, would need to be subjected to a heat treatment to 
reduce its RNA content, resulting in some loss of pro-
tein [14]. Moreover, tests for mycotoxin production 
should be carried out frequently and, in case of detec-
tion, application of corrective methods can affect the 
productivity [14].

The scenario also includes a system in which the broth 
containing ethanol could be either sent to a distillation 
unit or to any adjacent ethanol facilities in the vicinity 
which contain all the necessary installation for ethanol 
purification [34]. However, the techno-economic feasibil-
ity of using PpB as a potential substrate for edible fungal 
cultivation for feed or food component needs to be veri-
fied in detail and hence open for future studies.

Conclusion
The pea-processing byproduct was proved to be an effi-
cient medium for the growth of filamentous fungi to pro-
duce a vegan-protein concentrate. Fungal biomass with 
about 46 and 54% protein content was obtained from PpB 
using edible strains of filamentous fungi, A. oryzae and 
N. intermedia respectively. Scaling-up of the process to 
a 4.5 L bench scale airlift bioreactor improved the A. ory-
zae biomass yield, with a total of 0.26 g of fungal protein 
per g of PpB. Based on the results obtained, an industrial 
scenario for the production of vegan-mycoprotein con-
centrate for human nutrition is proposed as an integrated 
process to the existing PPI production facilities.
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How a fungus shapes biotechnology: 100 
years of Aspergillus niger research
Timothy C. Cairns*, Corrado Nai* and Vera Meyer*

Abstract 

In 1917, a food chemist named James Currie made a promising discovery: any strain of the filamentous mould 
Aspergillus niger would produce high concentrations of citric acid when grown in sugar medium. This tricarboxylic 
acid, which we now know is an intermediate of the Krebs cycle, had previously been extracted from citrus fruits for 
applications in food and beverage production. Two years after Currie’s discovery, industrial-level production using 
A. niger began, the biochemical fermentation industry started to flourish, and industrial biotechnology was born. A 
century later, citric acid production using this mould is a multi-billion dollar industry, with A. niger additionally produc-
ing a diverse range of proteins, enzymes and secondary metabolites. In this review, we assess main developments in 
the field of A. niger biology over the last 100 years and highlight scientific breakthroughs and discoveries which were 
influential for both basic and applied fungal research in and outside the A. niger community. We give special focus to 
two developments of the last decade: systems biology and genome editing. We also summarize the current interna-
tional A. niger research community, and end by speculating on the future of fundamental research on this fascinating 
fungus and its exploitation in industrial biotechnology.

Keywords: Aspergillus niger, Biotechnology, Industrial biology, Systems biology, Genome editing, Citric acid

Introduction
For millennia, humanity has practiced rudimental forms 
of biotechnology: by fermenting starch and sugars pre-
sent in grains and fruits, ancient civilizations were able 
to produce bread, beer, wine, and other alcoholic bever-
ages. Prior to the late nineteenth and early twentieth cen-
tury, these processes were conducted without knowledge 
of the underlying biological events. Now, brewery and 
wine making is a well-understood, controlled industrial 
process. Similarly, in just a century, industrial biotechnol-
ogy has changed dramatically and flourished, from initial 
proof-of-principle experimentation in Erlenmeyer flasks, 
to a multibillion dollar industry producing megatons of 
useful molecules [1]. Fungal biotechnology is undoubt-
edly a major contributor and driver of this success. As 
just one example, the estimated market volume for plant-
degrading enzymes from filamentous fungi in 2016 was 

€4.7 billion, which was expected to reach up to €10 bil-
lion within the next decade [2]. In this celebratory his-
torical overview, we outline some of the crucial advances 
for the filamentous mould Aspergillus niger since the 
very first biotechnological experiments using this fungus 
100 years ago.

100 years ago: industrial biotech is born
In contrast to what most people might think, citric acid 
is not—or not anymore—isolated from citrus fruits, but 
is industrially produced by the filamentous fungus A. 
niger. The process was pioneered by James Currie, a food 
chemist, who 100  years ago published a study describ-
ing the superior properties of A. niger for the industrial 
production of the acid [3]. In particular, Currie showed 
the necessary growth medium for citric acid biosyn-
thesis, and the ability of the fungus to grow at low pH 
(2.5–3.5), while still being able to produce high amounts 
of the metabolite. Moreover, this work demonstrated 
the direct correlation between amount of substrate in 
the medium and amount of product, laying the basis for 
modern-day industrial fermentation of citric acid [3]. In 
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contrast to other species of fungi that had been reported 
to produce citric acid by 1917, every single strain of A. 
niger that Currie tested could efficiently produce this 
molecule when grown in sugar solutions. Two years later, 
the American company Pfizer made a pilot plant for bio-
chemical production of citric acid, and by the mid 1920s, 
production using A. niger fermentation far outweighed 
extraction from citrus fruits [4].

The citric acid cycle was comprehensively determined 
over the next several decades, resulting in the award of 
the Nobel Prize to Hans Krebs and Fritz Lipmann in 
1953. The first and final reaction in the cycle involves the 
formation of citrate from oxaloacetate, acetyl-CoA, and 
water, by a citrate synthase, ultimately generating chemi-
cal energy in the form of adenosine triphosphate (ATP). 
The objective of industrial microbiologists, including 
James Currie, was to exploit this cycle, and indeed many 
other metabolic pathways, to ferment useful molecules.

Although there are variations in fermentation tech-
niques, in general, industrial production of citric acid 
requires aerobic, submerged growth of A. niger in a 
sugar solution, which is usually derived from inexpensive 
sources, such as molasses, corn steep liquor, or hydro-
lysed corn starch, amongst others. After fermentation, 
A. niger is physically removed, usually by filtration, and 
citric acid is isolated by precipitation of the fermentation 
mix with calcium hydroxide (lime) to generate calcium 
citrate salt. Subsequent treatment with sulphuric acid 
yields the citric acid product.

The widespread applications of citric acid are shown by 
current figures regarding this metabolite: in 2007, world-
wide production was estimated at 1.6 million tons, with 
an estimated value of $2.6 billion in 2014 and predicted 
to rise to $3.6 billion by 2020 [1, 5]. As a weak acid, it 
can be used as an antioxidant, preservative, acidulant, 
pH-regulator, or flavour in food and beverages, as well as 
comparable applications in the pharmaceutical and cos-
metics industries. Citric acid is currently predominantly 
produced in China, which accounts for approximately 
60% of global production [1]. However, A. niger industrial 
applications are not just limited to the production of cit-
ric acid; as a prolific secretor, numerous industrially rel-
evant enzymes and other molecules are produced by this 
fungus. Below, we summarize some of the key develop-
ments in the field over the last century.

A historical snapshot of A. niger research
The fundamental and applied scientific discoveries using 
A. niger over the last 100 years are extremely diverse. As 
Currie wrote in 1917: ‘Few concise statements can be 
made concerning the metabolism of an organism capa-
ble of producing such a variety of chemical transforma-
tions as Aspergillus niger’ [3]. Nevertheless, some trends 

regarding the history of the A. niger research field can, 
in general terms, be deciphered. We conducted a survey 
of the A. niger literature since Currie’s seminal study by 
interrogating the PubMed database [6] for any publica-
tion containing ‘Aspergillus niger’ in the title. The result-
ing articles (> 3000, see Additional file 1: Table S1) were 
divided into five 20-year periods based on their publi-
cation date, and the 20 most common words from the 
available titles during each time period were visualized 
as word clouds (Fig. 1). Although querying the PubMed 
database for ‘Aspergillus niger’ in abstract and keywords 
resulted in more returned manuscripts (> 8700 hits), we 
decided to limit our word-cloud analysis specifically to 
titles. We applied this restriction as searching among 
manuscript abstracts returned a majority of hits where 
researchers used A. niger in simple growth assays to vali-
date efficacy of putative antifungals. While of interest, 
these research efforts (which were extremely common 
from 1977 onwards) are not, specifically, interested in A. 
niger biology per se.

Our analysis of 100 years of A. niger publications indi-
cated, unsurprisingly, that ‘citric acid’ and ‘fermentation’ 
were amongst the most common returned words in titles 
from every period (Fig. 1). Clearly, Currie’s discovery of 
conditions for maximizing citric acid production [3] was 
indeed a biotechnological revolution, and one that would 
constitute a major focus of research over the next cen-
tury. Indeed, A. niger research has rapidly grown over the 
past 40 years (Fig. 2). Although by no means exhaustive, 
distinct historical trends become apparent from our anal-
ysis (Fig. 1).

The foundations of A. niger research
From the period 1937–1956, A. niger researchers were 
predominantly concerned with the impact of micro/
macro nutrients in cultivation media and growth param-
eters for optimized citric acid fermentation (Fig.  1, [7, 
8]). Most studies specifically utilized submerged culture, 
which obviously reflects the need to control growth, 
morphology, and, ultimately, citric acid production dur-
ing fermentation (Additional file  1: Table  S1 and [9]). 
After the award of Hermann Muller’s Nobel Prize in 
1946 for work on mutations via X-ray irradiation, the 
late 1940s and early 1950s saw the first mutagenesis stud-
ies in biological sciences deployed by the A. niger com-
munity in order to generate strains with improved citric 
acid yields [10]. The number of UV, X-ray, and chemical 
mutagenesis efforts increased from 1957 to 1976, with 
most focusing on enhancing citric acid production (e.g. 
[11] and Fig. 1).

Notably, the period from 1957 to 1976 saw a paradigm 
shift amongst the A. niger biotechnological research 
community, with the widespread realization that this 
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fungus was not exclusively applicable for citric acid fer-
mentation, but was also a prolific producer of useful 
enzymes (Fig. 1). A rapid growth of studies, facilitated by 
technological advances in chromatography, conducted 
purification and enzymatic analysis of diverse range of 
A. niger proteins, including various oxidases, dehydro-
genases, hydrolases, cellulases, and pectinases, amongst 
others (Fig. 1, [12–16]). These discoveries were not only 
useful for industrial production of enzymes, but also sig-
nificantly contributed to fundamental understanding of 
enzyme function. One notable pair of isoenzymes first 
purified in the late 1960s and early 1970s was A. niger glu-
coamylases [17, 18]. These discoveries would eventually 
lead to the widespread application of A. niger glucoam-
ylases in the fermentation, food, and beverage industries, 
where these enzymes catalyse the saccharification of 
partially processed starch to glucose. Indeed, glucoam-
ylase research features heavily in publications from 1977 
to present day (Fig.  1). Interestingly, a recent business 

report showed that the glycoamylase market played a sig-
nificant role for the success of leading multinational bio-
tech companies, including AB Enzymes, Amano Enzyme, 
DSM, Genencor, Novozymes, and Verenium [19].

Outside the field of industrial microbiology, there was 
early interest in the 1970s in the clinical spectrum of dis-
ease caused by the Aspergillus genus, with authors first 
associating A. niger spore inhalation with the onset of 
asthma [20]. The serious threat of fungal disease both 
with regards to human health and crop destruction is 
now much better understood [21]. Indeed, fungal infec-
tions affect and estimated 1.2  billion people globally, 
resulting in approximately 1.5–2  million deaths per 
year. As a consequence of limited antifungal therapeutic 
options and timely diagnostics, mortality rates can be 
extremely high, reaching up to 90% in case of immuno-
compromised patient and/or drug-resistant strains caus-
ing invasive aspergillosis or other systemic mycoses [2]. 
Indeed, the fungicide market to control fungal growth in 

Fig. 1 A historical snapshot of A. niger research. The PubMed database was interrogated for any publication that contained ‘Aspergillus niger’ in the 
title. Publication titles were assigned to periods of 20 years. As 1917–1936 only returned 7 manuscripts, this period was omitted. Word clouds were 
generated online (https://worditout.com/word-cloud/create), and the top 20 words, not including ‘Aspergillus niger’ or non-technical terms (e.g. 
prepositions etc.), are depicted. Size of each word is proportional to relative frequency amongst all the titles in that period. Retrieved articles for 
each period: 112 (1937–1956), 481 (1957–1976), 642 (1977–1996), 1789 (1997–2017)
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agriculture and medicine was estimated at €10 billion in 
2014 [2].

The dawn of molecular biology and the first A. niger 
transformations
A revolution in biotechnology occurred between 1977 
and 1996 with the advent of molecular biology. These 
technological developments and rapid discoveries in 
A. niger molecular biology and genetics are reflected by 
a heavy community-wide focus on genes, cloning, and 
sequence analyses (Fig. 1). Arguably the most fundamen-
tal technique for molecular analyses of any organism is 
the ability to transform exogenous DNA into target cells 
and integrate them into recipient genomes. In a semi-
nal study, Peter Punt and Cees van den Hondel utilised 
a hygromycin resistance gene from Escherichia coli, 
encoding a phosphotransferase, as a dominant selecta-
ble marker in A. niger and A. nidulans [22]. In addition 
to becoming one of the most commonly used domi-
nant selectable markers in fungal transformation, this 
work pioneered plasmid mediated cassette integration 
in filamentous fungal genomes using the vector pAN7-
1. Moreover, the authors further validated the use of the 
A. nidulans glyceraldehyde-3-phosphate dehydrogenase 
(gpd) promoter, and the trpC terminator. In an alterna-
tive approach, other studies optimized a homologous 
transformation system using the orotidine 5′-phosphate 
decarboxylase gene pyrG [23, 24]. This recyclable auxo-
trophic marker would ultimately facilitate several hun-
dred studies of A. niger gene function, and is still used 

today, most obviously as a transformation system, but 
also as a convenient locus for cassette integration during 
heterologous and homologous gene expression studies 
[25].

Introduction of such molecular studies began to ena-
ble industrial microbiologists to obviate a diverse range 
of technical challenges when working with filamentous 
fungi. As just one example, heterologous expression of 
a porcine pancreatic phospholipase gene in A. niger by 
the lab of David Archer initially did not produce detect-
able protein, which was revealed to be due to degrada-
tion of this enzyme by intracellular and extracellular A. 
niger proteases [26]. The authors therefore used PCR and 
restriction endonuclease cloning approaches, which were 
cutting-edge at the time (and indeed still practiced in 
most molecular laboratories today), to express a prophos-
pholipase-glucoamylase fusion protein in a protease-defi-
cient A. niger strain. This recombinant approach enabled 
secreted concentrations of fusion protein at 10 μg/mL.

The utilisation for A. niger for production of a diverse 
range of enzymes also continued between 1977 and 1996, 
as exemplified by numerous efforts during this period for 
the fermentation and purification of proteases (Fig.  1). 
Fungal proteases are active at a broad range of abiotic 
conditions (e.g. pH, temperature) and consequently are 
now applied in food, laundry detergent, and pharmaceu-
tical processes, amongst others (reviewed in [27]).

Fig. 2 Total number or paper published on PubMed for selected filamentous fungi over the last 40 years. The literature database was queried for 
title, abstract and keywords with the full species name (in brackets: total results for 1978–2017). As comparison: Saccharomyces cerevisiae gave more 
than 110,000 hits with around 2000–4000 hits/year over the last 25 years (Additional file 2: Table s2)
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The last 20 years: rapid developments in the A. niger 
research field
The development of the A. niger molecular toolkit accel-
erated from 1997 to 2017. Notable milestones include 
the generation of nonhomologous end joining (NHEJ) 
mutants in a collaborative effort between our lab and the 
lab of Arthur Ram [28], which enable increased target-
ing efficiency of exogenous DNA cassettes with recipi-
ent genomes during fungal transformation. Filamentous 
fungal NHEJ mutants were first described in the model 
organism Neurospora crassa in 2004 [29] and the drastic 
increase in cassette targeting rates (up to 100% of trans-
formed fungal cells) led to the rapid application of this 
tool by researchers in the Aspergillus genus, including A. 
niger [28, 30].

The application of A. niger as a cell factory for useful 
enzymes continued to rapidly expand between 1997 and 
2017 (Fig. 1). Phytases, for example, were first marketed 
in 1991, and are used to improve the nutritional content 
of animal feed by generating inorganic phosphorus from 
phytic acid, which is the major form of organic phospho-
rus in plant seed [31]. The biotechnological production 
market of phytases is estimated to be over €150 million 
per year, with A. niger one of the most commonly used 
microorganisms [32].

In addition to homologous or heterologous produc-
tion of single industrially relevant proteins, A. niger and 
other Aspergilli have been increasingly harnessed for 
synthesis of diverse enzyme mixtures over the last dec-
ade. One critical application of such enzyme cocktails is 
the degradation of plant polysaccharides, whereby cellu-
lose, hemicellulose, and pectin can be broken down into 
oligosaccharides and monosaccharides and the number 
of A. niger genes predicted to encode proteins capable of 
plant biomass degradation is over 170 [33]. Moreover, the 
transcription factors that regulate these genes are being 
rapidly elucidated, for example the amylolytic regulator 
AmyR (the first regulator identified in A. niger) [34], pec-
tinolytic regulator RhaR [35], and hemi-cellulolytic regu-
lator XlnR [36, 37], amongst several others (reviewed in 
[33]). Integrating knowledge of transcription factor net-
works with a comprehensive understanding of upstream 
molecular sensors and signalling cascades may enable 
the engineering of A. niger isolates with increased plant 
biomass degradation capabilities. The impact of such 
microbial cell factories will enable the renewable gen-
eration of starting material for production of biofuels 
and other industrial processes from plant material. Con-
sequently, future A. niger strains may enable transition 
from our current fossil-based economy to a bio-based 
economy, whereby future fuel is generated from renew-
able resources.

In general, between 1996 and present day, much pro-
gress has been made for enzyme expression using A. 
niger, with higher titres of secreted proteins increas-
ingly possible (e.g.  30  g/L for glucoamylase  is com-
mon) (reviewed in [38, 39]). These advances have been 
achieved by several now routine approaches, including 
codon optimisation of non-fungal genes, and, in some 
instances, use of a fusion carrier protein [38]. However, 
a significant bottleneck that inhibits maximum yield of 
secreted proteins is an incomplete understanding of fila-
mentous fungal secretion. In the model postulated by 
Taheri-Talesh using A. nidulans [40], secretion and polar 
growth are physically coupled at the hyphal tip (first 
showed in A. niger by Han Wösten et  al. in 1991 [41]). 
Currently, however, the underlying mechanisms of fun-
gal protein secretion are not understood as an integrated 
system, with numerous outstanding questions hamper-
ing rational strain engineering. For example, by investi-
gating secretome in concentric zones of A. niger colonies 
it has been observed that secretion and growth can be 
uncoupled [42]. How can this phenomenon be further 
exploited to further increase secretion yields without 
affecting hyphal tip growth? What molecular signals and 
regulators control and limit protein secretion? We specu-
late that delivering a systems-level understanding of the 
molecular and cellular mechanisms that underpin fungal 
secretion will one of the major research goals over the 
next 20 years.

Several studies over the past decade have interrogated 
the effect of filamentous microscopic and macroscopic 
morphologies on secretion during industrial applica-
tions. For example, A. niger hyperbranching phenotypes 
have been generated to study the underlying morphoge-
netic gene network controlling polar growth, and, else-
where, secretion or the macromorphology of A. niger has 
been modified by the addition of micro-particles to sub-
merged media [43, 44]. These genetic or microbiological 
approaches offer increasingly accurate control of hyphal 
branch length, enabling optimization of fermentation cul-
ture viscosity, and also minimising A. niger sensitivity to 
shear stress. Intriguingly, a promising avenue of research 
for maximising industrial protein titres comes from 
analyses of secretion in A. oryzae, which has conclusively 
demonstrated that secretion also occurs at septal junc-
tions [45, 46]. This might conceivably be harnessed by 
industrial microbiologists as a secondary secretion route 
to maximize secretion of useful enzymes in Aspergillus 
species, including A. niger. Another level of complex-
ity behind A. niger secretion was uncovered by pioneer-
ing studies of the labs of Han Wösten, Arthur Ram and 
Cees van den Hondel: the discovery of heterogeneity of 
fungal secretion on the cell [47], hyphal [48] and colony 
level [49]. This work laid the conceptual framework for 
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follow-up studies on population heterogeneity in model 
and industrial Aspergilli [50–52].

Outside the field of industrial microbiology, one 
alarming observation is that the last century of A. niger 
research spans the discovery of penicillin, for which Alex-
ander Fleming, Ernst Chain, and Howard Florey were 
awarded the Nobel Prize in 1945, and the subsequent 
global emergence of drug resistant pathogenic microbes. 
Currently, as the incidence of drug resistance increases, 
the number of chemical compounds approved for use 
in agriculture or the clinic is decreasing [53]. Given that 
microbial secondary metabolites are a rich source of 
novel bioactive molecules [54], the focus of our lab and 
others over the last 5 years has been to establish A. niger 
as an industrial platform strain for drug discovery and 
natural product production. This objective is based on 
the assumption that the high intracellular glycolytic flux 
towards citric acid (and amino acids derived thereof ) 
can be exploited and redirected into non-ribosomal pep-
tide synthesis. Recent work has demonstrated we could 
indeed genetically engineer A. niger to heterologously 
overexpress a non-ribosomal peptide synthetase (NRPS) 
from Fusarium spp. in several g/L amounts [55]. This 
proof of principle experiment, which utilized the highly 
optimised and titratable synthetic Tet-on gene switch 
[25] to produce the antimicrobial cyclohexadepsipeptide 
enniatin, will hopefully pave the way for future produc-
tion of multiple secondary metabolites. Indeed, more 
recently, we could generate A. niger isolates expressing 
truncated enniatin NRPS enzymes or with key domains 
positionally exchanged, to generate new-to-nature mol-
ecules at high titers (e.g. 1.3 g/L) [56]. Excitingly, some of 
these new molecules demonstrated enhanced antipara-
sitic activity when compared to existing drugs [56]. Given 
the high diversity of fungal secondary metabolite genes, 
and their frequent transcriptional silence under labora-
tory conditions, expression using A. niger as a heterolo-
gous host, and the molecular approaches validated by 
these two studies, hold great promise for discovery of 
new chemical leads for compound development in agri-
culture and the pharmaceutical industry. This is further 
supported by recent work that has applied viral DNA 
sequences (encoding, for example, the 2A peptide), in 
order to enable polycistronic gene expression in A. niger 
[57, 58]. These studies provide proof of principle that 
complex secondary metabolites, which require multiple 
enzymes for their biosynthesis, can be produced by poly-
cistronic gene switches in A. niger.

To summarize, one century after James Currie’s 
ground-breaking work on biotechnological citric acid 
production, his assessment still generally holds true: it 
is difficult to make comprehensive statements about the 
production capabilities of A. niger owing to its metabolic 

versatility, and the many as-yet undisclosed metabolic 
pathways. However, the dawn of molecular biology, and 
recent breakthroughs in synthetic biology for A. niger, 
have ultimately engineered a multipurpose cell fac-
tory out of a citric acid producer. A. niger is the most 
versatile filamentous fungal platform strain which can 
now be exploited to produce acids, proteins, enzymes, 
and medicinal drugs (Table  1). Two developments that 
occurred over the last decade promise to open entirely 
new avenues of scientific study using A. niger: genome 
sequencing and the introduction of genome editing. The 
following sections look at these two developments in 
more detail.

2007: the genome sequence of Aspergillus niger is 
released
The first filamentous fungal genome to be published was 
that of the model ascomycete Neurospora crassa in 2003, 
160  years after the discovery of this species in a Paris 
bakery [59]. Several hallmarks of fungal genomes were 
reported in this ground-breaking draft, in particular (1) 
contiguous gene clusters for secondary metabolite bio-
synthesis; (2) defence from parasitic mobile genetic ele-
ments via repeat induced point mutation; (3) variations 
in telomeric gene content when compared to telomere-
distal chromosome regions; (4) and the presence of two 
putative RNA silencing pathways, amongst others [59]. 
It was in this context that the first A. niger genome was 
released in 2007 [60], by which time three Aspergillus 
genomes were also publicly available: A. nidulans [61], A. 
oryzae [62], and A. fumigatus [63]. These genomes were 
representative of the broad utilities and challenges posed 
by the Aspergillus genus: model organism, food producer, 
and human-infecting fungus, respectively. The publica-
tion of the A. niger genome was thus the first, and, argu-
ably, the most important, industrial Aspergillus genome 
to be sequenced. For this draft assembly, Herman Pel 
and colleagues used the enzyme producing isolate CBS 
513.88, which is a derivative of A. niger NRRL 3122, a 
strain generated by classical mutagenesis for glucoamyl-
ase A production [60]. This was therefore the first global 
analyses of the A. niger genome repertoire that had been 
harnessed in industrial applications for many decades, 
and remains one of most comprehensively annotated 
genome resource for the A. niger community.

Numerous explanations of the suitability of A. niger 
for industrial applications were identified from the esti-
mated 34  Mb genome, with its estimated 14,165 cod-
ing genes. For example, the authors predicted various 
gene duplication events that may have led to expansion 
of genes necessary for the production of the citrate pre-
cursor oxaloacetate [60], an observation that explains 
the remarkable capability for citric acid production by 
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A. niger. Indeed, this hypothesis has been supported by a 
very recent comprehensive comparative genomic analysis 
of black aspergilli in a community effort led by Ronald de 
Vries [64], which was published exactly 10 years after the 
public release of A. niger genome sequence. With regards 
to the nutritional versatility of A. niger, genes encoding 
putative nutrient transporters were enriched in A. niger 
when compared to A. nidulans or A. fumigatus. These 
genes were presumed to enable uptake or sensing of 
diverse carbon and nitrogen sources [60].

In the context of novel bioactive molecule discov-
ery, numerous putative secondary metabolite loci were 
identified based on the presence of either a polyketide 
synthase (PKS) or NRPS encoding gene [60]. Intrigu-
ingly, the vast majority of these clusters lacked either an 
experimentally verified or predicted biosynthetic prod-
uct, thus indicating the potential for novel pharmaceu-
tical discovery using A. niger and other Aspergilli [65, 
66]. Indeed, these observations have been corroborated 

by recent comparative genomic analyses of the Aspergil-
lus genus [64], which indicate that A. niger CBS 513.88 
has 57 predicted secondary metabolite clusters, whilst 
another study predicts 81 secondary metabolite clusters 
[67], the highest of all Aspergillus genomes analyzed so 
far. The latter study follows an extensive manual anno-
tation approach and likely more precisely predicts the 
actual secondary metabolite repertoire of A. niger. Taken 
together, these exemplar discoveries highlight how the A. 
niger draft genome provided the first global explanations 
for the many industrially relevant phenotypes of this 
organism, and facilitated a new era of forward genetics in 
this species. Moreover, in the immediate aftermath of this 
revolutionary resource for the A. niger community, com-
parative genomic analyses amongst the aspergilli would 
also redefine species concepts [68], interrogate sexual 
compatibility [60], and the nature of fungal virulence 
[69], amongst other critical developments (reviewed in 
[70]).

Table 1 Selection of (multi)national companies exploiting A. niger for the production of important industrial com-
pounds. Modified after Fiedler et al. 2013 [79]

Company Headquarter Products

Adcuram Germany Citric acid

AB Enzymes Germany Glucoamylase

ADM USA Citric acid

Agennix Germany Lactoferrin

Amano Enzyme Co. Ltd. Japan β-Galactosidase, Glucoamylase, Glucose oxidase, Hemicellulase, Proteases

Anhui BBCA Biochemical China Citric acid

BASF Germany Hemicellulase, Phytase

Biocon India Cellulase, Hemicellulase, Pectinase

Cangzhou Kangzhuang Chemical China Glucoamylase

Cargill USA Citric acid

Christian Hansen Denmark Chymosin

COFCO China Citric acid

DSM The Netherlands Arabinase, Asparaginase, Catalase, Cellulase, β-Galactosidase, Glucoamylase, Glucose oxidase, 
Hemicellulase, Lactoferrin, Lipase, Pectinase, Phytase, Proteases, Xylanase

Dupont IB The Netherlands Catalase, β-Galactosidase, Glucoamylase, Glucose oxidase, Hemicellulase, Lipase, Pectinase

Dyadic USA Cellulase, Glucoamylase, Glucose oxidase

Gadot Biochemical Industries Israel Citric acid

Genencor INT USA Cellulase, Hemicellulase, β-Galactosidase

Haihang Industry China Cellulase

Iwata Chemical Co. Ltd Japan Citric acid

Jungbunzlauer Switzerland Citric acid

Mitsubishi Foods Co. Ltd. Japan Proteases

Megazyme USA Catalase, Inulinase, Glucosidase

Novozymes Denmark Asparaginase, Catalase, β-Galactosidase, Glucoamylase, Hemicellulase, Lipase, Pectinase, Phytase, 
Proteases

Shandong Longda Bio-Products China Glucoamylase, Pectinase

Shin Nihon Chemical Co. Ltd. Japan Arabinase, Catalase, Cellulase, β-Galactosidase, Hemicellulase, Proteases

Tate & Lyle UK Citric acid

Verenium USA Glucoamylase, Proteases
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DNA sequencing technology and analyses are now 
sufficiently accurate and high throughput to be rou-
tinely applied to answer a diverse range of fundamental 
research questions in A. niger. One recent and notable 
example is the so called bulk segregant analyses devel-
oped by Arthur Ram’s lab, which was used to identify a 
single nucleotide polymorphism (SNP) responsible for a 
nonacidifying phenotype of a UV-mutated isolate [71]. 
In the bulk segregant approach, the A. niger parasexual 
cycle is used to cross a wild-type strain with a mutant 
of interest, and haploid segregants with the phenotype 
of interest are identified. Subsequently, DNA from these 
segregants and parental isolates are sequenced to identify 
SNPs. Amongst these isolates, the SNP that is conserved 
in all segregants, yet absent in the wild-type isolate, is 
responsible for the mutant phenotype. Fascinatingly, they 
demonstrated that the nonacidifying mutant phenotype 
was due to a lack of citric acid secretion, and the SNP 
was located in the gene encoding the putative methyl-
transferase LaeA [71]. This protein is a component of the 
velvet complex, which regulates light responses, develop-
ment, and secondary metabolism in Aspergilli [72]. Con-
sequently, these systems genetics approaches have shed 
light on the link between LaeA, citric acid, and secondary 
metabolism in A. niger.

Analyses of A. niger genome sequences identify several 
challenges that are yet to be comprehensively resolved
Several pitfalls to industrial applications of A. niger were 
also highlighted from the publication of the draft genome 
[60]. Unsurprisingly, numerous predicted protease 
encoding genes were identified, many of which contained 
a secretion peptide, which undoubtedly pose a significant 
challenge to industrial protein production. Additionally, 
gene clusters predicted to biosynthesize the mycotoxins 
fumonisin and ochratoxin A were present in CBS 513.88. 
Subsequent metabolomic analyses led by Jens Frisvad 
and his colleagues suggest up to 10% of industrially used 
A. niger isolates are able to produce these potential car-
cinogens [73]. In addition to potential issues with toxic-
ity, production of unwanted secondary metabolites might 
confound production efforts of heterologous metabolites 
or new-to-nature compounds, as these molecules will 
be produced under similar conditions, and will likely be 
co-extracted during proof-of-concept of scale-up stages. 
However, with genome editing technology (see below), 
it should be possible to tackle this problem by removing 
mycotoxin clusters [2].

A more general problem that became apparent from 
the A. niger genome sequence, however, was that func-
tional predictions were only possible for approximately 
half of the putative 14,165 putative open reading frames 
[60]. Subsequent release of additional A. niger genomes 

[74, 75] and the continued improvement and refinement 
of online genome databases and analyses portals [76–80] 
have not drastically increased rates of gene functional 
annotation. Indeed, genome mining of the acidogenic 
isolate ATCC 1015 [74] using the publicly available analy-
ses portal FungiDB [79] indicates that 4491 (approxi-
mately 41%) of predicted genes encode products that are 
annotated as a ‘hypothetical protein’, which also lack any 
functional prediction based on Gene Ontology (GO) or 
Interpro Domains.

This genomic ‘black box’ presents several challenges for 
systems level understanding of A. niger and rational strain 
engineering for industrial applications. Firstly, while sev-
eral thousand ‘hypothetical’ genes are transcriptionally 
active during a diverse range of experimental conditions, 
many of which model industrial processes [79], the incen-
tive to study these genes using time and labour-intensive 
loss-of-function approaches is very low. This is further 
complicated by functional redundancy, where deletion 
of a single gene has no measurable impact. This problem 
has been partially obviated by continued molecular tool 
development in A. niger, as highly optimized, titratable, 
and inducible/repressible promoters have been devel-
oped [81]. These molecular tools enable expression of a 
gene above the native levels, leading to measurable phe-
notypic effects in so called ‘gain-of-function’ approaches, 
with the added advantage that it is possible to function-
ally characterize essential genes. However, these strate-
gies are unlikely to have the necessary throughput for 
functional characterization of several thousand genes.

Secondly, assigning functional prediction to the 
genomic ‘black box’ using gene orthology is also prob-
lematic, as model (or reference) organisms can be mis-
leading. Indeed, inferring function from unicellular 
yeasts, such as Saccharomyces cerevisiae, or other Asper-
gilli, such as A. nidulans, is at best advisory, and at worst 
misleading, with genes and encoded products playing 
different roles between organisms [2, 82]. Recent appli-
cations of genome editing in filamentous fungi arguably 
hold the greatest promise for rapid gene functional char-
acterization in A. niger [83, 84], with the potential to lead 
to comprehensive, systems level understanding of this 
organism, or to engineer new synthetic or semi-synthetic 
derivatives for highly optimized industrial applications.

A new era: genome editing with CRISPR/Cas
Actually described 30  years ago in 1987 [85], CRISPR 
(clustered regularly interspaced palindromic repeats) 
elements have been universally exploited along with 
associated endonucleases (for example proteins of the 
Cas family) for about 5 years. Early DNA sequencing of 
bacterial genome revealed short repetitive sequences 
with unknown functions in E. coli [85], which were 
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then discovered across many bacterial species and two 
decades later revealed as an adaptive defence mecha-
nism against bacteriophages [86]. While studying ways 
to reduce susceptibility of starter cultures for yoghurt 
production against phages, industrial biotechnologists 
observed that cultures previously exposed to a virus 
where resistant upon a second encounter with the same 
[86]—the reason being the specific recognition, double-
strand cut and inactivation of the invading DNA by the 
CRISPR/Cas9 system. In a seminal 2012 paper, it was 
shown that the system is programmable to cut any DNA 
sequence with high specificity [87], which generated a 
watershed momentum, given the ability of the endonu-
clease to retain its activity in many different organisms 
(fungi, insects, mice, humans, plants etc.). The use of the 
genome editing technology in filamentous fungi has been 
recently reviewed [88]. While delivery of DNA encod-
ing the components of the system (endonuclease, guide 
RNA), or in vitro generated components themselves, into 
the fungal cell remains a challenge due to the fungal cell 
wall, and still requires common protocols as protoplast-
ing, different strategies have been developed to increase 
efficiency in species such as A. niger and other Aspergil-
lus spp., Alternaria alternata, Coprinopsis cinerea, Usti-
lago maydis, Trichoderma reesei, Neurospora crassa, 
Penicillium chrysogenum, Myceliophthora thermophila, 
Beauveria brassiana (reviewed in [88]). These strategies 
include the use of efficient promoters like trpC, gpdA or 
RNA polymerase III promoters like U6 for in vivo expres-
sion of endonuclease and/or gRNA, codon optimization 
of Cas9, transient expression of endonuclease, integra-
tion of endonuclease into the host genome, delivery of 
in vitro synthesized gRNA or purified endonuclease, and 
others. Also, considerations concerning the use of appro-
priate markers (following transformation of CRISPR/Cas 
components or genome editing) and lethal or unwanted 
(e.g. off-target) effects of the endonuclease have been 
addressed in filamentous fungi. For the latter, specific-
ity of genome editing can be increased by (1) favouring 
host’s homology-directed repair (HDR) over non-homol-
ogous end-joining (NHEJ) pathway following DNA cut, 
or (2) generating DNA double-strand breaks with long 
overhangs by using either a modified Cas9 (nickase 
Cas9—a.k.a. nCas9—able to cut only one DNA strand 
and thus following duplexing with two distinct gRNA 
generating long “sticky ends”) [89].

With the proper strategy, CRISPR/Cas technology 
looks like a spider able to catch a couple of flies; indeed, 
a broad spectrum of opportunities arises for strain engi-
neering. One recent example illustrates the reach of 
the technology when applied to A. niger and other fila-
mentous fungi. Kuivanen et  al. [90] used CRISPR/Cas 
technology to delete multiple genes in A. niger for the 

biotechnological production of the platform chemical 
galactaric acid. Derived from d-galacturonic acid, the 
main component of the natural polymer pectin, galac-
taric acid is used as precursor for Nylon and in skin-care 
cosmetics [90]. Although A. niger can hydrolyze pectin, 
d-galacturonic acid is also a precursor for the fungal 
galacturonic acid pathway, and galactaric acid can be cat-
abolized by an unknown pathway. The authors deleted 
seven genes involved in catabolism of d-galacturonic acid 
and galactaric acid in A. niger using a strategy involving 
in  vitro synthesized gRNA and plasmid-encoded Cas9. 
With such an engineered A. niger strain, the authors 
showed the digestion of pectin-rich biomass into galac-
taric acid in a single process [90].

The Aspergillus niger community as of today
In an effort to map the landscape of international 
research groups currently working on A. niger, we 
retrieved all PubMed articles with ‘Aspergillus niger’ 
in title, abstract, and keywords published during the 
last 5  years (2013–2017), resulting in 2068 hits (Addi-
tional file 3: Table S3). Members of the community were 
defined by having authored at least 5 articles over the 
last 5  years. This list of researchers was then manually 
curated to highlight group leaders/PIs, and collaboration 
among research groups (as determined by at least one 
co-authorship). We focused on this relative short time 
span to ensure mapping of researchers actively work-
ing on A. niger, and included abstract and keywords in 
the search filter to expand the results to the community 
of those scientists not only studying A. niger biology, 
but also investigating the fungus in other relevant areas 
(e.g. bioremediation, geomicrobiology, pathogenicity, 
toxin production and food safety, agricultural microbiol-
ogy). Based on previously reported information [91–93] 
we also compiled a list of (multinational) companies 
using A. niger as a workhorse for the production of citric 
acid and enzymes (Table 1). Our mapping of both basic 
and applied research on A. niger (Fig. 3, Table 1) shows 
that the community is diverse and geographically dis-
persed, yet (at least for the basic research community) 
well-connected.

Future challenges for the A. niger community
This historical overview has covered some of the sci-
entific trends and key discoveries that have occurred in 
the field of A. niger biotechnology. Clearly, there are a 
diverse range of other industrially relevant fungi and bac-
teria that have also undergone revolutionary advances 
since their first use by early industrial microbiologists 
in the late nineteenth and early twentieth centuries. 
What does the future of industrial biotechnology hold 
for A. niger, and other microbial cell factories? In an 
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attempt to answer this question, we generated predic-
tions for common research themes and topics over the 
next 20 years of A. niger research (Fig. 4). This specula-
tion indicated a hypothesized future focus on synthetic 
biology (including generation of mycotoxin-free isolates), 
network analysis (including genomics, gene expression 
and metabolomics), increased applications of co-cultiva-
tion technology and CRISPR-Cas9 genome editing, and 
a continued focus on secondary metabolism, fermenta-
tion, citric acid production, enzymes, and glucoamylase 
research (Fig. 4).

In general, three key components are becoming 
increasingly available in the biotechnologist’s toolbox; 
(1) publicly available and well-annotated genome data for 
several A. niger strains, and open-source bioinformatic 

pipelines that enable sophisticated comparative genomic 
and other analyses by non-coders; (2) guideline cultiva-
tion protocols with engineered macroscopic morpholo-
gies of A. niger, which facilitate improved product titres; 
(3) a versatile suite of molecular techniques for high-
throughput gene functional analyses, including genome 
editing. What more has to come to fully understand and 
optimally exploit A. niger? In our opinion, the following 
outstanding questions need to be addressed by the com-
munity in the near future:

 1. How can community efforts maintain and increase 
the quality and usability (from data deposition to 
analysis) of fungal datasets in light of the increasing 
amount of omics and literature data generated? How 

Fig. 3 The A. niger research community is diverse and well-connected. Network of the community of researchers investigating A. niger biology or 
using the fungus as model organism based on our literature survey. Articles with ‘Aspergillus niger’ in title, abstract or keywords published in 2013–
2017 were retrieved from PubMed. Scientists with at least 5 last (co-)authorships were selected (Additional file 3: Table 3). Size of circles roughly 
indicates number of published articles. Connections indicate collaborations as indicated by at least one co-authorship. Scientists are located mainly 
in Europe, followed by China, South America, North America, and India. The position of the circles is arbitrary. Please note that some connections/
collaborations might be missing due to the stringency of our PubMed search
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can we verify the accuracy of predictive algorithms 
to assign function to hypothetical genes?

 2. How can we solve the “hypothetical protein prob-
lem”, and how can we assign function to those puta-
tive proteins? What is the best and easiest way to 
integrate genome, transcriptome, proteome, and 
metabolome data for powerful comparative omics 
approaches?

 3. How can we generate accurate genome-wide meta-
bolic networks that also are integrated with other 
omics data?

 4. How can miniaturised cultivation in microtiter plate 
(or smaller) size be adapted for A. niger and other 
filamentous fungi for high-throughput screenings?

 5. How can cell heterogeneity be investigated, so that 
variations in metabolism and gene-expression are 
not averaged over a whole colony or mycelium, 
and which new tools will foster these single-cell 
approaches?

 6. How can stable and reproducible growth of A. niger 
in mixed cultures be achieved, both in academic 
research (e.g. to investigate activation of secondary 
metabolism) and industrial processes (e.g. for effi-
cient enzyme production)? Which co-cultivation 
approaches and tools for the current paradigmatic 
shift in microbial cultivation [94] can be specifically 
adapted/developed for A. niger and other filamen-
tous fungi?

 7. Would concerted efforts to construct a genome-
wide deletion and/or overexpression library of A. 
niger, similar to that existing for S. cerevisiae [95], 

N. crassa [96] and Schizosaccharomyces pombe [97], 
be sufficiently helpful for the community to warrant 
the substantial investment of research funds and 
resources?

 8. How can a minimal A. niger genome be defined, and 
with which approach should it be generated? Which 
secondary metabolite clusters should be included or 
omitted?

 9. Which synthetic biology tools to regulate different 
metabolic pathways in parallel can be developed or 
implemented, e.g. for the construction of genetic 
circuits to optimize metabolic fluxes for efficient 
production of enzymes, organic acids, or secondary 
metabolites?

 10. Can A. niger, or other filamentous fungi, be exploited 
for “space biotechnological” purposes, as essential 
companions of astronauts for the autonomous pro-
duction of food, enzymes, antibiotics, or for use in 
terraforming efforts?

Conclusion
Given the tremendous advances in the knowledge of A. 
niger biology over the last century, and the concomitant 
development of bioinformatics, cultivation, and molecu-
lar tools which are now at disposal of the community, this 
industrial fungus has the potential to remain one of the 
most versatile fungal platform microorganism. A. niger 
offers a chassis for products which cannot be produced 
in easier to handle bacterial systems, and it is able to 
produce not only proteins and enzymes at high concen-
trations, but also pharmaceuticals which are beneficial 
for human and animal health. Indeed, we predict that 
A. niger will be one of the key organisms involved in the 
next industrial revolution: the change from a fossil-based 
economy to a bio-economy. At this pace, we are excited 
to witness what the future will bring.
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Genome-wide analysis of cytochrome P450s 
of Trichoderma spp.: annotation and 
evolutionary relationships
Sonia Chadha1, Sayaji T. Mehetre1, Ravindra Bansal1, Alan Kuo2, Andrea Aerts2, Igor V. Grigoriev2, 
Irina S. Druzhinina3 and Prasun K. Mukherjee1*

Abstract 

Background: Cytochrome P450s form an important group of enzymes involved in xenobiotics degradation and 
metabolism, both primary and secondary. These enzymes are also useful in industry as biotechnological tools for 
bioconversion and a few are reported to be involved in pathogenicity. Trichoderma spp. are widely used in industry 
and agriculture and are known for their biosynthetic potential of a large number of secondary metabolites. For realis-
ing the full biosynthetic potential of an organism, it is important to do a genome-wide annotation and cataloguing of 
these enzymes.

Results: Here, we have studied the genomes of seven species (T. asperellum, T. atroviride, T. citrinoviride, T. longibra-
chiatum, T. reesei , T. harzianum and T. virens) and identified a total of 477 cytochrome P450s. We present here the 
classification, evolution and structure as well as predicted function of these proteins. This study would pave the way 
for functional characterization of these groups of enzymes and will also help in realization of their full economic 
potential.

Conclusion: Our CYPome annotation and evolutionary studies of the seven Trichoderma species now provides 
opportunities for exploration of research-driven strategies to select Trichoderma species for various applications espe-
cially in relation to secondary metabolism and degradation of environmental pollutants.

Background
Trichoderma (Hypocreales, Ascomycota, Dikarya) spe-
cies are among the most common fungi frequently 
isolated as mycotrophs from various fungi and as sap-
rotrophs from free soil, soil litter, dead wood and rhizo-
sphere, and includes more than 256 accepted species [1, 
2]. These fungi are economically important due to their 
ability to produce enzymes of industrial importance, abil-
ity to kill/inhibit many plant pathogenic fungi, to boost 
plant immunity and promote plant growth, in addition to 
their ability to produce a plethora of secondary metabo-
lites [3, 4]. A few species/strains are known to be oppor-
tunistic human pathogens [5]. Trichoderma spp. are thus 

ideal candidates for genome-wide studies to further aug-
ment their biotechnological applications. The first spe-
cies to be sequenced is Trichoderma reesei, industrial 
source of cellulases and hemicellulases [6]. This was soon 
followed by whole genome sequencing of two strongly 
mycoparasitic species, viz. T. atroviride and T. virens 
[7]. A comparative analysis of the mycoparasitic species 
i.e., T. atroviride and T. virens with that of weaker myco-
parasitic species T. reesei yielded novel information on 
the genome-scale differences between these species. In 
general, the mycoparasitic species are enriched in genes 
involved mycoparasitism and secondary metabolism [1, 
7, 8]. Four more species, i.e., T. asperellum and T. harzi-
anum (biocontrol species) and T. longibrachiatum and T. 
citrinoviride (opportunistic human pathogens) were sub-
sequently sequenced by US Department of Energy Joint 
Genome Initiative (Mycocosm [9]; http://jgi.doe.gov/
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fungi). However, detailed analyses of these four genomes 
are awaited.

Cytochrome P450 genes (CYPs) are found in the 
genomes of prokaryotes and lower and higher eukary-
otes. CYPs constitute a large superfamily of heme-
thiolate proteins involved in the metabolism of a wide 
variety of both exogenous and endogenous compounds 
[10]. CYPs are heme b containing monooxygenases 
which were recognized and defined as a distinct class 
of hemoproteins [11]. Cyp proteins catalyze the regio-, 
chemo- and stereospecific oxidation of a vast number of 
substrates under mild reaction conditions, thus accom-
plishing chemical transformations. These functions make 
them important players in xenobiotic degradation and in 
primary and secondary metabolism. A few such enzymes 
are also reported to be involved in pathogenicity of plant 
pathogenic fungi [12–16]. Their diverse functional prop-
erties reflect their biological roles and make them impor-
tant candidates for extensive investigation to explore 
diverse aspects of P450 functions and regulation as well 
as for biotechnological applications [17, 18].

Cytochrome P450s are categorized into two main 
classes, B (initially assigned as Bacterial) and E (ini-
tially assigned as Eukaryotic). Bacterial P450s with three 
component systems [an FAD-containing flavoprotein 
(NADPH or NADH-dependent reductase), an iron sul-
phur protein, and the P450 hemeprotein] and the fungal 
P450 nor (nitric oxide reductase). Clan CYP 55 belong 
to the ‘B’-class [19]. All the other known P450s from dis-
tinct systems, including eukaryotic and bacterial P450s, 
belong to the ‘E’-class. The eukaryotic microsomal P450 
system contains two components, the NADPH:P450 oxi-
doreductase (POR), a flavoprotein containing both FAD 
and FMN, and the P450 monooxygenase containing the 
heme domain. The prokaryotic (bacterial) soluble P450 
monooxygenase P450BM3 (Cyp102) exists as a single 
protein with both heme and flavin functional domains.

The complete CYP complement of one organism, called 
CYPome, is a collection of CYP genes in the genome of 
that species [20]. The current state of knowledge on P450 
evolution in eukaryotes points to CYP51 as the ances-
tral P450, which is believed to have led to the evolution 
of all the present day P450 families [21]. The expansion 
and diversification of CYPomes may also provide infor-
mation on fungal evolutionary adaptation to ecologi-
cal niches. A key development affecting applied P450 
research is the need to define and annotate ever-expand-
ing genomic information. Various web-based resources 
have been developed to probe and assign various orphan 
CYPs in numerous genomes, owing to the identifica-
tion of conserved motifs responsible for oxygen and 
heme-binding. These databases reveal that enormous 

number of sequence-diverse P450s is yet to be discov-
ered and explored for functions and diverse activities in 
all kingdoms. One of the most commonly used resources 
includes the Nelson database (http://drnelson.uthsc.
edu/cytochromeP450.html) [21]. The grouping scheme 
for CYPs is based on amino acid sequence similarity 
[22]. The original nomenclature for CYPs is based upon 
amino acid identity where Cyp proteins with at least 40% 
identity are placed in the same family [22, 23]. However, 
due to various evolutionary mechanisms, a straight for-
ward nomenclature might be difficult, therefore, fam-
ily definition is recommended by integrating phylogeny 
and protein evolution [24]. To each family, Cyp number 
is designated according to their taxonomic groups. Fun-
gal Cyp families are numbered as Cyp51-Cyp69, Cyp501-
Cyp699 and Cyp5001-Cyp6999. With rapid increase 
in discoveries of new Cyp proteins through genome 
sequencing, Nelson database lacks efficiency to annotate 
all Cyp proteins. For higher-level grouping of families 
identified via the sequence similarity-based scheme, CYP 
clan system was first developed and then applied to clas-
sify metazoan CYPs [25]. The CYP clan approach places 
all Cyp families with a monophyletic origin into a single 
clan and has been successfully applied to classify Cyp 
families in fungi [26]. For example, if new Cyps had equal 
identity to two or more Cyp families, they can be tenta-
tively assigned to a clan in which these families belong. 
A site dedicated to filamentous fungi has been developed 
that includes comprehensive information on P450 clans 
and families (http://p450.riceblast.snu.ac.kr) [27]. In fila-
mentous fungi, CYPs are involved in various physiologi-
cal processes including fitness, resistance to xenobiotics 
and biosynthesis of a vast array of secondary metabolites 
with applications in biomedical, agricultural and indus-
trial fields [28–31].

Keeping in view the wide spectrum of biotechnological 
applications of Trichoderma species, and the important 
role that CYPs play in the biology of fungi, we decided to 
annotate and make an inventory of the CYPome in the 
seven species of Trichoderma that have been sequenced 
by JGI. Annotation of these genes would help in commer-
cial exploitation of these proteins. Earlier, the CYPome of 
several fungal species have been analysed in detail, e.g., 
Aspergillus nidulans [29], Phanerochete chrysosporium 
[32], Mycosphaerella graminicola [33] and Grosmannia 
clavigera [34]. However, this subject has not been cov-
ered in earlier analyses of Trichoderma genomes, except 
for the inclusion of T. reesei in a broad analysis of fungal 
CYPomes [35]. Moreover, a detailed phylogenetic analy-
sis of Trichoderma CYPome could advance our under-
standing of the evolutionary processes of cytochrome 
P450 proteins in fungi.
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Results

CYP proteins in Trichoderma
Trichoderma CYPome embodies a group of cytochrome 
P450 diverse proteins which are predicted to partici-
pate in a spectrum of functions involved in primary, 
secondary and xenobiotic metabolism. A total of 595 
cytochrome P450 proteins have been identified in seven 
Trichoderma species. These entries were further analysed 
for the presence of full cytochrome P450 domain which 
led to the selection of a total 477 Cyp proteins (Table 1) 
for the detailed study. Entries with incomplete sequences 
and domains are listed in Additional file 1: Table S1.

Analysis showed that T. harzianum genome harbours 
the highest number of Cyps (101), followed by T. virens 
(90), T. asperellum (62), T. atroviride (57), T. citrinovir-
ide (57), T. reesei (57) and T. longibrachiatum (53). The 
number of Cyp proteins for families Cyp5080, Cyp52, 
Cyp534, Cyp535, Cyp541 and Cyp618 were found con-
served among seven Trichoderma species. Cytochrome 
P450 families Cyp504, Cyp505, Cyp5080, Cyp51, Cyp52, 
Cyp528, Cyp534, Cyp535, Cyp539, Cyp541, Cyp548, 
Cyp570, Cyp58, Cyp584, Cyp61, Cyp618, Cyp620, Cyp65 
and Cyp671 were found ubiquitously present in Tricho-
derma suggesting a conserved role of these proteins. In 
Trichoderma, Cyp families Cyp5039, Cyp5044, Cyp5046, 
Cyp5049, Cyp5055, Cyp5057, Cyp5060, Cyp5128, 
Cyp5129, Cyp5134, Cyp5168, Cyp5181, Cyp5246, 
Cyp5262, Cyp5268, Cyp5292, Cyp5296, Cyp5320, 
Cyp5334, Cyp5390 and Cyp5391 didn’t have any matches 
in Fungal Cytochrome P450 Database (FCPD). The 
cytochrome P450 families unique to Trichoderma were 
identified as Cyp5039, Cyp5049, Cyp5055, Cyp5057, 
Cyp5128, Cyp5129, Cyp5134, Cyp5268, Cyp5292, 
Cyp5296, Cyp5390 and Cyp5391. These families were 
predicted to be involved in both xenobiotic and second-
ary metabolism (Table 2).

Abundance and diversity of cytochrome P450 family/clan
Identified cytochrome P450 proteins were annotated and 
classified into 85 families (Fig.  1) and 37 clans (Fig.  2). 
Trichoderma species showed diversity in the number of 
annotated Cyp families (Table 1, Figs. 1, 2, 3). The num-
bers of annotated Cyp families among Trichoderma spe-
cies ranged from 36 (T. atroviride) to 67 (T. harzianum). 
Annotated CYP clans were also found to be diverse in 
Trichoderma (Fig. 3). The highest numbers of CYP clans 
were identified in T. harzianum (31) and T. virens (31). 
T. asperellum and T. atroviride contained 25 and 22 clan 
types respectively. Clans CYP52 and CYP65 were found 
to be most abundant with 55 and 56 protein entries, 
respectively (Fig. 3). The number of proteins in the most 
abundant clans CYP52 and CYP65 ranged from 6 to 12 
among Trichoderma species. Clan CYP673 was identi-
fied only in T. virens and T. harzianum, containing 1 and 
2 members respectively, and was found to be absent in 
other five species. Similarly, clan CYP56 proteins were 
found to be unique to T. asperellum, T. harzianum and 
T. virens with single entries in each species. Clan540 
proteins were found absent in T. citrinoviride, T. longi-
brachiatum and T. reesei. Clans CYP5042, 642, 659 and 
677 were identified only in T. virens and were absent in all 
other species.

Phyletic distribution of CYP families and clans 
in Trichoderma
The genome-wide comparisons and annotations of P450s 
have allowed us to further develop the relationships 
among Cyp families in different Trichoderma species. 
To demonstrate the divergence of the primary sequences 
and evolutionary relationships of cytochrome P450 fami-
lies in Trichoderma, a detailed phylogenetic analysis was 
carried out using 477 aligned Cyp protein sequences. The 
phylogenetic tree depicting evolutionary relationships 
among Trichoderma cytochrome P450 proteins are illus-
trated in Fig. 4. Further, the distribution of different CYP 

Table 1 Taxonomic distribution of putative CYPs in seven Trichoderma species

Species Genome size 
(Mb)

No. of predicted 
genes

Total Cyp pro-
teins

Proteins 
with complete 
sequences

Clan type Family type Families with no 
FCPD matches

T. asperellum 37.46 12,586 73 62 25 40 7

T. atroviride 36.10 11,863 69 57 22 36 5

T. citrinoviride 33.48 9397 75 57 23 41 6

T. longibrachiatum 32.24 10,792 68 53 21 38 4

T. reesei 34.10 9129 70 57 23 42 4

T. harzianum 40.98 14,095 118 101 31 67 12

T. virens 39.00 12,427 122 90 31 59 12
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clans and families in 20 phylogenetic groups with their 
putative functions are summarized in Table 2.

Evolutionary studies differentiated 477 cytochrome 
P450 proteins from 7 Trichoderma species into 20 phy-
logenetic groups (Fig.  4). Group 1 consisted of a total 
of 33 Cyp proteins from clans CYP528, CYP531 and 
CYP532. In Trichoderma, clan CYP531 consists of five 
Cyp families including Cyp5078, Cyp5080, Cyp5104, 
Cyp531 and Cyp631. Group 2 consisted of total 19 pro-
tein members belonging to clan CYP507. Members of 
clan CYP507 have been predicted to be involved in xeno-
biotic metabolism in Pezizomycotina [36]. In FCPD, clan 
CYP507 consists of four Cyp families including Cyp 507, 
Cyp525, Cyp535 and Cyp570. Of these four families, only 
Cyp535 and Cyp570 families are present in Trichoderma 
species. Group 2 containing clan CYP507 proteins was 
further differentiated into two sub-groups containing 
families Cyp535 (7 proteins) and Cyp570 (12 proteins) 
respectively. In Trichoderma, all 19 proteins belonging 
to clan 507 are grouped together in group 2 suggesting 

conserved putative role of Cyp535 and Cyp570 in xeno-
biotics metabolism. Clan CYP673 in group 3 consists of 
only three members-two from T. harzianum and one 
from T. virens.

Group 4 consists of 11 proteins from 2 clans (CYP537 
and CYP62). In FCPD, clan CYP537 consists of two 
families: Cyp537 and Cyp577. In Trichoderma, Cyp577 
family is absent and Cyp537 proteins are present only 
in T. asperellum, T. atroviride, T. citrinoviride and T. 
harzianum. In group 4, all identified members of clan 
CYP62 grouped together. Clan CYP62 in FCPD consists 
of three CYP families including CYP62, CYP626 and 
CYP684. In Trichoderma, one Cyp62 (T. harzianum) 
and three Cyp684 proteins (one each) were identified in 
T. atroviride, T. harzianum and T. virens. Group 4 also 
contained Cyp50555, Cyp5057 and Cyp5262 proteins. 
The corresponding clans for these three families are 
absent in FCPD. Protein Cyp5262 was grouped together 
with members of clan CYP537, whereas Cyp50555 and 
Cyp5057 proteins formed a separate subgroup in Group 

Table 2 Phylogenetic clustering of Trichoderma CYP families and clans

a Corresponding clans for these families are absent in FCPD

Phylogenetic group ID Total entries CYP family CYP Clan Putative functions

1 33 Cyp5044a, Cyp5078, Cyp5080, Cyp5104, 
Cyp528, Cyp531, Cyp532,  Cyp5320a, 
Cyp631

CYP528, CYP531, CYP532 Xenobiotic metabolism

2 19 Cyp535, Cyp570 CYP507 Xenobiotic metabolism

3 3 Cyp673 CYP673

4 11 Cyp5055a,  Cyp5057a,  Cyp5262a, Cyp537, 
Cyp62, Cyp684

CYP537, CYP62 Xenobiotic metabolism
Secondary metabolism

5 35 Cyp5039a, Cyp5094,  Cyp5128a, 
 Cyp5129a,  Cyp5292a, Cyp551, Cyp552, 
Cyp58, Cyp677, Cyp680, Cyp682

CYP58, CYP677 Secondary metabolism
Xenobiotic metabolism

6 10 Cyp5246a, Cyp53 CYP53 Xenobiotic metabolism

7 3 Cyp630 CYP630 Primary metabolism

8 23 Cyp574, Cyp5076,  Cyp5168a, Cyp671 CYP574 Secondary metabolism

9 17 Cyp548 CYP548 Xenobiotic metabolism

10 56 Cyp5117, Cyp561, Cyp563, Cyp65 CYP65 Secondary metabolism

11 3 Cyp627 CYP627

12 62 Cyp5049a, Cyp52,  Cyp5296a, Cyp538, 
Cyp539, Cyp584, Cyp587, Cyp655

CYP52, CYP59 Xenobiotic metabolism

13 19 Cyp5181a,  Cyp5334a, Cyp534, Cyp613, 
Cyp685

CYP534, CYP613 Xenobiotic metabolism

14 39 Cyp5134a, Cyp526,  Cyp5390a, Cyp617, 
Cyp618

CYP526, CYP547 Secondary metabolism

15 36 Cyp505, Cyp5099, Cyp540, Cyp541 CYP505, CYP540, CYP56 Primary metabolism

16 9 Cyp504 CYP504 Xenobiotic metabolism

17 51 Cyp5046a, Cyp5068,  Cyp5268a, Cyp530, 
 Cyp5391a, Cyp620, Cyp621

CYP530, CYP533 Xenobiotic metabolism

18 1 Cyp5042 CYP5042

19 18 Cyp503, Cyp5090, Cyp559, Cyp611, 
Cyp635, Cyp636, Cyp641, Cyp642

CYP54, CYP550, CYP559, CYP642, 
CYP657, CYP659

Secondary metabolism

20 29 Cyp5060a, Cyp51, Cyp55, Cyp61 CYP51, CYP55, CYP61 Primary metabolism
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4. Group 5 contained total 35 proteins belonging to clans 
CYP58 and CYP677, which includes diverse Cyp fami-
lies Cyp5039, Cyp5094, Cyp5128, Cyp5129, Cyp5292, 
Cyp551, Cyp552, Cyp58, Cyp677, Cyp680 and Cyp682. 
Clans for Cyp families 5039, 5128, 5129 and 5292 are not 
available in FCPD. Trichoderma has only one Cyp677 
protein i.e., in T. virens which was grouped closely with 
Cyp5292 in phyletic Group 5. A total of 26 proteins 
belonging to clan CYP58 are identified in Trichoderma. 
Cyp58 family had a single member in all Trichoderma 
species analysed except in T. virens (2 proteins). All 7 
members of CYP53 clan were grouped together in Group 
6. Cyp53 family was found in all Trichoderma species 
except T. longibrachiatum. These proteins are involved in 
xenobiotic metabolism. The group 6 also contained three 
Cyp5246 proteins, clan for this family is absent in FCPD. 
Family Cyp5246 is present only in T. harzianum and T. 
virens. Members of Cyp53 and Cyp5246 families were dif-
ferentiated in two clear sub-groups. Group 7 consists of 
only three proteins belonging to clan CYP630; one each 
from T. harzianum, T. longibrachiatum and T. virens. The 
group 8 consists of 23 proteins from clan CYP574 includ-
ing families Cyp5076, Cyp574 and Cyp671. Four mem-
bers of Cyp5168 family were also clustered in group 8.

Group 9 consists of all 17 proteins of clan CYP548. In 
Trichoderma, Cyp548 family is ubiquitously present in 
all seven species, where T. asperellum and T. atrovir-
ide contained four and three proteins respectively fol-
lowed by two each in T. citrinoviride, T. harzianum, T. 

longibrachiatum, T. reesei and T. virens. These proteins 
are known to be involved in xenobiotic metabolism. The 
second largest phylogenetic Group 10 has 56 Cyps from 
the clan CYP65 which are involved in secondary metabo-
lism. It comprised of families Cyp5117, Cyp561, Cyp563 
and Cyp65. Group 11 consists of three Cyp627 proteins.

In Trichoderma, group 12 is the largest with 62 Cyp 
proteins. These Cyps from clans CYP52 and CYP59 
were differentiated separately into two sub-groups. 
Clans CYP52 and CYP59 involve members of Cyp52, 
Cyp538, Cyp539, Cyp584, Cyp587 and Cyp655 families. 
Two entries of Cyp587 family belonging to clan CYP59 
were grouped together with two proteins each from 
Cyp5049 and Cyp5296 families. The corresponding clan 
for Cyp5049 and Cyp5296 families were found to be 
absent in FCPD. In group 12, Cyp proteins of clan CYP52 
were grouped together in the separate sub-group. Group 
13 contained 19 Cyps belonging to clans CYP534 and 
CYP613. Two Cyp proteins belonging to family Cyp5181 
were also present in group 13. Protein members of 
groups 12 and 13 were predicted to be involved in xeno-
biotic metabolism (Table 2).

Group 14 consists of proteins belonging to clans 
CYP526 and CYP547 which were differentiated sepa-
rately into two sub-groups. In Trichoderma, 2 Cyp fami-
lies of clan CYP547 were identified that includes Cyp617 
(7) and Cyp618 (7). Cyp5134 proteins were grouped 
together in sub-group containing clan CYP526 proteins. 
Group 15 consists of 36 proteins involved in primary 

Fig. 1 Cytochrome P450 families identified in Trichoderma
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Fig. 2 Abundance of cytochrome P450 families and clans in Trichoderma. The heatmap displays the abundance of Cyp protein families among 
Trichoderma species. Blue bar represent the number of Cyp proteins in a clan
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metabolism that includes members of clans CYP505 
(15), CYP540 (11), CYP541 (7) and Cyp5099 (3). All 
three Cyp5099 proteins belonging to clan CYP56 family 
were included in this group. These proteins were identi-
fied only in T. asperellum, T. harzianum and T. virens. 
Cyp5099 proteins were found closely related to Cyp540 
proteins and together formed a separate sub-group. 
Another sub-group contained all proteins belonging to 
clan CYP505 which includes Cyp505 and Cyp541 fami-
lies. All nine protein members of clan CYP504 were clus-
tered together in group 16. These proteins are known to 
be involved in xenobiotic metabolism. Trichoderma spe-
cies contain single copy of Cyp504 protein except T. har-
zianum which contains three copies of Cyp504 protein 
involved in phenylacetate catabolism [37].

Group 17 is the third largest Cyp group consisting of 
51 Cyps from clans CYP530 and CYP533. In this group, 
CYP533 is the most dominant clan followed by CYP530. 
Clans CYP530 and CYP533 include Cyp families Cyp530 
(8 proteins) and Cyp5068 (1 protein), and Cyp620 (23 
proteins) and Cyp621 (4 proteins) respectively. This group 
also contained Cyp5046 (4), Cyp5391 (8) and Cyp5268 
(3) proteins. The corresponding clans for these families 
are absent in FCPD. Group 18 contains one Cyp5042 pro-
tein of T. virens. Group19 includes 18 proteins belonging 
to clans CYP54, CYP550, CYP559, CYP642, CYP657 and 

CYP659. These clans are involved in secondary metabo-
lism. A total of 29 proteins from 7 Trichoderma species 
corresponding to three clans including CYP51, CYP55 
and CYP61 were clustered together in group 20. These 
are known to be involved in primary metabolism. In this 
group, CYP51 and CYP61 families dominate with 9 and 
15 members respectively. Further, all proteins belonging 
to Cyp51 were grouped together in group 20. This sug-
gests that Cyp51 protein which is involved in primary 
metabolism (sterol biosynthesis) is diversified only to a 
lesser extent in Trichoderma. In comparison to some of 
the ascomycetous fungi, which carry multiple CYP51 
proteins, T. atroviride and T. harzianum contained two 
copies each, whereas T. asperellum, T. citrinoviride, T. 
longibrachiatum, T. reesei and T. virens contained only 
single copy of Cyp51 protein.

Characteristic motifs of the Trichoderma CYP families
Several signature motifs are conserved in fungal Cyp 
proteins as per pervious findings [26, 35, 37, 38]. In 
Trichoderma, we identified the characteristic signature 
motifs of CYP super family AGXDTT, EXXR, PERW 
and FXXGXRXCXG for each phylogenetic group (Fig. 5). 
These motifs are functionally essential for the Cyp pro-
teins. Conserved motif FXXGXRXCXG (also known as 
CXG) is designated as a heme-binding domain [26, 29, 39] 

Fig. 3 Diversity of cytochrome P450 clans among Trichoderma species. Scatter-plot presents number of proteins in CYP clans in T. asperellum 
(orange), T. atroviride (green), T. citrinoviride (black), T. harzianum (purple), T. longibrachiatum (dark blue), T. reesei (red) and T. virens (light blue)
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and includes a conserved cysteine residue that binds to 
the Fe of the heme. In Trichoderma, the cysteine residue 
of the P450 signature CXG motif is invariantly conserved 
in all P450s, whereas two glycine and one phenylalanine 
residues were also found to be conserved among major-
ity of phylogenetic groups, which are in accordance with 

previous reports [37, 40]. In phylogenetic groups 13, 16 
and 19, Cyp proteins contain glutamate/aspartate, tyros-
ine and glycine respectively instead of a phenylalanine 
residue. Another variant of FXXGXRXCXG motif was 
found in groups 1, 6 and 20 where first amino acid resi-
due of the motif was either phenylalanine or tryptophan. 

Fig. 4 Evolutionary relationships of cytochrome P450 proteins among Trichoderma species. Phylogenetic tree was constructed inferred using the 
minimum evolution  method72 using MEGA5 software. Phylogenetic groups (1–20) and bootstrap frequencies are shown in the tree. Tree includes 
Cyp proteins from all seven Trichoderma species including T. asperellum, T. atroviride, T. citrinoviride, T. harzianum, T. longibrachiatum, T. reesei and T. 
virens. Each phylogenetic group is indicated by a specific color
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Fig. 5 Conserved signature motifs of Trichoderma Cyp proteins for 20 phylogenetic groups
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Further, in groups 5, 8, 12 and 20, FXXGXRXCXG and 
FXXGXRXCXA variants were identified. Conserved 
motif EXXR is present in helix K, on the proximal side 
of heme and probably is involved in the stabilization of 
the core structure of Cyp proteins [26, 35, 39]. In Tricho-
derma motif EXXR, glutamic acid and arginine residues 
were found to be highly conserved, whereas two mid-
dle ‘XX’ residues were found to be highly variable. These 
results are in concurrence with previously reported lit-
erature for fungal cytochrome P450 proteins [35, 37, 
40, 41]. Another conserved motif of cytochrome P450 
protein family is PERW (known as PER) which forms 
E-R-R triad in Cyp proteins [26]. In Trichoderma, we 
found PERW as the predominant signature, in accord-
ance with previous reports in fungi [27, 35]. Motif PERW 
was found to be relatively conserved in Trichoderma 
with few exceptions that mainly includes phylogenetic 
groups 19 and 20. Group 19 consists of Cyp proteins 
from clans CYP54, CYP550, CYP559, CYP642, CYP657 
and CYP659, which have been predicted to play role in 
secondary metabolism. High diversity of PER motif of 
this group could be attributed to the evolving functions 
of Cyp P450 protein members. Phylogenetic group 20 
consisting of clans CYP51, CYP61 and CYP55 includes 
Cyp proteins belonging to both class E (CYP51 and 
CYP61) and B (CYP55). In this group, variant of PERW 
motif was identified where clan CYP55 proteins (class 
B) contained amino acid residues K/E/Q between PER 
and W/Y. The absence of an amino acid residue between 
arginine and tryptophan residues in “PERW” motif in all 
class E Cyp proteins indicate the early functional diver-
gence of PERW motif in class B and E cytochrome P450 
proteins. These results provide an insight on the struc-
ture–function relationships in such a diverse and com-
plex Cyp protein families. Further, we also identified 
conserved motif, AGXDTT in Trichoderma cytochrome 
P450 proteins. Motif AGXDTT contributes to oxygen 
binding and activation [35]. The oxygen-binding domain 
(AGXDTT) was found to be highly variable in Tricho-
derma cytochrome P450 proteins. The terminal threo-
nine residue in AGXDTT motif involved in the formation 
of the enzyme’s critical oxygen-binding pocket was found 
to be replaced predominately by valine in phylogenetic 
group 16. Other amino acid residues that replaced ter-
minal threonine in different groups included serine or 
methionine. For motifs AGXDTT and CXG, Cyp proteins 
in phyletic groups 13, 19 and 20 (Table 2) were relatively 
less conserved, suggesting divergence of these Cyp pro-
tein sequences and their functions in Trichoderma. We 
found that the conserved signature motifs and their vari-
ants identified in Trichoderma showed few exceptions 
to previous reports. These results suggest Cyp signature 
motifs have evolved in Trichoderma to accommodate 

enormously wide range of substrate specificities and their 
substrate-binding regions.

Cytochrome P450s associated with secondary metabolism 
related gene clusters
A survey of the genomes of seven Trichoderma spp. 
revealed that of the 477 cytochrome P450 genes present 
in the seven genomes, as many as 100 genes are associ-
ated with putative secondary metabolism related gene 
clusters namely NRPS, PKS, NRPS-PKS, NRPS-like, and 
terpene cyclase clusters (Additional file 1: Table S2).

Discussion
Trichoderma species are the champions of opportunis-
tic success [1]. They can be found virtually in all ecologi-
cal niches, both terrestrial and aquatic. These fungi are 
capable of parasitizing a wide range of fungal and oomy-
cetes species. Many species are known to colonize the 
rhizosphere and roots, both externally and internally [3]. 
Some are reported to be endophytes [42] while a few are 
aggressive parasites on cultivated mushrooms [43]. A few 
species are known to be opportunistic human pathogens 
while some strains are nematode-parasite, demonstrat-
ing their ability to parasitize members of animal king-
dom [1]. Several Trichoderma strains are plant growth 
enhancers and some can colonize composts [44]. A few 
strains are known to be xenobiotics degraders. Most spe-
cies are prolific producers of a wide range of secondary 
metabolites, with a total of more than 1000 compounds 
chemically characterized [45]. Cytochrome P450s are 
important for cells to perform a wide variety functions 
like primary and secondary metabolism, xenobiotic deg-
radation and cellular defence (e.g., in interaction with 
other fungi). Recently, a T. virens P450 (TvCyt2; Protein 
Id. 190045) has been shown to be involved in biocontrol 
and plant growth promotion [46]. Basidiomycetes are 
capable of metabolizing a wide range of endogenous and 
exogenous compounds by using cytochrome P450s [47]. 
Great deal of information is available on the role of P450s 
in degradation of lignins and polyaromatic hydrocarbons 
by white rot fungus Phanerochaete chrysosporium and 
brown-rot fungus Postia placenta, as well as medicinal 
mushrooms like Coriolus versicolor and Lentinula edodes 
[48–51]. Role of P450s in colonization of living wood by 
the plant pathogen Heterobasidion irregulare is also well 
established [52].

In the present study, Trichoderma CYPome from seven 
Trichoderma species viz. T. asperellum, T. atroviride, T. 
citrinoviride, T. harzianum, T. longibrachiatum, T. reesei 
and T. virens is annotated. Overall, our analysis identified 
a total of 477 CYPs in these genomes. To provide support 
for the annotation process, the identified CYPs were also 
examined for conserved CYP domain. Our analysis of 
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the CYPome has identified 12 families unique to Tricho-
derma. All the Trichoderma species examined are a rich 
source of Cyp proteins (55 in T. longibrachiatum to 100 
in T. harzianum).

In Trichoderma, clan CYP52 consisted of families 
Cyp52, Cyp538, Cyp539, Cyp584 and Cyp655. Cyp52 
family is found only amongst Candida-related spe-
cies of fungi and these proteins catalyze the conversion 
of fatty acids and alkanes to alpha, omega-dicarboxylic 
acids [53]. The number of Cyp61 proteins was con-
served in all Trichoderma species and these proteins 
were also grouped together in Group 20. Cyp61 proteins 
are involved in primary metabolism. In Saccharomyces 
cerevisiae, CYP61 codes for sterol 22 desaturase [54], 
which is involved in later stages of the ergosterol pathway 
in metabolizing Ergosta-5,7,24(28)-trienol to Ergosta-
5,7,22,24(28)-tetraenol by introducing a C-22(23) double 
bond in the sterol side chain. Since Cyp61 is involved in 
the later stages of ergosterol pathway, it is considered to 
have evolved as a result of duplication and diversification 
of the CYP51 gene. In ascomycetes and basidiomycetes, 
clan CYP51 is involved in sterol biosynthesis and is rec-
ognized as the housekeeping CYP, and has been a popu-
lar antifungal target for the control of fungal diseases in 
humans and crop plants [29–31, 55]. In comparison to 
some of the ascomycetous fungi, which carry multiple 
CYP51 genes, T. atroviride and T. harzianum contained 
two copies whereas T. asperellum, T. citrinoviride, T. lon-
gibrachiatum, T. reesei and T. virens contained only single 
copy of Cyp51 protein. In addition, all members of both 
clans CYP51 and CYP61 which are involved in primary 
metabolism (sterol biosynthesis) are grouped together in 
group 20, suggesting that both Cyp51 and Cyp61 proteins 
are diversified only to a lesser extent in Trichoderma.

Motif analysis led to the identification of four signa-
ture motifs in phylogenetic groups, which correspond to 
the conserved tertiary structure and enzyme functions 
in spite of the wide sequence diversity and functions of 
Cyp proteins. Modifications found in the heme-binding 
domain FXXGXRXCXG are more frequently found in 
CYPs with catalytic activity, often not requiring oxygen 
[29]. These results indicate Cyp members of groups 5, 
8, 12, 13, 16, 19 and 20 may have novel catalytic activi-
ties in Trichoderma. Some P450s showed variations of 
the signature motifs mainly in AGXDTT, EXXR and 
FXXGXRXCXG motifs. These results are in accordance 
with previous reports [38, 41] where it was proposed 
that these P450s variations may be due to misaligned 
sequences or that the P450s are missing the invariant 
residues at these motifs. In our study, phylogenetic group 
10 containing protein families of clan CYP65 showed 
highly conserved motifs, suggesting functional conser-
vation of CYP65 clan in analysed Trichoderma species. 

All members of clan CYP65 are involved in secondary 
metabolism. CYP65 is reported to catalyze the epoxida-
tion reaction during the synthesis of trichothecenes [56, 
57] and radicicol [37]. Identification of conserved and 
variable CYP motif signatures among and within phy-
logenetic groups in the present study may provide us 
information on CYP evolution, structure, and function 
in Trichoderma and have application in classification of 
proteins in gene expression analysis [58].

Cyp56 clan, found to be unique to T. asperellum, T. 
harzianum and T. virens (mycoparasites) has been char-
acterized earlier in yeast [59, 60]. Members of Cyp56 clan 
are involved in meiotic spore wall biogenesis, particularly 
in dityrosine biosynthesis [59–61]. Members of the clan 
CYP507, CYP530, CYP531, CYP532 and CYP548 are 
known to be involved in xenobiotics metabolism [36]. 
Abundance of these proteins in Trichoderma may be 
related to the ability of these fungi to metabolize a wide 
range of xenobiotics, including many fungicides. Simi-
larly, ability of Trichoderma spp. to produce a plethora 
of secondary metabolites could be linked to the abun-
dance of P450s belonging to the clan CYP574, CYP58 
and CYP65 proteins that have been implicated in tri-
chothecene biosynthesis [62]. In T. harzianum, three 
copies of Cyp504 protein are present as compared to 
single copy in other Trichoderma species. Expansion of 
Cyp504 proteins in T. harzianum suggest important role 
of Cyp504 protein in xenobiotic metabolism. Further, 
the family members of Cyp504 were also reported to be 
up-regulated during cuticle infection by insect patho-
genic fungi Metarhizium anisopliae and M. acridum [63]. 
Cyp505 family was found to be expanded in T. asperel-
lum, T. harzianum and T. virens where these species 
contained three Cyp505 proteins each. Cyp505 proteins 
are membrane-associated fatty acid hydroxylase [64]. 
Cyp528 family has only one protein entry in all Tricho-
derma species analysed except T. atroviride where family 
Cyp528 consisted of two proteins. Similarly, Cyp58 fam-
ily has a single protein entry in all Trichoderma species 
analysed except in T. virens where family Cyp58 consisted 
of two proteins. Previous studies also showed expansion 
of clan Cyp58 proteins in fungi [36]. In Trichoderma, the 
increase in CYPome size of T. harzianum and T. virens 
may be due to the expansion of certain CYP gene families 
or the presence of novel genes that are essential for their 
lifestyle. Previous reports have associated expansions of 
the fungal CYP families with the evolution of various 
fungal traits including pathogenicity [65]. Our phyloge-
netic analysis showed uneven distribution of CYP group 
sizes in Trichoderma species, which are in concordance 
with extreme expansions and contractions of certain CYP 
families in the course of evolution. Expansion of CYP 
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clans in different Trichoderma species could aid them in 
more competent survival in their respective habitats.

Trichoderma spp. are prolific producers of secondary 
metabolites, many with antimicrobial, anticancer and 
plant growth-promoting properties [45] Cyps are known 
to play central role in biosynthesis if many, if not most of 
the secondary metabolites of plant and microbial origin. 
Till date, however, only a handful of Trichoderma Cyps 
have been investigated for their role in biosynthesis of 
secondary metabolites [46, 66, 67]. Our present findings 
suggest that more than 20% of the catalogued Cyps from 
Trichoderma are part of putative secondary metabolism-
related gene clusters. There is a need for systematic stud-
ies on the functions of these Cyps which would lead to 
the discovery of novel pathways, metabolites and inter-
mediates with greater biotechnological significance.

Conclusion
Trichoderma CYPome described in our study is by com-
bining information generated from existing databases, 
predicting conserved domains and identifying structural 
motifs in each hypothetical protein. By following interna-
tionally recognized nomenclature system, we have identi-
fied novel CYP clans and families unique to Trichoderma. 
Phylogenetic analysis elucidated distribution of Cyp fam-
ilies and clans in different evolutionary groups and their 
probable functions in metabolism or biosynthesis based 
on the comparisons with CYPomes of other organisms. 
The number of these proteins correlates with the genome 
size and many are species-specific. Unfortunately, the 
functions of none of these proteins are known. One rea-
son being a lack of systematic studies and annotation of 
these proteins. Our CYPome annotation and evolution-
ary studies of seven Trichoderma species now provides 
opportunities for exploration of research-driven strate-
gies to select Trichoderma species for various applica-
tions especially in relation to secondary metabolism and 
degradation of environmental pollutants. Several of these 
proteins could also have biotechnological applications 
like biotransformation and synthesis of pharmaceutically 
important drugs.

Methods
Sequence data
Sequences of Cytochrome P450s were retrieved from the 
Joint Genome Institute (JGI) fungal genome database 
MycoCosm (http://genome.jgi-psf.org/programs/fungi/
index.jsf ) for all the species of genus Trichoderma. The 
species included were T. asperellum (CBS 433.97) v1.0, 
T. atroviride (IMI 206040) v2.0, T. citrinoviride v4.0, T. 
harzianum (CBS 226.95) v1.0, T. longibrachiatum (ATCC 
18648) v3.0, T. reesei (QM 6a) v2.0 and T. virens (Gv29-8) 
v2.0.

Annotation of CYPs
The annotation pipeline of the CYPome in the Tricho-
derma species was done in a two-step procedure of 
identification and annotation. The identification step of 
CYP family was performed by using Conserved Domain 
Database (CDD); the cut-off of positive hits was set at 
E-value of  10−2. Entries with incomplete sequences and 
domain were manually removed from the data. Cyp 
proteins with complete conserved cytochrome P450 
domains were further subjected to the annotation proce-
dure using the Nelson’s P450 database against all named 
fungal cytochrome P450s (http://blast.uthsc.edu) with 
the E-value of  10−4 [68]. For annotation, sequence simi-
larity cut-off of 40% was used. For few entries, we have 
followed criteria of the phenomenon called family creep 
that allows sequences less than 40% to be included in a 
family. For such entries, we have used sequence similar-
ity cut-off of 30% and above. These predicted CYPs were 
then assigned to the corresponding family and clan types 
based on their highest homology according to the Inter-
national P450 Nomenclature Committee Databases used 
by Nelson (http://drnelson.uthsc.edu/CytochromeP450.
html) [21] and the fungal cytochrome P450 database 
(http://p450.riceblast.snu.ac.kr) [27] respectively.

Structural feature analysis of CYP protein sequences
Presence of cytochrome P450 conserved domain was 
confirmed using conserved domain database [69]. To 
reveal phylogenetic group-specific conservation pattern 
of cytochrome P450 proteins, structural features were 
explored. To identify cyp conserved signature motifs, 
multiple protein sequence alignments for each phyloge-
netic group were built by MAFFT program [70] using 
E-INS-i iterative refinement method. Alignments were 
further refined and viewed using AliView [71]. Consen-
sus logos of the alignments were automatically generated 
by WebLogo 3 program [72] and used for visualization 
of the conservation of signature motifs for each phylo-
genetic group. The generated logos were used for the 
analysis.

Phylogenetic reconstruction of CYPs
After removal of redundant and incomplete sequences, 
the protein sequences were aligned using MUSCLE [73]. 
The evolutionary history was inferred using the mini-
mum evolution method [74]. The bootstrap consensus 
tree inferred from 1000 replicates was taken to represent 
the evolutionary history of the taxa analysed [75]. The 
evolutionary distances were computed using the Pois-
son correction method [76] and are in the units of the 
number of amino acid substitutions per site. The rate 
variation among sites was modelled with a gamma distri-
bution (shape parameter = 1). The ME tree was searched 
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using the close-neighbor-interchange (CNI) algorithm 
[77] at a search level of 1. The neighbor-joining algorithm 
[78] was used to generate the initial tree. Evolutionary 
analyses were conducted in MEGA5 [79]. Phylogenetic 
trees were visualized with FigTree v1.1.2 [80].

Identification of cytochrome P450s associated 
with secondary metabolism related gene clusters
A genome-wide survey was done to identify cytochrome 
P450s associated (presence in the vicinity) with sec-
ondary metabolism-related gene clusters, viz., NRPS, 
PKS, PKS/NRPS, NRPS-like and terpene cyclase clus-
ters either manually (T. reesei, T. virens and T. atroviride 
[81, 82] or using automated pipeline on the respective 
genome pages (for T. citrinoviride, T. longibrachiatum, T. 
asperellum and T. harzianum).
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Whole-genome sequencing reveals 
highly specific gene targeting by in vitro 
assembled Cas9-ribonucleoprotein 
complexes in Aspergillus fumigatus
Qusai Al Abdallah, Ana Camila Oliveira Souza, Adela Martin‑Vicente, Wenbo Ge and Jarrod R. Fortwendel* 

Abstract 

Background: CRISPR/Cas9‑based genome editing is quickly becoming a powerful tool within the field of fungal 
genetics. Adaptation of CRISPR/Cas9 systems are allowing for rapid and highly efficient gene targeting within fungi. 
We recently reported the adaptation of a simple CRISPR/Cas9 system for gene deletion that is effective across multiple 
genetic backgrounds of Aspergillus fumigatus. This system employs in vitro assembly of Cas9 ribonucleoproteins 
(RNPs) coupled with micro‑homology repair templates for gene deletion. Although highly efficient at gene targeting 
in wild type genetic backgrounds of A. fumigatus, the potential for our system to produce unwanted off‑target muta‑
tions has not been addressed.

Results: Next‑generation Illumina sequencing was used to identify genome mutations among transformants 
isolated from standard (no Cas9) and Cas9‑mediated integration of a hygromycin deletion cassette. Two different con‑
centrations of Cas9 were utilized to examine the association of Cas9 concentration with total numbers and types of 
genomic mutations. For each of the three test groups (zero, low, and high Cas9), three transformants were sequenced 
and compared to the parent strain. Bioinformatics analyses revealed the average number of total mutations to be sim‑
ilar among all three test groups. A. fumigatus transformation using standard, non‑Cas9‑mediated methods resulted in 
an average of 373 ± 28 mutations. In comparison, transformation with in vitro assembled Cas9‑RNPs using either high
(1 µg/µl) or low (0.5 µg/µl) levels of Cas9 resulted in an average of 326 ± 19 and 395 ± 69 mutations, respectively. In all
cases, the vast majority of mutations identified were intergenic. No correlation between the amount of Cas9 utilized 
for transformation and the overall number of mutations was found. Finally, the specific type of mutation introduced 
during the transformation process was not Cas9‑dependent, as both single‑nucleotide polymorphisms and insertion/
deletion events were not significantly different between the experimental groups.

Conclusions: CRISPR/Cas9‑based genome editing in A. fumigatus using in vitro assembled RNPs coupled with micro‑
homology templates is a reliable method of gene targeting. This system is highly efficient and is not associated with 
increased off‑target mutations caused by introduction of the Cas9 nuclease.

Keywords: Aspergillus fumigatus, CRISPR/Cas9, Genome editing, Off‑target mutation

Background
Gene deletion in A. fumigatus wild type strains is plagued 
by low homologous recombination rates and typically 

requires gene-targeting cassettes that contain ≥ 1000 
base pairs of homology to be cloned upstream and 
downstream of a selection marker. The problem of low 
homologous recombination rates can be circumvented 
by using A. fumigatus strains mutated to have defective 
non-homologous end joining (NHEJ) DNA repair path-
ways [1, 2]. Although these strains have increased gene 
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targeting efficiencies, deletion cassettes still require 500–
1000 bp regions of flanking homology and the defective 
NHEJ pathway(s) should be restored to ensure subtle 
genetic interactions between the targeted and NHEJ loci 
do not complicate phenotype interpretation. Finally, 
standard gene deletion methods in either wild type or 
NHEJ-defective backgrounds also rely on either multi-
step cloning or overlap extension PCR techniques to 
build gene-targeting cassettes.

To improve gene targeting and genome editing in 
A. fumigatus, CRISPR/Cas9 gene editing technology 
has recently been implemented. In CRISPR-mediated 
genome editing, an RNA-directed Cas9 DNA nucle-
ase is employed to recognize and cleave specific DNA 
sequences after forming a ribonucleoprotein (RNP) 
complex with a guide RNA (gRNA) [3]. This gRNA is a 
duplex that is composed of a CRISPR RNA (crRNA) 
and a transactivating CRISPR RNA (tracrRNA) [3]. 
The crRNA contains a 20-base region designated as the 
“protospacer”, which guides specific DNA cleavage by 
binding to the complementary protospacer in the tar-
get genome [4]. However, Cas9-mediated DNA cleavage 
occurs only if the protospacer is followed by an “NGG” 
protospacer adjacent motif (PAM) in the target genome 
[5]. Several CRISPR/Cas9 systems have been developed 
in Aspergillus species [6–11]. In most of these organisms, 
the Cas9 enzyme and gRNA are introduced via expres-
sion constructs that are either contained within autono-
mously replicating plasmid or are integrated into the 
genome. Those that employ plasmids, control Cas9 activ-
ity through the presence or absence of selective agents 
in the medium for plasmid maintenance whereas those 
designed for integration typically rely on regulatable pro-
moters. CRISPR/Cas9 systems are becoming ever more 
sophisticated in Aspergillus, as evidenced by recent work 
showing that highly-efficient marker-free gene editing 
can be accomplished in A. nidulans, A. niger, and A. ory-
zae strains defective in NHEJ [11]. In addition, highly effi-
cient multi-site targeting is now possible in each of these 
Aspergillus species [11]. In A. fumigatus, the original 
use of CRISPR/Cas9 involved strains that constitutively 
expressed Cas9 from an integrated construct [7]. A later 
iteration in A. fumigatus employed autonomously repli-
cating plasmids for Cas9 and gRNA expression and also 
utilized selectable marker cassettes (“repair templates” in 
CRISPR/Cas9 terminology) with microhomology regions 
that are only 35–50  bp in length, showing that efficient 
gene targeting can be accomplished in A. fumigatus with 
only small regions of DNA homology [12]. Although 
CRISPR/Cas9 gene targeting appears highly efficient 
in A. fumigatus, the systems in place thus far rely on 
genetically altering strains to express the required Cas9 

nuclease and/or gRNA components or on building DNA-
based constructs for expression of these components [7, 
12].

We have reported the adaptation of a CRISPR/Cas9 
gene editing system that utilizes in vitro assembled Cas9-
RNPs coupled with microhomology repair templates 
[13]. Rather than genetically altering strains to express 
Cas9 or gRNAs, in vitro assembly relies on generating the 
Cas9 RNPs in a test tube before introducing them, along 
with a repair template (if required), into cells prepared 
for transformation. In this system, the gRNA was formed 
in vitro by incubating a mixture of equal molar amounts 
of crRNA and tracrRNA until a complex is formed. The 
crRNA and tracrRNA are purchased separately and then 
assembled into a gRNA complex so that the crRNA can 
be re-designed for each new protospacer the user desires 
to target. Next, purified Cas9 enzyme was mixed with the 
crRNA-tracrRNA complexes and incubated to allow for 
the formation of Cas9 RNPs. Cas9 concentrations of 1 
and 0.5 µg/µl were utilized based on optimization experi-
ments in our laboratory. The Cas9 RNP complexes were 
then used for standard transformation of A. fumigatus 
protoplasts along with 2 μg of hygromycin resistance cas-
sette that is flanked by 35 base pair homology regions as 
a repair template. The major advantages of this in  vitro 
assembly system are the simplicity (i.e., does not require 
strain construction) and the potentially portability from 
strain to strain. Our system generated nearly 100% gene 
targeting in the ΔakuBΔKu80 mutant, increased gene dele-
tion frequencies in the wild type strain Af293 from the 
typical ~ 5% up to ~ 74%, and produced gene targeting 
efficiencies of ~ 90% in a clinical isolate [13]. Although 
gene targeting was greatly improved by our method, and 
is generally highly efficient in CRISPR/Cas9 methods 
developed for other the Aspergillus species, the potential 
for off-target mutations has largely not been addressed. 
Multiple recent studies have highlighted the potential 
for CRISPR/Cas9-based gene editing systems to induce 
unwanted off-target mutations [14–16]. This is typically 
believed to occur by promiscuous induction of dou-
ble strand DNA breaks at sites other than the intended 
protospacer. To ensure the reliability of our in  vitro 
assembly system, we sought to examine the impact of 
exogenous Cas9 addition during the transformation pro-
cess on the induction of genomic mutations in A. fumiga-
tus using transformants from the studies we previously 
performed in the Af293 genetic background.

Results
To examine the potential for off-target mutations induced 
by the transient presence of gRNAs and the Cas9 nucle-
ase in our system, we completed next-generation whole-
genome sequencing on a subset of transformants isolated 
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from our previous study and performed a comparative 
analysis of the relative numbers and characteristics of 
genomic mutations. In our previous study, reporting the 
optimization of in  vitro assembled Cas9 RNPs for gene 
targeting in A. fumigatus, we generated multiple transfor-
mants from three basic experimental designs. In the first, 
we utilized the wild type reference isolate, Af293, and 
performed a transformation using standard protoplasting 
protocols to ectopically integrate a hygromycin selection 
cassette, hygR [13]. In the second and third experiments, 
we used Af293 to perform targeted CRISPR/Cas9-medi-
ated integrations of the same hygR cassette to delete the 
coding region of a polyketide synthase, pksP [13]. The 
pksP locus was chosen for protocol optimization as it 

allowed for colony color-based identification of homolo-
gous integrations. The major difference between the sec-
ond and third experiments of our previous study was the 
use of either high (1 µg/µl) or low (0.5 µg/µl) concentra-
tions of the Cas9 nuclease, respectively. Therefore, the 
experimental groups for our whole genome analyses in 
the current study included three isolates from each of 
these three transformation conditions: no Cas9 (stand-
ard transformation protocol), 0.5  µg/µl Cas9 and 1  µg/
µl Cas9 (Table 1). As a reference, we also sequenced the 
parent strain, Af293. A. fumigatus Af293 is the genome 
reference isolate with a well-annotated genome. How-
ever, this parent isolate was re-sequenced to account 
for genomic mutations that may have arisen during the 
repetitive sub-culturing of this strain in our laboratory. 
Average genome coverage ranged from 38× to 62× for all 
isolates (Table 2).

Comparative bioinformatics analyses revealed that 
multiple genomic mutations were present in the transfor-
mants of all strains, regardless of the presence or absence 
of Cas9. In the experimental group lacking Cas9, a group 
average of 373 ± 28 mutations were identified (Table  2). 
Considered alone, this finding demonstrates the potential 
mutagenic nature of A. fumigatus protoplast transforma-
tion. This standard transformation protocol may induce 
intense, albeit temporary, cellular stress as it requires the 
enzymatic digestion of the cell wall to release membrane-
bound protoplasts followed by recovery on an osmoti-
cally stabilized agar medium. Transformants from both 
the high (1 µg/µl) and low (0.5 µg/µl) Cas9 concentration 
experiments displayed total numbers of genomic muta-
tions similar to the no Cas9 control, with an average of 

Table 1 Strains used in this study

For strains names, NC = no Cas9, HC = high Cas9, and LC = low Cas9. Indicated 
at the right are the concentrations of Cas9 used to produce each mutant strain. 
hygR = hygromycin resistance cassette; pksP = polyketide synthase; ΔpksP-
hygR = pksP locus replaced by hygR

Strain name Background

Af293 Wild type

NC1 hygR (no Cas9)

NC2 hygR (no Cas9)

NC3 hygR (no Cas9)

HC4 ΔpksP‑hygR (1 µg/µl Cas9)

HC5 ΔpksP‑hygR (1 µg/µl Cas9)

HC6 ΔpksP‑hygR (1 µg/µl Cas9)

LC7 ΔpksP‑hygR (0.5 µg/µl Cas9)

LC8 ΔpksP‑hygR (0.5 µg/µl Cas9)

LC9 ΔpksP‑hygR (0.5 µg/µl Cas9)

Table 2 Cas9-mediated gene deletion is not associated with increased genomic mutations in A. fumigatus

Displayed are the total and average number of mutations among the three experimental groups: no (“NC”—0 µg/µl), low (“LC”—0.5 µg/µl) and high (“HC”—1 µg/
µl) levels of Cas9. For the intergenic and coding region mutation rows, the numbers in parentheses represent the percent (%) of total mutations. For the average 
mutations per group, the mean ± standard deviation (SD) is provided. The Student’s t test assuming unequal variance was used for statistical comparisons of the Cas9 
(HC or LC) and the no-Cas9 (NC) groups and p values are presented

NC1 NC2 NC3 HC4 HC5 HC6 LC7 LC8 LC9

Average coverage 53× 62× 60× 58× 54× 61× 56× 49× 38×
Total mutations 396 342 385 345 326 307 345 366 474

Average total muta‑
tions

373 ± 28 SD 326 ± 19 SD (p > 0.05) 395 ± 69 SD (p > 0.05)

Analysis based on type of mutation identified

SNPs 371 318 363 321 314 292 326 347 439

Indels 25 24 22 24 12 15 19 19 35

Analysis based on location of mutation

Intergenic 380 (96%) 331 (97%) 379 (98%) 331 (96%) 320 (98%) 301 (98%) 339 (98%) 359 (98%) 446 (94%)

Average intergenic 363 ± 28 SD 317 ± 15 SD (p = 0.04) 381 ± 57 SD (p > 0.05)

Coding region 16 (4%) 11 (3%) 6 (2%) 14 (4%) 6 (2%) 6 (2%) 6 (2%) 7 (2%) 28 (6%)

Average coding 
region

11 ± 5 SD 9 ± 5 SD (p > 0.05) 14 ± 12 SD (p > 0.05)
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326 ± 19 and 395 ± 69, respectively (Table 2). Among all 
transformants, only a small subset of the identified muta-
tions were located within coding regions of the genome, 
as the vast majority (> 96% for all isolates) were intergenic 
(Table 2). A single transformant (LC9) from the low Cas9 
concentration experiment was found to contain relatively 
higher levels of total mutations, with a total of 474, and 
a slightly increased distribution of these mutations into 
coding regions (~ 5.9% of total compared to an average 
of ~ 2.6% for all other transformants). However, as this 
transformant is an isolate from the low Cas9 concentra-
tion experiment, this apparent increase in total number 
of mutations and distribution towards coding regions is 
not likely associated with the activity of Cas9. Further 
supporting this assertion, we found no statistically signif-
icant difference in the total number of mutations identi-
fied among the experimental groups (Table 2). Therefore, 
our analyses revealed no Cas9 concentration-dependent 
increase in induction of genomic mutations. The muta-
tions identified in our study are likely induced by the 
transformation process, including cell wall digestion.

To further examine if the presence of Cas9 during 
transformation may influence the type of mutation intro-
duced, we analyzed additional characteristics of the iden-
tified genomic variations. Those mutations identified 
within coding regions displayed comparable distribu-
tions among the categories defined in Table 3. In general, 
most mutations were located within the 3′ UTRs of genes 
regardless of the presence or absence of Cas9. The only 
discrepancy noted was that all transformants within the 
high and low concentration Cas9 groups displayed a low 
number of non-synonymous mutations identified within 
coding regions, whereas the standard non-Cas9 transfor-
mants were free of non-synonymous mutations (Table 3). 
However, similar to our findings with total numbers of 
mutations, the low concentration Cas9 transformants 
contained more non-synonymous mutations (~ 0.8% of 

total mutations) than those from the high concentration 
Cas9 experiment (~ 0.5% of total mutations). Thus, we 
interpret these mutations not as a consequence of Cas9 
presence but as variability among isolates resulting from 
the standard protoplast transformation process.

Cas9-induced double strand breaks (DSBs) can be 
repaired by two major pathways in the cell: the NHEJ 
DNA repair pathway or homology directed repair [17]. 
The NHEJ repair pathway is error prone and induces 
small insertion and deletion (indel) events into the 
genome [17]. Therefore, a negative consequence of Cas9-
mediated gene editing could be the promiscuous induc-
tion of DSBs resulting in increased indels throughout the 
affected transformant(s). To see if this specific type of 
off-target mutation may exist in our collection, we also 
analyzed transformants from each experimental group 
for the disproportional generation of indels versus sin-
gle nucleotide polymorphisms (SNPs). To do this, the 
total genomic mutations (intergenic and coding region) 
were classified into either SNPs or indels and the result-
ing numbers were averaged for each experimental group. 
Our data indicated that the generation of SNPs was 
favored over indels (1–80 nucleotides in length) within 
each experimental group and no significant differences 
in the relative amounts of either mutation were noted 
(Fig. 1). When expressed as a percent of total mutations, 
the non-Cas9 mediated transformation generated strains 
containing 6.4% indels, whereas the high and low con-
centration Cas9 transformants had 5.2 and 6.2% indels, 
respectively. Therefore, the concentration of Cas9 is not 
associated with a disproportional increase in the num-
ber of indels between experimental groups. Although 
our protospacers were designed to have minimal off-site 
complementarity, some level of similarity between our 
designed sequences and distant areas of the genome is 
unavoidable. To ensure that off-target complementarity 
of our gRNA complexes was not promiscuously driving 

Table 3 Cas9-mediated gene deletion does not cause alterations in the types of coding region mutations in A. fumigatus

Shown are the numbers and types of identified mutations located within coding regions of transformants within the three experimental groups

0 µg/µl Cas9 1 µg/µl Cas9 0.5 µg/µl Cas9

NC1 NC2 NC3 HC4 HC5 HC6 LC7 LC8 LC9

3′ UTR 9 9 2 9 2 – 1 1 10

5′ UTR 3 – 1 2 – 1 1 – 1

Frameshift 1 – – 1 – – – – –

Intron 2 2 2 1 1 1 2 3 2

Non‑synonymous – – – 1 1 3 2 1 6

Start lost – – – – 1 – – – –

Synonymous – – – – 1 1 – 1 9

Splice region 1 – 1 – – – – 1 –
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Cas9 to generate unwanted DSBs and subsequent off-tar-
get mutations, we finally interrogated each transformant 
genome for variations surrounding ten potential off-
target sites. These off-target sites were defined as areas 
where the protospacer had twelve or more base pairs of 
complementarity. For both the 5′ and 3′ protospacer, our 
analysis found zero genomic mutations in these areas 
(data not shown). Together, these data indicate that 
CRISPR/Cas9 editing by our methods is highly specific in 
A. fumigatus.

Discussion
The implementation of novel gene editing technolo-
gies in A. fumigatus, like CRISPR/Cas9, is a critical step 
toward making significant advances in studies related to 
virulence and antifungal drug resistance in this impor-
tant human pathogen. We have shown that our system, 
relying on in vitro assembled Cas9-RNP complexes, pro-
duces highly efficient gene targeting in multiple genetic 
backgrounds of A. fumigatus [13]. Because it does not 
rely on strains that have been genetically engineered to 
increase homologous recombination rates or to express 

CRISPR/Cas9 components, this system can be utilized 
to study gene and pathway function across many isolates. 
Multiple studies have indicated that CRISPR/Cas9-based 
gene editing is potentially associated with off-target 
mutations whereas many studies have also described 
this system as highly specific [18]. Off-target mutations 
could be due to promiscuous activity of the Cas9 nucle-
ase, yet more often seem to be caused by non-specific 
binding of gRNA [18]. Using the system we have adopted 
for A. fumigatus, both of these potential issues are prop-
erly addressed [13]. The Cas9 nuclease is introduced as 
a purified protein and, therefore, is only transiently pre-
sent. Compared to systems that constitutively or condi-
tionally express Cas9, this should reduce the potential for 
unwanted mutagenesis of the genome generated by pro-
miscuous Cas9 activity. In fact, in a few yeast and para-
site studies, expression of CRISPR/Cas9 components was 
associated with toxicity [19–21]. Our system avoids this 
problem entirely. Additionally, using the rules for PAM 
selection, protospacer design, and RNP assembly that we 
have previously reported [13], we were able to generate 
Cas9-transformants that did not show increased genomic 
variability. Because the genomic variation identified in 
our study is not correlated with CRISPR/Cas9 methods, 
our data also suggest that either the single sub-culture 
of a strain of A. fumigatus within the laboratory or the 
stress induced by our standard protoplast transformation 
procedure induces genomic variation.

Although whole genome sequencing of transformants 
has proven useful for the analysis of off-target effects in 
many systems, this technique does have the limitation of 
being unable to identify Cas9-induced DSBs that are per-
fectly repaired. With this caveat in mind, whole genome 
sequencing has been successfully applied to characterize 
the potential for off-target effects of Cas9-based transfor-
mations in the plant pathogen Ustilago maydis [22]. This 
study relied on expressing Cas9 from a strong constitutive 
promoter on a self-replicating plasmid. After transforma-
tion, strains could then be cured of this plasmid to avoid 
continuous passage and growth in the presence of Cas9. 
Whole genome sequencing of transformants acquired 
in this study revealed that none of the identified genome 
mutations were likely to be due to Cas9 activity mediated 
by gRNA binding [22]. Our results support the same con-
clusion when purified Cas9 is added exogenously to A. 
fumigatus. It is of note, however, that our study only inves-
tigated two concentrations of Cas9, did not examine the 
effects of varying amounts of crRNA or tracrRNA or the 
ratios of Cas9 to tracrRNA and crRNA, and only inves-
tigated off-target effects upon targeting of only one gene. 
It is possible that by targeting a different protospacer or 
by significantly altering the Cas9 RNP composition, a dif-
ferent outcome might have been observed. However, even 

Fig. 1 Cas9‑mediated gene deletion does not cause a dispropor‑
tional increase in SNPs or indels in A. fumigatus. Segregation of 
genomic mutations into SNPs (b) and indels (a) revealed that the 
concentration of Cas9 was not positively associated with an increase 
in a specific subset of mutation. Shown are the average number of 
mutation events within each experimental group. Student’s t test 
assuming unequal variance was utilized for statistical comparison 
between the “no Cas9” and either the low (0.5 µg/µl) or high (1 µg/µl) 
Cas9 group
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though off-target effects might increase under these other 
conditions, further efforts that try to minimize them 
can be pursed. For example, bioinformatic tools are now 
available to interrogate genomes for potential off-target 
sites, including Cas-OFFinder and Cas-Designer [23, 
24]. Databases like these can aid in protospacer selection 
and gRNA design to minimize the potential for off-target 
mutations when targeting a new genomic locus. Also, 
multiple studies into ways to minimize off-target muta-
tions in CRISPR/Ca9 systems have been published and 
new techniques are constantly being pursued. One tech-
nique might be to limit the time of Cas9 activity in the cell 
via use of photoactivatable split-Cas9 [25]. Our system 
accomplishes limited Cas9 activity through introduction 
of the Cas9 enzyme. However, if required, the specificity 
of our system could also be further bolstered by employ-
ing high-fidelity or rationally engineered Cas9 enzymes 
with increased specificity or through the use of truncated 
versions of single-gRNAs [26–28].

Conclusions
The data provided here demonstrate that CRISPR/Cas9-
mediated gene targeting, using our in  vitro assembled 
Cas9-RNP system, does not cause an increase in genomic 
variation over standard transformation protocols. We 
also identified no disproportional Cas9-dependent 
increase in SNPs or indels among treated strains. There-
fore, Cas9-mediated gene deletion using in vitro assem-
bled Cas9-RNPs coupled with microhomology repair 
templates is a reliable method for generating targeted 
mutations in A. fumigatus.

Methods
Strains and culture conditions
Strains used for this study are listed in Table  1. Strain 
Af293 is the A. fumigatus reference genome isolate [29] 
and all transformant strains employed for whole genome 
sequencing were generated, as part of a previous study, 
in this genetic background [13]. All strains were main-
tained on glucose minimal media (GMM) agar [30], sup-
plemented with hygromycin (150  µg/ml) for selection. 
Conidia were harvested in water from three-day old 
plates and enumerated by hemocytometer.

Genomic DNA extraction
Genomic DNA was extracted following a slight modifi-
cation of previous published protocols, using the Qia-
gen DNeasy Plant Mini Kit [31]. Briefly, strains were 
inoculated in GMM broth at a conidial density of  106 
conidia/ml and incubated for 20 h at 37 °C with shaking 
at 250  rpm. Mycelia were harvested by vacuum filtra-
tion and 300 mg of a semi-dry mycelial mat was crushed 
under liquid nitrogen. The resulting mycelial powder was 

resuspended in 800  μl of buffer AP1 and 8  μl of RNase 
A and vigorously vortexed. Following 3  h of incubation 
at 65  °C, the fungal lysate was centrifuged for 5  min at 
20,000×g and the supernatant was transferred to a new 
1.5 ml tube. Next, 260 μl of buffer P3 were added to the 
supernatant and the mixture was incubated for 5 min on 
ice, then centrifuged for 5  min at 20,000×g. The super-
natant was then transferred to QIAshredder spin column 
(700 μl at a time) and centrifuged for 2 min at 20,000×g. 
The flow-through was collected into a 2 ml tube without 
disturbing the pellet, and 1.5 volumes of buffer AW1 was 
added and mixed by pipetting. The mixture was trans-
ferred (700 μl at a time) into a DNeasy Mini spin column 
and the genomic DNA was allowed to bind to the col-
umn membrane by centrifuging for 1  min at ≥ 6000×g. 
The genomic DNA was washed first with 700 μl of AW2 
buffer and centrifuged for 1 min at ≥ 6000×g, followed by 
a second washing step using 300  μl of Buffer AW2 and 
centrifugation at 20,000×g for 5 min. The second wash-
ing step was essential to remove any residual ethanol 
on the membrane before elution step. The spin column 
was transferred to a new 1.5 ml tube. For the elution of 
genomic DNA, 100  μl Buffer 5  mM Tris–HCl (pH 8.5) 
was added to the center of the column and the column 
was incubated at room temperature for 5 min, followed 
by a centrifugation step for 1  min at ≥ 6000×g. Final 
DNA concentrations were quantified using Nanodrop 
and Qubit Fluorometer, following the manufacturer’s 
protocol.

Library preparation and bioinformatics analyses
Library preparations and genome sequencing reactions 
were performed at the University of Alabama at Birming-
ham Heflin Center for Genomic Science. The Qiagen 
QIAseq FX DNA prep kit was used for library prepara-
tions, following the manufacturer’s instructions. Paired 
end 300 base pair sequencing reads were generated on 
the Illumina MiSeq following standard protocols. Bioin-
formatics services were provided by code4DNA (www.
code4DNA.com). Reads from each sample were aligned 
using bwa mem (v0.7.15) to the A. fumigatus reference 
genome build A_fumigatus_Af293_version_s03-m05-r05 
downloaded from AspGD.org [32]. Samtools (v1.3) fix-
mate and rmdup were used to remove PCR duplicates 
[33]. Sequence mutations were called using FreeBayes 
(v1.1.0) with the haploid population-based model [34]. 
Low quality (QUAL < 30) and low depth (DP < 10) muta-
tions were filtered out using VCFtools (v0.1.15) which 
was also used to remove variant calls where no sequence 
reads were available for at least one sample. The popu-
lation.vcf file was split into individual samples using 
VCFtools vcf-subset. Mutations were annotated using 
snpEff (v4.3r) and VCFtools vcf-isec was used to select 
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mutations found in each affected samples but not in the 
Ref. [35].
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CRISPR RNA; DSB: double strand break; GMM: glucose minimal media; gRNA: 
guide RNA; Indel: insertion/deletion; RNP: ribonucleoprotein; SNP: single‑
nucleotide polymorphism; tracrRNA: trans‑activating crRNA.
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Truncation of the transcriptional repressor 
protein Cre1 in Trichoderma reesei Rut-C30 
turns it into an activator
Alice Rassinger1, Agnieszka Gacek‑Matthews2,3, Joseph Strauss2, Robert L. Mach1 and Astrid R. Mach‑Aigner1*

Abstract 

Background: The filamentous fungus Trichoderma reesei (T. reesei) is a natural producer of cellulolytic and xylanolytic 
enzymes and is therefore industrially used. Many industries require high amounts of enzymes, in particular cellulases. 
Strain improvement strategies by random mutagenesis yielded the industrial ancestor strain Rut‑C30. A key property 
of Rut‑C30 is the partial release from carbon catabolite repression caused by a truncation of the repressor Cre1 (Cre1‑
96). In the T. reesei wild‑type strain a full cre1 deletion leads to pleiotropic effects and strong growth impairment, while 
the truncated cre1‑96 enhances cellulolytic activity without the effect of growth deficiencies. However, it is still unclear 
which function Cre1‑96 has in Rut‑C30.

Results: In this study, we deleted and constitutively expressed cre1‑96 in Rut‑C30. We found that the presence of 
Cre1‑96 in Rut‑C30 is crucial for its cellulolytic and xylanolytic performance under inducing conditions. In the case 
of the constitutively expressed Cre1‑96, the cellulase activity could further be improved approximately twofold. 
The deletion of cre1‑96 led to growth deficiencies and morphological abnormalities. An in silico domain prediction 
revealed that Cre1‑96 has all necessary properties that a classic transactivator needs. Consequently, we investigated 
the cellular localization of Cre1‑96 by fluorescence microscopy using an eYFP‑tag. Cre1‑96 is localized in the fungal 
nuclei under both, inducing and repressing conditions. Furthermore, chromatin immunoprecipitation revealed an 
enrichment of Cre1‑96 in the upstream regulatory region of the main transactivator of cellulases and xylanases, Xyr1. 
Interestingly, transcript levels of cre1‑96 show the same patterns as the ones of xyr1 under inducing conditions.

Conclusions: The findings suggest that the truncation turns Cre1 into an activating regulator, which primarily exerts 
its role by approaching the upstream regulatory region of xyr1. The conversion of repressor proteins to potential 
activators in other biotechnologically used filamentous fungi can be applied to increase their enzyme production 
capacities.

Keywords: Carbon catabolite repression, Trichoderma reesei, Cre1, Gene regulation, Transcription factor, Cellulases, 
Xylanases, Chromatin

Background
Cellulose and hemicellulose are the most abundant 
biopolymers in plants. After the industrial processing of 
trees, crops and other plants, which are grown for food 
and other purposes, a lot of cellulosic and hemicellulosic 
waste accumulates [1]. The quality and composition of 

this waste can be quite versatile, depending on the branch 
of industry they originate from. However, they all share 
a significant, unused carbohydrate content that can be 
utilized for the production of valuable products [1]. The 
main challenge for an economic utilization of these waste 
products is the efficient conversion of cellulose-rich bio-
mass to products such as (ligno)cellulosic ethanol [2]. 
One main limitation is the extraction of monomeric and 
dimeric sugars such as cellobiose, d-glucose and d-xylose 
from cellulose and hemicellulose [3]. The rigidity of the 
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structure of cellulose and hemicellulose requires first 
mechanical and chemical treatment, which demand high 
temperatures, harsh chemicals and create an ecologically 
difficult disposable waste stream. Secondly, hydrolysis of 
cellulose and hemicellulose is done enzymatically. For the 
hydrolysis in industrial scale, the main bottleneck is an 
affordable price on bulk amounts of cellulose and hemi-
cellulose degrading enzymes [3]. The filamentous fungus 
Trichoderma reesei (T. reesei) is one of the top producers 
of such enzymes (e.g. cellobiohydrolases (EC 3.2.1.91), 
endoglucanases (EC 3.2.1.4), endo-β-1,4-xylanases (EC 
3.2.1.8), β-xylosidases (EC 3.2.1.37) (reviewed in [4])) 
in industry. Those enzymes are moderately expressed 
in the presence of cellulose and the hemicellulose xylan 
and stronger by the respective degradation products. 
Surprisingly, lactose also triggers the expression of these 
enzymes even though it is not present in the natural envi-
ronment of the fungus. Although the exact induction 
mechanism is not fully understood, the uptake of lactose 
by a permease is necessary for the activation of cellulase 
gene expression [5].

Anyhow, the enzyme formation is limited by carbon 
catabolite repression (CCR) in the presence of high con-
centrations of easily metabolizable monomeric carbo-
hydrates, such as d-glucose or d-xylose [6]. The uptake 
of d-glucose enables the fungus to rapidly gain energy; 
hence, the degradation of complex biopolymers by 
the cellulolytic and xylanolytic enzymes is shut down. 
The CCR mechanism is well conserved amongst vari-
ous organisms ranging from bacteria to humans. Based 
on the sequence homologies to CreA from Aspergillus 
species, the Carbon catabolite repressor protein Cre1 
(encoded by cre1) was described as the regulator of 
CCR in T. reesei during the 1990ies [7]. Cre1 is a  C2H2 
zinc finger protein and binds to a 5′-SYGGRG-3′ motif 
within upstream regulatory regions (URR) of cellulase 
and xylanase encoding genes (e.g. cbh1 [8], xyn1 [9]). 
Its regulon also comprises sugar transporters, develop-
mental processes, and parts of the chromatin remodel-
ling machinery such as nucleosome positioning [10, 11]. 
Most notably, Cre1 acts negatively on the transcription of 
the main and essential transactivator of cellulolytic and 
xylanolytic enzyme expression, Xyr1 [12]. Thus, Xyr1 
is also a subject to CCR mediated by Cre1 [13]. With 
regards to the industry-scale production of hydrolytic 
enzymes, top producing T. reesei strains became a neces-
sity. Random mutagenesis yielded the mutant strain Rut-
C30, which achieves enzyme yields of 20  g/L [14]. The 
nowadays used industrial T. reesei strains (yielding up 
to 100 g/L [15]) are based on Rut-C30 and thus share a 
similar genetic background. Predominately, this includes 
a truncation of Cre1, which led to partial de-repression 
from CCR on d-glucose [16]. Nevertheless, with regards 

to the wild-type system, we refer in this manuscript to 
d-glucose as a repressing condition. In 2014, Mello-de-
Sousa and colleagues used the T. reesei wild-type strain 
to demonstrate that this truncated Cre1 (Cre1-96) posi-
tively influences cellulase expression, while the full dele-
tion of cre1 leads to strong pleiotropic effects and growth 
impairment [17]. The enhancement of cellulase expres-
sion by Cre1-96 was attributed to a chromatin opening in 
the URR of cellulase-encoding genes and also of the xyr1 
gene. However, the impact of Cre1-96 was never studied 
directly in Rut-C30. The exact regulatory mechanism of 
Cre1-96 and its role as a putative new transcription fac-
tors in industrial strains still remain to be elucidated. In 
this study, we investigated the effects of a cre1-96 dele-
tion in Rut-C30 on its growth behaviour, the enzymatic 
activities and the transcriptional profiles of cellulase- 
and xylanase-encoding genes (cbh1, xyn1) and of xyr1. 
To determine the subcellular localization of the puta-
tive transcription factor, the nuclear import was exam-
ined under cellulase inducing and repressing conditions. 
Moreover, we performed chromatin immunoprecipita-
tion and nuclease digestion to learn which genes are tar-
geted by Cre1-96 and what is its impact on the DNA 
accessibility within the URR of its target genes. Finally, 
we constitutively expressed cre1-96 in Rut-C30 and 
examined the impact on the cellulolytic activities.

Results
Deletion and constitutive expression of cre1‑96 in T. reesei 
Rut‑C30
To identify the function of Cre1-96 in Rut-C30, the 
encoding gene was deleted from the genome. Therefore, 
a deletion cassette was integrated by homologous recom-
bination at the cre1-96 locus, resulting in a gene replace-
ment of cre1-96 in Rut-C30. Two cre1-96 deletion strains 
were identified by diagnostic PCR (Additional file 1: Fig-
ure S1). Both deletion strains were used throughout this 
study and are in the following termed Rut-C30Δcre1-96 
(1) and (2) in the figures. In the parent strain Rut-C30, 
the structural gene of cre1-96 was put under the control 
of the tef1 promoter. The homologous integration of this 
expression cassette at the cre1-96 locus was again verified 
by diagnostic PCR and the resulting strain is in the fol-
lowing termed Rut-C30OEcre1-96 (Additional file 2: Fig-
ure S2).

Cre1‑96 is required for cellulolytic and xylanolytic 
performance of Rut‑C30
To investigate a possible impact of Cre1-96 on cellulase 
and xylanase gene expression, the cre1-96 deletion strain 
and its parent strain Rut-C30 were grown on plates con-
taining lactose or carboxymethylcellulose (CMC) to 
resemble cellulase-inducing conditions (Fig.  1). Further, 
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they were grown on xylan for induction of xylanase 
expression (Fig.  1), on a non-inducing condition (glyc-
erol) and on a repressing condition (d-glucose) (Addi-
tional file 3: Figure S3). Photos of the plates were taken 
after 24, 48, 60 and 84 h of growth. On lactose, no clear 
differences in growth were obtained between the two 
tested strains at any time point (Fig.  1). However, the 
radial colony formation seemed to be abnormal after 60 
and 84 h when cre1-96 was absent (Fig. 1). On CMC and 
xylan, growth deficiencies were observed in the cre1-96 
deletion strain at all times points in comparison to the 
parent strain. The colony was clearly reduced in size, 
while no influence on sporulation was visible (Fig. 1). On 
glycerol and d-glucose no obvious growth reduction was 
visible at any time point. However, the spore pigmenta-
tion changed in colour intensity (from yellow to light 
yellow or white) on glycerol and in shade (from green or 
yellow to brownish) on d-glucose comparing the cre1-96 
deletion strain to Rut-C30 after 60 and 84 h (Additional 
file 3: Figure S3).

To learn whether the slower growth of the strains car-
rying the cre1-96 deletion results from less cellulase and 
xylanase activity, we tested supernatants from cultiva-
tions under inducing conditions (lactose) but also under 
repressing conditions by enzymatic assays. Supplemen-
tary, the abundance of cre1-96 transcript was determined 
under inducing conditions. In contrast to the growth 

experiments on plates, the biomass formation in the 
liquid cultures was now also reduced on lactose in the 
Δcre1-96 strains (Fig.  2a). For this reason, the obtained 
cellulolytic and xylanolytic activities (Fig.  2b, c) were 
normalized to the biomass. Normalized to the biomass, 
the cre1-96 deletion caused a complete loss of cellulo-
lytic and of xylanolytic activity at earlier time points (36 
and 48 h) and a strong reduction is observed after 60 h 
(Fig. 2b, c). Expression of cre1-96 itself was equally high 
at all time points under inducing conditions and neces-
sary for the enzyme production (Fig. 2e). Obviously, the 
presence of cre1-96 is needed for a good performance 
in cellulase and xylanase production. Importantly, cel-
lulolytic activities were also lost when d-glucose is used 
as the carbon source, which is not the case in the parent 
strain Rut-C30 (Fig. 2d). This reflects that in Rut-C30 the 
production of cellulases and xylanases is positively influ-
enced by the presence of Cre1-96 regardless if inducing 
or repressing conditions are prevailing.

Cre1‑96 influences the transcript formation of cbh1, xyn1 
and xyr1
The findings on the reduced enzyme activities prompted 
us to examine whether Cre1-96 regulates Cre1-target 
genes on the transcriptional level under inducing con-
ditions. Therefore, we measured the transcript levels 
of cbh1, xyn1 and xyr1 on lactose in Rut-C30 and both 

Fig. 1 Growth behaviour of Rut‑C30Δcre1‑96 under cellulase inducing conditions. The T. reesei strains Rut‑C30 and Rut‑C30Δcre1‑96 were pre‑grown 
on MEX plates and were then transferred in biological duplicates to MA medium plates supplemented with 1% (w/v) lactose, CMC or xylan. Plates 
were incubated at 30 °C and pictures were taken after 24, 48, 60 and 84 h
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cre1-96 deletion strains. In the case of cbh1, the tran-
script levels were significantly reduced in the deletion 
strains compared to the parent strain at all time points 
(Fig.  3a). In the case of xyn1, the transcript levels were 
also significantly reduced in the deletion strains com-
pared to its parent strain (Fig. 3b). Generally spoken, the 
cbh1 and xyn1 transcriptional profiles matched the meas-
ured enzymatic activities in Rut-C30 and both deletion 
strains. Interestingly, the transcript levels of xyr1 were 
also reduced in the deletion strains compared to its par-
ent strains after 36 and 48 h (Fig. 3c), but not any more 
at the later time point (60 h). To summarize, Cre1-96 has 
an impact on the formation of cbh1 and xyn1 transcript 
levels, and also on those of the main activator Xyr1 under 
inducing conditions.

Cre1‑96 only indirectly regulates genes involved 
in the lactose metabolism
The observed differences in the biomass formation in liq-
uid culture on lactose (compare Fig. 2a) gave rise to the 
possibility that the lactose metabolism could be altered 
in the cre1-96 deletion strains. Several genes are neces-
sary for the conversion of lactose to D-galactose and 
d-glucose. The lactose hydrolysis depends on the extra-
cellular β-galactosidase Bga1 and on the d-xylose reduc-
tase Xyl1. A deletion of xyl1 results in reduced growth 
on lactose, which is explained by low transcript levels 
of bga1 [18]. Here, we investigated the genes coding for 
the d-xylose reductase (xyl1), the β-galactosidase (bga1), 
the galactokinase (gal1) and a lactose specific permease 
(Tre3405) [5]. A previous study demonstrated that Xyr1 
is involved in the regulation of some lactose metabolism 
genes by activating xyl1 and bga1, but not gal1 transcrip-
tion [19]. As it seems that Cre1-96 has an influence on 
the xyr1 transcript formation (compare Fig. 3c), it is very 
likely that also genes involved in the lactose metabo-
lism are affected by the cre1-96 deletion. Significantly 
reduced transcripts of the xyl1, bga1 and Tre3405 genes 
were detected in the cre1-96 deletion strain (Fig.  4a–c), 
whereas gal1 transcripts accumulated to similar lev-
els (Fig.  4d). Altogether, this suggests that Cre1-96 acts 

directly on xyr1 transcript formation and thereby indi-
rectly influences the transcript levels of xyl1, bga1 and 
Tre3405.

Cre1‑96 fulfils the requirements for a transcription factor
Enzymatic measurements and transcript analysis sug-
gested that Cre1-96 exerts a positive effect on cellulase 
and xylanase gene expression, on the transcript forma-
tion of cellulase and xylanase-encoding genes, and most 
importantly on xyr1. To be considered as an activator, 
some properties need to be fulfilled. First of all, Cre1-
96 needs to bind the DNA of its target genes, which is 
supported by previously reported in  vivo footprinting 
experiments and in  vitro protein-DNA binding stud-
ies for Cre1-96 and Cre1 [7, 17, 20]. A second essen-
tial prerequisite is its localization in the nucleus, at 
least transiently. In silico domain analysis revealed that 
Cre1-96 has a putative bipartite nuclear localization 
signal (NLS) (TVIK – linker – RPYK) located at amino 
acids (aa) positions 33–63 (Fig. 5a). This bipartite NLS 
was found with a score of 5 in the case of both proteins, 
Cre1 and Cre1-96. Scores ranging from 3 to 5 suggest 
that the protein can be localized both in the nucleus 
and the cytoplasm. Besides this, alignment of Cre1-96 
and Cre1 to homologues from other filamentous fungi 
revealed further conserved domains or amino acids 
(Additional file 4: Figure S4). In Cre1-96 a part of a zinc 
finger domain was identified at 59–79 aa, and a putative 
transactivation domain (25–37 aa) as well (Fig. 5b). The 
conserved sequence parts, which are missing in Cre1-
96 compared to the full-length Cre1, are a part of the 
full zinc finger binding domain (87–109 aa), stretches 
of acidic amino acids (121–129 aa, 243–246 aa, 359–
374 aa), two other conserved domains (256–289 aa and 
317–325 aa), the nuclear export signal (NES, 304–312 
aa), a C-terminal repression domain (317–343 aa) and 
the phosphorylation site at Ser241 [20] (Fig.  5a). To 
summarize the in silico analysis, the truncated protein 
Cre1-96 has lost many potentially important domains 
but still contains all domains that are essential for a 
transcription factor, i.e. a DNA-binding domain, NLS 

Fig. 2 Cellulolytic and xylanolytic activities in absence and presence of Cre1‑96. T. reesei strains Rut‑C30 (blue squares) and both Rut‑C30Δcre1‑96 
strains (yellow and orange squares) were cultivated in liquid medium supplemented with 1% (w/v) lactose or d‑glucose for 36, 48 and 60 h. The 
endo‑cellulolytic on lactose (b) and on glucose (d) as well as the xylanolytic activities on lactose (c) in the culture supernatants were measured in 
biological and technical duplicates and normalized to the biomass measured as wet weight (a). The enzymatic activities are given as means and 
the error bars indicate the standard deviations. The values were statistically analysed by an unpaired two‑tailed t test in a confidence interval of 
95%, and asterisks indicate significant differences. e Relative cre1‑96 transcript ratios were analysed for both deletion strains and Rut‑C30 grown 
on lactose. Transcript analysis was performed in biological and technical duplicates by qPCR, data were normalized to the housekeeping genes 
sar1 and act, and referred to the transcript level of Rut‑C30 at 36 h. The relative transcript ratios are given as means and the error bars indicate the 
standard deviations. Error bars are not shown for standard deviations ≤ 3.5%. All values were statistically analysed in a confidence interval of 95%; 
‘n.d.’ means not detected

(See figure on previous page.)
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and one N-terminal acidic region potentially function-
ing as activator domain.

To monitor the localization of Cre1-96 in the fungal 
hyphae, a strain expressing an eYFP-tagged Cre1-96 
was generated and cultivated in liquid medium con-
taining d-glucose or lactose. It should be noted that 
we used QM6a for analysis of the nuclear transport of 
Cre1-96 to exclude any cross-genetic effects resulting 
from the other mutations present in Rut-C30. Confo-
cal fluorescence microscopy was performed using a 
droplet of the liquid culture and the visualization of 
the fungal nuclei was achieved with Hoechst staining. 
The localization of Cre1-96 was determined by the 
detection of fluorescence emission of eYFP. Merging of 

the eYFP signal and the nuclei fluorescence emissions 
revealed the presence of Cre1-96 in the nuclei of T. ree-
sei. Nuclear localization of Cre1-96 was observed under 
both, repressing (Fig.  6a) and inducing conditions 
(Fig. 6b), similar to the full length Cre1 [21].

Cre1‑96 targets Cre1‑binding sites within the URR of xyr1
To learn where the transcription factor Cre1-96 is 
targeted to, we performed chromatin immunopre-
cipitation (ChIP) followed by qPCR analyses. For this 
purpose, the strain expressing eYFP-tagged Cre1-
96 was used. As an initial control we tested cellu-
lase activities and biomass formation in tagged and 
untagged strains to exclude any impact of the eYFP-tag. 

Fig. 3 Transcript levels of cbh1, xyn1 and xyr1 in absence and presence of Cre1‑96. T. reesei strains Rut‑C30 (blue bars) and both Rut‑C30Δcre1‑96 
strains (yellow and orange bars) were cultivated in liquid medium supplemented with 1% (w/v) lactose for 36, 48 and 60 h. Transcript analyses of 
cbh1 (a), xyn1 (b) and xyr1 (c ) were performed in biological and technical duplicates by qPCR, data were normalized to the housekeeping genes 
sar1 and act, and referred to the respective transcript levels of Rut‑C30 at 36 h. The relative transcript ratios are given as means and the error bars 
indicate the standard deviations. All values were statistically analysed in a confidence interval of 95% and asterisks indicate significant differences
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The results of these preliminary experiments show 
no impact of the tag on Cre1-96 function (Additional 
file  5: Figure S5). As the nuclear localization of Cre1-
96 was observed after 16  h cultivation in liquid malt 
extract (MEX) medium supplemented with d-glucose, 
this condition was chosen for the ChIP experiment. An 
enrichment of Cre1-96 was identified with anti-GFP 
antibodies (please note that they are able to bind eYFP) 
and qPCR. Since we had already indications that xyr1 
is a target of Cre1-96, specific primers were chosen 
for the analysis of Cre1-96 associated DNA within the 
URR of xyr1. The relative amount of Cre1-96 targeted 
DNA is almost threefold enriched in this target region 

compared to the non-target housekeeping gene sar1 
indicating that indeed the truncated Cre1-96 protein 
might directly activate xyr1 transcription (Fig. 7).

Chromatin accessibility is only moderately affected 
by a cre1‑96 deletion
Previous reports demonstrated a role of Cre1-96 in pro-
moting chromatin accessibility [17]. Hence, we analysed 
the chromatin accessibility in the URR of Cre1-96 target 
genes (i.e. xyr1, xyn1 and cbh1) in the cre1-96 deletion 
strain and its parent strain under inducing conditions. 
Both strains were cultivated in liquid medium on lac-
tose. The fungal mycelium was harvested after 36, 48 

Fig. 4 Transcript levels of xyl1, bga1 and Tre3405 in absence and presence of Cre1‑96. T. reesei strains Rut‑C30 (blue bars) and both Rut‑C30Δcre1‑96 
strains (yellow and orange bars) were cultivated in liquid medium supplemented with 1% (w/v) lactose for 36, 48 and 60 h. Transcript analyses of 
xyl1 (a), bga1 (b) and Tre3405 (c) were performed in biological and technical duplicates by qPCR, data were normalized to the housekeeping genes 
sar1 and act, and referred to the respective transcript levels of Rut‑C30 at 36 h. The relative transcript ratios are given as means and the error bars 
indicate the standard deviations. All values were statistically analysed in a confidence interval of 95% and asterisks indicate significant differences
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and 60  h, followed by chromatin accessibility real-time 
PCR (CHART-PCR). In the case of xyr1, significant dif-
ferences in the chromatin accessibility were just found 
after 60 h (Fig. 8a). However, there is no relation between 
the chromatin status and the transcript level suggesting 
that chromatin accessibility as measured by our assays is 
not changing with transcriptional activity. In the case of 
cbh1, significant opening of chromatin in Rut-C30 went 
along with higher transcript level compared to the dele-
tion strain (Fig. 8b). However, this could be only observed 
for one time point (i.e. 48  h). Finally, the chromatin 
accessibility in the xyn1 URR did differ between Rut-C30 

and the cre1-96 deleted strain at two time points of inves-
tigation (Fig. 8c). However, again a transcription-related 
change in accessibility could not be observed.

Constitutively expressed cre1‑96 enhances cellulase 
activity
Based on above findings, we have solid indication that 
Cre1-96 is a necessary activating regulator for cellulase 
gene expression in Rut-C30. For benefits towards bio-
technological applications, we constructed a T. reesei 
strain having a constitutively expressed cre1-96 under 
the control of the tef1 promoter (in the following termed 

Fig. 5 In silico domain prediction of Cre1 (a) and Cre1‑96 (b). The putative domains of Cre1 (A) and Cre1‑96 (B) were predicted by a number of in 
silico prediction tools and alignment algorithms as described in the Methods section. Numbers indicate the amino acid (aa) positions and coloured 
boxes indicate identified domains: blue,  C2H2 zinc finger; yellow, linker; pink, nuclear localization signal (NLS); black‑white striped, transactivation 
domain (TAD); grey, other conserved region; turquoise, Q (glutamine), DE (aspartic (D) and glutamic acid (E)); green, Q‑X7 Q‑X7‑Q; dark blue, nuclear 
export signal (NES) and violet, repression domain. Phosphorylation site Ser241 according to [20] is marked. The predicted zinc finger domain 
superfamily are presented as amino acid sequence and the zinc finger binding sites (cysteine (C) or histidine (H)) are coloured in blue. The e‑value is 
given below the amino acid sequence

Fig. 6 Confocal microscopy analysis of the localization of Cre1‑96. The T. reesei strain QM6acre1‑96::eyfp was cultivated in liquid medium 
supplemented with 1% (w/v) d‑glucose (a) or 1% (w/v) lactose (b). For the visualization of fungal nuclei a Hoechst staining was performed. The 
following pictures were imaged to localize Cre1‑96::eYFP in the fungal hyphae: detection of eYFP (EYFP), detection of the nuclei within the fungal 
cells (Hoechst), overlay of eYFP and Hoechst emissions (Merge), and brightfield image (DIC). Scales are given in the DIC pictures
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Rut-C30OEcre1-96), which was cultivated in parallel with 
the deletion strain and the parent strain in liquid medium 
on lactose. Cellulase activities were subsequently meas-
ured in the culture supernatants. Rut-C30OEcre1-96 had 
a constant increase in the cellulase activity over time, and 
it was significantly higher than in the other two strains 
from 48  h of incubation time on (Fig.  9a). After 60  h 
of incubation, Rut-C30OEcre1-96 outcompeted Rut-
C30 in cellulolytic performance almost twofold. With 
regard to the growth on cellulase inducing substrates, 
we observed a similar (24 and 48  h) or a slightly faster 
growth (60 and 84  h) of Rut-C30OEcre1-96 compared 
to Rut-C30 on CMC plates (Fig. 9b). On lactose, no vis-
ible differences in colony size were observed amongst 
all three strains (Fig.  9b). Similar growth was observed 
under non-inducing (glycerol) and repressing conditions 
(d-glucose) (Additional file  6: Figure S6). Importantly, 
Rut-C30OEcre1-96 did not show the non-radial growth 
that was observed for Rut-C30Δcre1-96 (Additional files 
7 and 8: Tables S1 and S2). 

Discussion
The carbon catabolite repressor Cre1 represses transcrip-
tion of its targets genes by binding their URR. Surpris-
ingly, if truncated, Cre1-96 is still able to bind DNA but 
converts to a putative activator. Like Cre1/Cre1-96, the 
transcription factor PacC, which is involved in pH-reg-
ulation in A. nidulans [22], is a zinc finger protein. PacC 

is processed by the Pal signalling pathway under alkaline 
pH and subsequently, moves into the nucleus. In its trun-
cated form it acts as repressor of acidic-expressed genes. 
Even if its molecular action, namely competition for 
DNA binding, is different from Cre1-96, in both cases a 
truncated zinc finger protein acts as transcription factor. 
The detailed findings of the Cre1 repressor truncation in 
T. reesei are discussed below.

When cre1 is exchanged for cre1-96 in the wild-type 
strain QM6a, higher cbh1, cbh2 and xyr1 transcript lev-
els were obtained compared to a full deletion of cre1 [17]. 
However, Rut-C30 that natively carries Cre1-96 had even 
higher transcript levels of those genes than the QM6a-
CREI96 strain. Therefore, we deleted cre1-96 in Rut-C30 
to study the effects on transcript and corresponding 
enzyme levels.

We observed growth deficiencies, i.e. a slower growth, 
reduced biomass formation and growth abnormalities, 
in the Rut-C30 strain lacking cre1-96. Under cellulase 
inducing conditions, we found reduced growth in the 
cre1-96 deletion strain compared to its parental strain on 
CMC plates and lactose liquid cultures (compare Figs. 1, 
2a) and significant differences in the transcript ratios 
of genes involved in the lactose metabolism (compare 
Fig.  4). This indicates a change either in uptake of deg-
radation products into the cell by transporters or in the 
enzymatic activity required for the conversion of CMC 
or lactose into an inducing substance (e.g. transglycosyla-
tion by BGLI). We did not observe differences in growth 
on lactose between the parent and the cre1-96 dele-
tion strain in the case of cultivation on plates while we 
did observe differences in the case of cultivation in liq-
uid medium (i.e. determination of the mycelial biomass 
weight). Interestingly, Cánovas and colleagues found 
that the biomass accumulation from plates does usually 
not correlate with the radial growth diameter [23] so 
these abnormalities cannot be explained by the current 
model. Particularly, a non-radial growth of fungal hyphae 
was observed on lactose in the cre1-96 deletion strain 
(compare Fig.  1). At this point it has to be mentioned 
that, a cre1 deletion in the T. reesei strain QM6a leads to 
strongly impaired growth and morphological changes [8]. 
Portnoy and colleagues identified several genes involved 
in hyphal development (e.g. RAS1, PhiA, MedA), which 
are regulated by Cre1 on d-glucose [10]. Also in other 
filamentous fungi, like Neurospora crassa (N. crassa), 
CRE-1 seems to influence the hyphal growth and polarity 
because the enzyme activity of an involved cAMP protein 
kinase A is dependent on CRE-1 [24]. Altogether, this 
implies that Cre1-96 might exert additional functions 
(similar to Cre1), besides its role in cellulase and hemicel-
lulase gene expression. Another aspect worth considering 
was reported by dos Santos Castro and colleagues. RNA 

Fig. 7 Chromatin immunoprecipitation of Cre1‑96::eYFP. The T. 
reesei strain QM6acre1‑96::eyfp was cultivated for 16 h in 20 mL MEX 
medium supplemented with 1% (w/v) d‑glucose. After crosslinking, 
the chromatin was enzymatically fragmented by MNase treatment 
and Cre1‑96::eYFP targeted DNA was enriched using anti‑GFP 
antibodies. The relative amount of DNA was measured by qPCR. The 
immunoprecipitated DNA was normalized to the input control. The 
resulting ratio for the xyr1 gene (grey bar) was further normalized to 
the ratio of housekeeping gene sar1, which is set to 1 (black bar). The 
values were statistically analysed in a confidence interval of 95% and 
the asterisk indicates a significant difference
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sequencing analysis of T. reesei QM9414 under repress-
ing (d-glucose) and inducing (cellulose, α-sophorose) 
conditions [25] indicated that several MFS permeases are 
differentially expressed on d-glucose. Notably, amongst 
the strongest down-regulated genes in the absence of 
Cre1 are proteins involved in cellular transport, such as 
MFS permeases [10]. This indicates that Cre1 and most 
probably Cre1-96 might also play a role in the sugar 
uptake in the cell.

With regard to the cellulase and xylanase activity, we 
observed either a loss or strong reduction in enzymatic 
activities in the cre1-96 deletion strain compared to its 

parental strain (compare Fig. 2b, c). In Rut-C30, the tran-
script profile of xyr1 relates to the profile of cbh1 (com-
pare Fig.  3), which is in full agreement with previously 
published results [26]. Most interestingly, the transcrip-
tion profile of cre1-96 relates to the profile of xyr1 (com-
pare Figs. 2d, 3c). Thus, Cre1-96 might have an effect on 
the regulation of xyr1 transcription.

The fluorescence microscopy revealed that Cre1-96 is 
under repressing and inducing conditions present in the 
nucleus. A carbon source-dependent shuttling of Cre1 
between cytosol and nucleus was proposed by Lichius 
and colleagues [21]. In silico analysis suggests that Cre1 

Fig. 8 Chromatin accessibility under cellulase inducing conditions. T. reesei strains Rut‑C30 (blue symbols) and Rut‑C30Δcre1‑96 (orange 
symbols) were cultivated in liquid medium supplemented with 1% (w/v) lactose for 36 (squares), 48 (triangles) and 60 h (dots). CHART‑PCR and 
transcript analysis of cbh1 (b), xyn1 (c) and xyr1 (a) were performed in biological and technical replicates. Both sets of data were normalized to the 
housekeeping genes sar1 and act. The relative transcript ratios are given as means and plotted on the x‑axis and the chromatin accessibility indices 
(CAI) are plotted on the y‑axis. Error bars indicate the standard deviations. All CAI values were statistically analysed in a confidence interval of 95% 
and asterisks indicate significant differences amongst the chromatin‑related data
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has a nuclear export signal (NES) at amino acids posi-
tions 304–312 (LPSLRNLSL, predicted by using [27]). 
Cre1-96 lacks this putative NES due to its truncation and 
therefore, could remain inside the nucleus regardless the 
used carbon source. Besides this, Cre1-96 possesses a 
putative N-terminal transactivation domain as Cre1 does, 
but Cre1-96 importantly lacks the C-terminus of Cre1 
(compare Fig.  5) that highly likely mediates repression 

as it was described for CreA in Aspergillus nidulans [28]. 
Taken together the extended residence in the nucleus, 
the presence of a putative transactivating domain and the 
lack of the repression domain, would explain the positive 
impact of Cre1-96 on the cellulase activity in Rut-C30 
compared to the cre1-96 deletion strain under cellulase 
inducing conditions.

Fig. 9 Cellulase activity in presence of a constitutively expressed Cre1‑96. a T. reesei strains Rut‑C30 (blue squares), Rut‑C30OEcre1‑96 (purple 
squares) and Rut‑C30Δcre1‑96 (orange squares) were cultivated in liquid medium supplemented with 1% (w/v) lactose for 36, 48 and 60 h. The 
endo‑cellulolytic activities in the culture supernatants were measured in biological and technical duplicates and normalized to the biomass. The 
enzymatic activities are given as means and the error bars indicate the standard deviations. Error bars are not shown for standard deviations ≤ 3.5%. 
The values were statistically analysed by an ordinary one‑way ANOVA and a Tukey’s posthoc test in a confidence interval of 95%, and asterisks 
indicate significant differences. b For the growth assays, the T. reesei strains Rut‑C30, Rut‑C30OEcre1‑96 and Rut‑C30Δcre1‑96 were pre‑grown on 
MEX plates and were then transferred to MA medium plates supplemented with 1% (w/v) CMC or 1% (w/v) lactose. Plates were incubated at 30 °C 
and pictures were taken after 24, 48, 60 and 84 h
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Notably, Cre1-96 also lacks the previously identified 
phosphorylation site Ser241 [20]. In the case of Cre1, 
Ser241 needs to be phosphorylated for an efficient DNA 
binding under repressing conditions. However, Czifer-
sky and colleagues reported that GST fusion proteins of 
Cre1 fragments without Ser241 bind in  vitro regardless 
the tested condition. Besides this, previously published 
in vivo footprinting results also supported the capability 
of Cre1-96 to bind DNA [17].

With regard to the targeting of Cre1-96, we found that 
Cre1-96 is enriched on its DNA binding sites in the xyr1 
URR. However, the chromatin accessibility in the xyr1 
URR is not significantly different. Neither for cbh1 or 
xyn1 any cohesive trend could be observed. Notewor-
thy, an earlier reported nucleosomal mapping of cbh1 
and cbh2 promoter regions showed no positioned nucle-
osomes under repressing and inducing conditions in 
Rut-C30 [29, 30]. This lack of positioned nucleosomes is 
the likely explanation of the similarity in DNA accessibil-
ity observed in our experiments between conditions of 
expressed and non-expressed genes.

Anyhow, we propose here that a truncation of Cre1 
positively influences the transactivator Xyr1 and thus 
enhances cellulolytic performance and phenotypically 
converts the carbon catabolite repressor into an activator.

Conclusions
Due to a truncation the Cre1 repressor can turn into an 
activator as seen in Cre1-96, which now functions to acti-
vate cellulase and xylanase expression. Cre1-96 meets all 
requirements for a transcription factor. It localizes to the 
nucleus and directly binds to the URR of target genes, in 
particular of the main transactivator of the mentioned 
enzymes, Xyr1, and most probably exerts thereby its acti-
vation role. Our findings encourage testing this strategy 
to increase enzymatic performance in other filamentous 
fungi, which contain functional Cre1 homologues.

Methods
Fungal strains
The T. reesei strains QM6aΔtmus53 [31], the 
QM6aΔtmus53 bearing an eYFP-tagged Cre1-96 
(referred to in the text as QM6acre1-96::eyfp, this 
study), Rut-C30Δtmus53 (referred to in the text as 
Rut-C30, VTT Finland), two cre1-96 deletion strains 
Rut-C30Δtmus53Δcre1-96 (referred to in the text as Rut-
C30Δcre1-96 (1) and (2), this study) and the cre1-96 con-
stitutively expressing strain Rut-C30Δtmus53OEcre1-96 
(referred to in the text as Rut-C30OEcre1-96, this study) 
were maintained on malt extract (MEX) agar plates con-
taining 0.1% (w/v) peptone from casein at 30 °C. Uridine 
was added to a final concentration of 5 mM for all Rut-
C30 strains. For strain selection hygromycin B was added 

to a final concentration of 113 U/mL for the QM6a-
related strains and 56.5 U/mL for the Rut-C30-related 
strains. Homokaryon selection was carried out on MEX/
peptone/hygromycin B plates, with uridine if applicable, 
and 0.1% (w/v) Igepal C-60.

Growth conditions
If not indicated otherwise in a Methods section, for cul-
tivation experiments  106 conidia spores per mL were 
incubated in 100 mL Erlenmeyer flasks on a rotary shaker 
(180 rpm) at 30 °C for 60 h in 30 mL of MA medium sup-
plemented with 0.1% (w/v) peptone and 1% (w/v) lac-
tose or 1% (w/v) d-glucose as sole carbon source. If not 
stated otherwise, all strains were cultivated in triplicates 
and were harvested after 36, 48 and 60 h of cultivation. 
Fungal mycelia were separated from the supernatant by 
filtering with Miracloth (EMD Millipore, part of Merck 
KGaA, Darmstadt, Germany). Mycelia grown on lactose 
were weighted immediately before shock freezing and 
wet weight was used as the biomass reference for the 
enzymatic assays. Frozen mycelia were used for genomic 
DNA extraction, RNA extraction and for chromatin 
digestion. Culture supernatants were used for the meas-
urement of enzymatic activities in technical duplicates.

For the comparison of the growth behaviour on plates, 
the strains Rut-C30, Rut-C30Δcre1-96 (1) and (2) and 
Rut-C30OEcre1-96 were pre-grown on solid MEX media 
with 0.1% (w/v) peptone and were transferred in biologi-
cal duplicates onto MA agar plates supplemented with 
1% (w/v) lactose, CMC, xylan, glycerol or d-glucose for 
84 h. Due to the same growth behaviour of the duplicates, 
only one replicate is displayed in the figures. In the case 
of the deletion strains, Rut-C30Δcre1-96 (2) is shown.

Plasmid construction
Escherichia coli strain Top10 (Invitrogen, part of Life 
Technologies, Paisley, UK) was used for all cloning pur-
poses throughout this study and grown on LB medium 
at 37  °C. Generation of competent E. coli cells and sub-
sequent transformation was performed according to 
standard protocols using  CaCl2. If applicable, ampicillin 
and hygromycin B were added to final concentrations of 
100 mg/mL and 113 U/mL, respectively.

PCRs for all cloning purposes were performed with 
Pwo DNA Polymerase (peqlab VWR, Radnor, Pennsyl-
vania, USA) or Phusion High-Fidelity DNA Polymer-
ase (Thermo Scientific, Waltham, Massachusetts, USA) 
according to the manufacturer’s instructions. All used 
primers were purchased from Sigma Aldrich and are 
listed in Table 1.

For the construction of the cre1-96 deletion cassette 
the 5′-flank of cre1-96 was amplified by PCR using chro-
mosomal DNA of T. reesei QM6aΔtmus53 (identical 
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sequence to Rut-C30) as template with the primers 
5′cre1_NotI fwd and 5′cre1_XmaI rev. The PCR prod-
uct was subcloned into pJET1.2 (Thermo Scientific) by 
blunt end ligation using T4 DNA ligase (Thermo Scien-
tific) yielding pJET1.2-5′-cre1. The 3′-flank of cre1 and a 
hygromycin B resistance cassette were amplified by PCR 
using chromosomal DNA of T. reesei QM6a-Cre196 [17] 
as template with the primers hph_XmaI_BamHI and 
hph_SpeI rev and was inserted into pJET1.2 by blunt end 
ligation yielding pJET1.2-hph. The hygromycin B resist-
ance cassette bears the constitutive promoter of the pki 
gene, the hygromycin B structural gene and the termina-
tor of cbh2 [32]. The subcloned 5′-flank of cre1 was recov-
ered by NotI/XmaI digestion and was inserted into the 
NotI/XmaI-digested vector pJET1.2-hph. The resulting 
plasmid was termed pJET1.2-5hph3cre1. Subsequently, 
the vector pJET1.2-5hph3cre1 was cut by NotI and SpeI 
and the cassette was inserted into a NotI/SpeI-digested 
derivative pMS plasmid yielding pMS*-5hph3cre1. The 
orientation of the hygromycin B resistance gene and the 
pki promoter were in the opposite orientation as the 
5′-flank and the 3′-flank of cre1. This was determined by 
plasmid sequencing (Microsynth, Balgach, Switzerland).

For the constitutive expression of cre1-96 the promoter 
of the tef1 gene was used. For this purpose, the promoter 
region (1500  bp upstream of ATG) of tef1 (ptef1) was 
amplified by PCR using chromosomal DNA of T. reesei 
QM6aΔtmus53 as template with the primers ptef_BspEI 
fwd and ptef_NdeI rev. The structural gene cre1-96 was 
amplified using the primers cre1-96_NdeI fwd and cre1-
96_BamHI rev. Both PCR fragments were subcloned into 
pJET1.2 (Thermo Scientific), yielding pJET1.2-Ptef and 

pJET1-2-cre1-96. Both plasmids were digested by BspEI/
NdeI, the ptef1 fragment was isolated and ligated into the 
BspEI/NdeI-digested pJET1.2-cre1-96 to yield pJET1.2-
Ptefcre1-96. The 5′-flank of cre1 started at -1500 bp until 
2400  bp to avoid a residual background of the native 
cre1 promoter. This 5′-flanking region was amplified 
using the primers 5Pcre1_NotI fwd and 5Pcre_XmaI 
rev and was subcloned into pJET1.2 by blunt end liga-
tion using T4 DNA ligase (Thermo Scientific) yielding 
pJET1.2-5Pcre1. The 3′-flank of cre1 and a hygromycin B 
resistance cassette was constructed as described for the 
cre1-96 deletion cassette. The subcloned 5′-flank of cre1 
was recovered by NotI/XmaI digestion of pJET1.2-5Pcre1 
and was inserted into the NotI/XmaI-digested vector 
pJET1.2-hph. The resulting plasmid was termed pJET1.2-
5′cre1-hph. The plasmid pJET1.2-Ptefcre1-96 was BspEI/
BamHI-digested, the fragment Ptefcre1-96 isolated and 
ligated by cohesive ends with a XmaI/BamHI-digested 
pJET1.2-5′cre1-hph to yield pJET1.2-3Ptefcre1-96. Sub-
sequently, this plasmid was cut by NotI and SpeI and the 
cassette was inserted into a NotI/SpeI-digested deriva-
tive pMS plasmid yielding the final plasmid pMS*-Ptef-
cre1-96. The correct orientation and sequence of the 
plasmid were confirmed by sequencing (Microsynth).

For construction of pMS*-cre1-96::eyfp the coding 
sequence of cre1-96, a linker and eyfp were ampli-
fied by PCR using chromosomal DNA from T. reesei 
QM6a-Cre196 and the plasmid pCD-EYFP [33] as tem-
plates and the following primers: cre1-96_BspEI fwd 
and cre1-96-TAA_NdeI rev to amplify cre1-96 from 
QM6a-Cre196; linker_NdeI fwd and linker_NheI rev 
to amplify the linker sequence from the pCD-EYFP 

Table 1 Primers used for strain construction in this study

Primer name Sequence 5′–3′ References

5′cre1_NotI fwd GCG GCC GCT GGA GGT GAC GAG AAG AAA AAT TCAGG This study

5′cre1_XmaI rev CCC GGG AGT CAA AAA GCA AGT ACG CGA CGT TG This study

hph_XmaI_BamHI CCC GGG TTG GAT CCA GGG AGA CGA GGT TGT GAT GAA TAC This study

hph_SpeI rev ACT AGT AAG TAG CAC CGC TGT CGT CTG This study

5Pcre1_NotI fwd GCG GCC GCA GCC AAG ACT CAG CAT AAA GAG GTTG This study

5Pcre1_XmaI rev CCC GGG AGG TAC CAA ACA AAG CGA GCA AGT AC This study

ptef_BspEI fwd TCC GGA TGT GTG ACA GCT CGC GCA G This study

ptef_NdeI rev CAT ATG TGA CGG TTT GTG TGA TGT AGC GTG This study

cre1‑96_NdeI fwd CAT ATG ATG CAA CGA GCA CAG TCT GCC This study

Cre1‑96_BamHI rev GGA TCC TTA GAA AAA AAA GCA GGT AAT GGA GGTGC This study

cre1‑96_BspEI fwd TCC GGA ATG CAA CGA GCA CAG TCT GCC This study

cre1‑96‑TAA_NdeI rev CAT ATG GAA AAA AAA GCA GGT AAT GGA GGT GC This study

linker_NheI rev GCT AGC GCG GGG GGC GCA C This study

linker_NdeI fwd CAT ATG CAC AAC ATG GTC AAG CAG AAGC This study

YFP_NheI fwd GCT AGC ATG GTC AGC AAG GGC GAG G This study

YFP_BamHI rev GGA TCC CTT GTA CAG CTC GTC CAT GCCG This study
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plasmid; YFP_NheI fwd and YFP_BamHI to amplify 
the coding sequence of eyfp from the pCD-EYFP plas-
mid. Importantly, the fluorescent tag was fused to the 
C-terminus of the Cre1-96 because this was reported 
to be necessary for proper recruitment and import in 
the case of the full length Cre1 [21]. The PCR products 
were subcloned into pJET1.2, yielding pJET1.2-cre1-
96(-TAA), pJET1.2-linker and pJET1.2-YFP. The first 
two plasmids were digested with BspEI/NdeI, the cre1-
96 fragment was isolated and ligated into the BspEI/
NdeI-digested recipient vector pJET1.2-linker to gen-
erate the plasmid pJET1.2-cre1-96-linker. The insert 
cre1-96-linker was recovered by BspEI/NheI digestion 
and cloned into the BspEI/NheI-digested pJET1.2-
YFP to yield pJET1.2-cre1-96::eyfp. A BspEI/BamHI 
double digest of pJET1.2-cre1-96::eyfp recovered the 
cre1-96::eyfp insert, which was cloned into the XmaI/
BamH-digested vector pJET1.2-5hph3cre1 yielding 
pJET1.2-5cre1-96::eyfp. Finally, the 5cre1-96::eyfp was 
recovered by NotI/SpeI digestion of pJET1.2-5cre1-
96::eyfp and was cloned into a NotI/SpeI-digested 
derivative pMS plasmid yielding the final plasmid.

Fungal protoplast transformation
Protoplast transformation of T. reesei was performed 
as described by Gruber et al. [34]. For the gene replace-
ment of cre1, the plasmid pMS*-cre1-96::eyfp was line-
arized by NotI digestion and transformed into T. reesei 
QM6aΔtmus53. For the deletion of cre1-96, the plas-
mid pMS*-5hph3cre1 was linearized by NotI diges-
tion and transformed into T. reesei Rut-C30Δtmus53. 
For the constitutive expression of cre1-96 under the 
control of the promoter of tef1, the plasmid pMS*-
ptef::cre1-96 was transformed into T. reesei Rut-
C30Δtmus53. Each transformation reaction was added 
to 40  mL melted, 50  °C warm MEX agar containing 
1.2 M D-sorbitol. This mixture was poured into 4 ster-
ile petri dishes, which were incubated at 30  °C for at 
least 2  h for protoplast regeneration. Appropriate 
amount of hygromycin B was added to 40 mL melted, 
50 °C warm MEX agar containing 1.2 M D-sorbitol and 
was poured as a 10 mL-overlay on all 4 plates. Trans-
formation plates were further incubated at 30  °C for 
2–4  days until colonies were visible. The resulting 
candidates were subjected to 3 rounds of homokaryon 
selection by streaking.

Isolation of genomic DNA
Genomic DNA was isolated from approximately 50 mg 
mycelium in 1 mL CTAB buffer (1.4 M NaCl, 100 mM 
Tris–HCl pH 8.0, 10  mM EDTA, 2% (w/v) CTAB) by 
homogenization using a FastPrep(R)-24 cell disrupter 

(MP Biomedicals, Santa Ana, California, USA) followed 
by a phenol/chloroform extraction. RNA was degraded 
using RNaseA (Thermo Scientific). DNA was precipi-
tated with isopropanol, washed with 70% (w/v) ethanol, 
and dissolved in distilled  H2O.

Diagnostic PCR analysis
100 ng of chromosomal DNA was used as template in 
a 25-µL-PCR using  GoTaq® G2 polymerase (Promega, 
Madison, Wisconsin, USA) according to manufacturer’s 
instructions.  Primer sequences are provided in Addi-
tional file 7: Table S1 and Additional file 8: Table S2. For 
subsequent agarose gel electrophoresis of DNA frag-
ments a GeneRuler 1  kb DNA Ladder (Thermo Scien-
tific) was applied for estimation of fragment size. DNA 
sequencing was performed at Microsynth.

RNA extraction and reverse transcription
Fungal mycelia were homogenized in 1  mL of peq-
GOLDTriFast DNA/RNA/protein purification system 
reagent (peqlab VWR, Radnor, Pennsylvania, USA) 
using a FastPrep(R)-24 cell disrupter (MP Biomedi-
cals). RNA was isolated according to the manufactur-
er’s instructions, and the concentration was measured 
using the NanoDrop 1000 (Thermo Scientific). Reverse 
transcription of the isolated mRNA was carried out 
using the RevertAidTM H Minus First Strand cDNA 
Synthesis Kit (Thermo Scientific) according to the man-
ufacturer’s instructions.

Transcript analysis
Quantitative PCR (qPCR) was performed in a Rotor-
Gene Q system (Qiagen, Hilden, Germany). Reactions 
were performed in technical duplicates or triplicates. 
The amplification mixture (final volume 15 μL) contained 
7.5  μL 2 × iQ SYBR Green Mix (Bio-Rad, Hercules, 
California, USA), 100  nM forward and reverse primer, 
and 2.5 μL cDNA (diluted 1:20). Primer sequences and 
cycling conditions are provided in Table 2. Data normali-
zation using sar1 and act as reference genes and calcula-
tions were performed as previously published [35].

In silico prediction of protein domains
The protein sequences of Cre1 (JGI Trichoderma ree-
sei QM6a v2.0 Database, Protein ID 120117) and Cre1-
96 (JGI Trichoderma reesei Rut C-30 v1.0 Database, 
Protein ID 23706) were obtained from the respec-
tive genome databases [36, 37]. The identification of 
the DNA binding domain (i.e.  C2H2 zinc finger and 
linker sequence) was achieved by using the NCBI 
conserved domain search [38]. Multiple sequence 
alignment of Cre1-96, Cre1 and its homologues of 

123Truncation of the transcriptional repressor protein Cre1 in Trichoderma reesei Rut-C30 turns it into an activator



Aspergillus nidulans (A. nidulans, NCBI Accession 
ID: XP_663799.1), Aspergillus niger (A. niger, NCBI 
Accession ID: XP_001399519.1), Neurospora crassa 
(N. crassa, NCBI Accession ID: XP_961994.1), Tricho-
derma atroviride (T. atroviride, NCBI Accession ID: 
XP_013941427.1), Trichoderma virens (T. virens, 
NCBI Accession ID: XP_013956509.1) and Saccha-
romyces cerevisiae (S. cerevisiae, NCBI Accession ID: 
NP_011480.1) was conducted using Clustal Omega 
[39] and identified conserved amino acids and protein 
domains. Prediction of the NLS was achieved by apply-
ing the NLS Mapper [40] on Cre1 and Cre1-96. For the 
in silico identification of the transactivation domain, 
the Nine Amino Acids Transactivation Domain 
(9aaTAD) Prediction Tool [41] was used [42]. As search 
specification, the less stringent pattern was chosen as 
the most adequate pattern for both proteins.

Confocal microscopy
The localization of the eYFP-labelled Cre1-96 was deter-
mined by confocal microscopy and image processing 
using Fiji [43]. Samples were prepared from liquid cul-
tures. Therefore,  106 spores per mL of QM6acre1-96::eyfp 
were used to inoculate 20  mL of MA medium supple-
mented with 1% (w/v) d-glucose and 1% (w/v) lactose 
and incubated at 30  °C and 180  rpm for 16  h. A 10-μL 
sample was taken and embedded between two glass cov-
erslips (24 × 60, 24 × 24). For the nuclear staining, 4 μL 

of a 1:10-diluted (distilled water) Hoechst 34580 stain 
(Thermo Scientific, 5  mg/mL in DMSO) was added 
before putting the glass coverslip on top of the sample 
and incubated for 10 min in darkness. Live-cell imaging 
was performed using a Nikon C1 confocal laser scanning 
unit sitting on top of a Nikon Eclipse TE2000-E inverted 
microscope base (Nikon Inc., Melville, New York, USA). 
An argon ion laser emitting a wavelength of 488  nm 
excited fluorescent proteins and Hoechst stained nuclei. 
The emission wavelength was detected with a photo-
multiplier in a range of 500–530 nm. Laser intensity and 
illumination time were kept the same for all samples. 
Pictures were taken as a single picture configuration at a 
resolution of 1024 × 1024 pixels.

Enzyme assays
Endo-xylanolytic and endo-cellulolytic activities of cul-
tivation supernatants were measured with Xylazyme AX 
tablet assay and Azo-CMC-Cellulose assay (both Mega-
zyme International Ireland, Wicklow, Ireland) according 
to the manufacturer’s instructions. For the comparison of 
cellulolytic activities of Rut-C30OEcre1-96 and the cre1-
96 deletion, only Rut-C30Δcre1-96 (2) was used due to 
similar results of previous experiments of this study (e.g. 
transcript analysis).

Chromatin immunoprecipitation (ChIP) and quantitative 
PCR analysis
T. reesei strain QM6acre1-96::eyfp was grown for 16  h 
in MEX supplemented with 1% (w/v) d-glucose at 30 °C 
at 180  rpm. Crosslinking was performed with 1% (w/v) 
formaldehyde for 15 min at room temperature and gen-
tle shaking every 2–3 min. Quenching was performed by 
the addition of 125 mM glycine at room temperature for 
5 min and gently shaking. Mycelia were filtered by Mira-
cloth, washed with distilled water, dry-pressed between 
sheets of Whatman paper and frozen in liquid nitrogen. 
The chromatin shearing and the ChIP protocol were per-
formed according to [44] with the following adaptions. 
An amount of 100–200 mg of fungal mycelia was grinded 
in liquid nitrogen and suspended in MNase digestion 
buffer (50 mM Hepes–KOH pH 7.5, 50 mM NaCl, 1 mM 
 CaCl2, 5  mM  MgCl2, 1  mM PMSF, 1× fungal protease 
inhibitors (Sigma, St. Louis, Missouri, USA)). Chroma-
tin shearing was enzymatically performed by using 0.4 U 
MNaseI (Sigma,) on 200 μL mycelia aliquots at 37 °C for 
13 min. The reaction was stopped by adding 100 μL Lysis 
Buffer v2 (50  mM Hepes–KOH pH 7.5, 255  mM NaCl, 
12  mM EDTA, 2% (w/v) Triton-X100, 0.2% (w/v) Na-
deoxcholate, 1 mM PMSF, 1× fungal protease inhibitors 
(Sigma)). For the precipitation of the protein-antibody 
complex, an Anti-GFP antibody (ChIP grade; Abcam, 
Cambridge, UK) and  Dynabeads® Protein A magnetic 

Table 2 Primer used for qPCR

Primer name Sequence 5′–3′ References

actfw TGA GAG CGG TGG TAT CCA CG [35]

actrev GGT ACC ACC AGA CAT GAC AAT GTT G [35]

sar1fw TGG ATC GTC AAC TGG TTC TACGA [35]

sar1rev GCA TGT GTA GCA ACG TGG TCTTT [35]

xyr1f CCC ATT CGG CGG AGG ATC AG [35]

xyr1r CGA ATT CTA TAC AAT GGG CAC ATG GG [35]

taqxyn1 f CAG CTA TTC GCC TTC CAA CAC [13]

taqxyn1 r CCA AAG TTG ATG GGA GCA GAA [13]

cbh1f GAT GAT GAC TAC GCC AAC ATG CTG [12]

cbh1r ACG GCA CCG GGT GTGG [12]

cre1_a_f ACC TCC TGA ATC CAA CGT CGG [17]

cre1_a_r TGG GTG CGA ATG TGC CTG G [17]

bga1f CGT TTG ATC CTT TCG GCG GCT [19]

bga1r CCA AAG GTC ATG TAT ATG TTG AAG ATG GTC [19]

gal1f GGA GGC ATG GAC CAGGC [19]

gal1r GAC ATG CTT GTT GGA GGT GACG [19]

xorf CTG TGA CTA TGG CAA CGA AAA GGA G [19]

xorr CAC AGC TTG GAC ACG TGA AGAG [19]

st RT 1 CCG TCT ACC GTC TGT TGT GC [5]

st RT 2 GAA GTA GGA AAG AAC CGC ATTG [5]
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beads (Thermo Scientific) were used. The obtained con-
jugate was washed 3 times with a low salt buffer (0.1% 
(w/v) SDS, 1% (w/v) Triton X-100, 2 mM EDTA pH 8.0, 
20  mM Tris–HCl pH 8.0, 150  mM NaCl), once with a 
final wash buffer (0.1% (w/v) SDS, 1% (w/v) Triton X-100, 
2 mM EDTA pH 8.0, 20 mM Tris–HCl pH 8.0, 500 mM 
NaCl) and once with TE buffer. Then, samples were 
eluted in TES buffer (10  mM Tris–HCl pH 8.0, 1  mM 
EDTA, 1% (w/v) SDS). Protein-bound DNA was treated 
with Proteinase K (Thermo Scientific) and DNA samples 
were purified using the MiniElute PCR Purification Kit 
(Qiagen) according to the manufacturer’s protocol. The 
precipitated DNA was quantified by qPCR performed 
in iCycler Thermal Cycler (Bio-Rad) and the use of a 
standard curve. A reaction volume of 25 μL including the 
following compounds: 2× iQ  SYBR® Green Supermix 
(Bio-Rad), 10  μM primers and 5 μL of immunoprecipi-
tated and input DNA (1:5 diluted in EB) or genomic DNA 
for the standard curve. The annealing temperature was 
60 °C and the primer sequences are provided in Table 3. 
The qPCR cycling protocol and the adequate amounts 
of reagents were chosen as recommend in the manufac-
turer’s instructions. All experiments were performed in 
biological and technical duplicates.

Chromatin accessibility real‑time PCR (CHART‑PCR) assays
DNaseI digestions of chromatin and subsequent qPCR 
analyses were carried out as described before [17]. 
To be noted, only one of both deletion strains (Rut-
C30Δcre1-96 (2)) was used for this analysis due to simi-
lar results from previous experiments of this study (e.g. 
transcript analysis). The qPCR analyses of the DNaseI-
treated samples were performed to measure the rela-
tive abundance of DNA of the target regions. PCRs 
were performed in triplicates in a Rotor-Gene Q system 
(Qiagen) using the reaction mixture (final volume 20 
μL) and the cycling conditions as described before [17]. 
Primer sequences are provided in Table  4. The amount 
of intact input DNA of each sample was calculated by 
comparing the threshold values of the PCR amplification 
plots with a standard curve generated for each primer 
set using serial dilutions of genomic, undigested DNA. 
The chromatin accessibility index (CAI) was defined as: 
CAI = (Dc1 + Dc2)/2Ds, where Ds is the amount of intact 

DNA detected for each target region, and Dc1 and Dc2 
are the amounts of intact DNA detected for the promoter 
regions of sar1 and act, respectively, which were used as 
reference genes for normalization.

Additional files

Additional file 1: Figure S1. Deletion of cre1-96 in T. reesei Rut‑C30. (A) 
Rut‑C30 was transformed with the plasmid pMS*‑5hph3cre1 that bears 
the deletion cassette consisting of the hygromycin resistance gene under 
the pki promoter and the terminator of cbh2 (dark grey arrow, hph) to 
replace the native cre1-96 gene (light grey arrow, cre1-96). (B) Agarose 
gel electrophoresis of diagnostic PCR was performed. Primer pairs added 
to the respective PCR are indicated on top of the gel, the strain of which 
the genomic DNA was used as template is indicated below each lane. 
Candidate strains (Δcre1-96 (1) and (2)) yielded expected fragments with 
the primer pair 1F and 1R or 3F and 3R, and no fragment in case of primer 
pair 2F and 2R. Rut‑C30 was applied as negative control in the case of the 
PCR using primer pair 1F and 1R and as positive control in the PCR using 
primer pair 2F and 2R. Water added to the respective PCR in a no template 
control PCR (NTC). A DNA ladder (L) was included for estimation of frag‑
ment size.

Additional file 2: Figure S2. Constitutive expression of cre1-96 in T. reesei 
Rut‑C30. (A) Rut‑C30 was transformed with the plasmid pMS*‑ptef::cre1-96 
that bears the tef1 promoter (white bar, ptef1), the cre1-96 gene (light grey 
arrow, cre1-96), and the marker cassette (dark grey bar, hph). The latter 
consists of the hygromycin resistance gene under the pki promoter and 
the terminator of cbh2. (B) Agarose gel electrophoresis of diagnostic PCR 
was performed. Primer pairs added to the respective PCR are indicated on 
top of the gel, the strain of which the genomic DNA was used as template 
is indicated below each lane. A candidate strain (OEcre1-96) yielded 
expected fragments with all three primer pairs. Rut‑C30 was applied as 
negative control in case of the PCR using primer pair 1F and 1R as well as 
2F and 2R and as a positive control in the PCR using primer pair 3F and 3R. 
A DNA ladder (L) was included for estimation of fragment size.

Additional file 3: Figure S3. Growth behaviour of Rut‑C30Δcre1-96 on 
glycerol and d‑glucose. The T. reesei strains Rut‑C30 and Rut‑C30Δcre1-96 
(2) were pre‑grown on MEX plates and were then transferred to MA 
medium plates supplemented with 1 % (w/v) glycerol or d‑glucose. Plates 
were incubated at 30 °C and pictures were taken after 24, 48, 60 and 84 
hours.

Additional file 4: Figure S4. Multiple sequence alignment of Cre1 
homologues. Multiple sequence alignment of T. reesei Cre1, Cre1‑96 and 
Cre1 homologues of A. nidulans, A. niger, N. crassa, T. atroviride, T. virens and 
S. cerevisiae was conducted using Clustal Omega (http://www.ebi.ac.uk/

Table 3 Primer used for ChIP-qPCR

Primer name Sequence 5′–3′ Reference

sar1 3UTR f TGA CGG GGA GAA CAT GTG CTC This study

sar1 3UTR r ATG CGA CTC CCA CAA GTG GTG This study

ChIP_xyr1 upstream f TAC ACA AGA GCA ATG GCC CTAGC This study

ChIP_xyr1 upstream r TGG ATG GAT GGA GAA CGG GATG This study

Table 4 Primer used for CHART-PCR

Primer name Sequence 5′–3′ References

epiactinTr_f CTT CCC TCC TTT CCT CCC CCT CCA C [17]

epiactinTr_r GCG ACA GGT GCA CGT ACC CTC CAT T [17]

episar1Tr_f GTC AGG AAA TGC CGC ACA AGC AAG A [17]

episar1Tr_r TGT GTT TTA CCG CCT TGG CCT TTG G [17]

epixyr1_1Tr_f CCT TTG GCC ATC TAC ACA AGA GCA A [45]

epixyr1_1Tr_r CGC AAT TTT TAT TGC TGT TCG CTT C [45]

epicbh1_1Tr_f AAG GGA AAC CAC CGA TAG CAG TGT C [46]

epicbh1_1Tr_r TTT CAC TTC ACC GGA ACA AAC AAG C [46]

epixn1_1Tr_f GCA CTC CAA GGC CTT CTC CTG TAC T [46]

epixyn1_1Tr_r TAG ATT GAA CGC CAC CCG CAA TAT C [46]
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Tools/msa/clustalo/). Protein sequences were retrieved from respective 
genome databases. The alignment revealed conserved amino acids and 
protein domains based on sequence similarities.

Additional file 5: Figure S5. Cellulase activity and biomass formation 
of QM6acre1-96 and QM6acre1-96::eyfp on d‑glucose. The T. reesei strains 
QM6acre1-96 (blue bar, Cre1‑96) and QM6acre1-96::eyfp (purple bar, Cre1‑
96::eYFP) were cultivated in triplicates for 45 hours in MA medium sup‑
plemented with 1 % (w/v) d‑glucose. Cellulase activities (A) of the culture 
supernatants were measured in technical duplicates and the biomass (B) 
was collected by filtration with miracloth and is depicted as dry weight on 
the y‑axis.

Additional file 6: Figure S6. Growth behaviour of Rut‑C30OEcre1-96 on 
glycerol and d‑glucose. The T. reesei strains Rut‑C30, Rut‑C30Δcre1-96 (2) 
and Rut‑C30OEcre1-96 were pre‑grown on MEX plates and were then 
transferred to MA medium plates supplemented with 1 % (w/v) glycerol 
and d‑glucose. Plates were incubated at 30 °C and pictures were taken 
after 24, 48, 60 and 84 hours.

Additional file 7: Table S1. Primers used for the diagnostic PCR of Rut‑
C30Δcre1-96 (1) and (2).

Additional file 8: Table S2. Primers used for the diagnostic PCR of 
Rut‑C30OEcre1-96.
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biosynthetic gene cluster in Penicillium 
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Sietske Grijseels1†, Carsten Pohl2†, Jens Christian Nielsen3, Zahida Wasil1, Yvonne Nygård2, Jens Nielsen3,4, 
Jens C. Frisvad1, Kristian Fog Nielsen1, Mhairi Workman1, Thomas Ostenfeld Larsen1, Arnold J. M. Driessen2 
and Rasmus John Normand Frandsen1*

Abstract 

Background: Filamentous fungi are important producers of secondary metabolites, low molecular weight molecules 
that often have bioactive properties. Calbistrin A is a secondary metabolite with an interesting structure that was 
recently found to have bioactivity against leukemia cells. It consists of two polyketides linked by an ester bond: a bicy-
clic decalin containing polyketide with structural similarities to lovastatin, and a linear 12 carbon dioic acid structure. 
Calbistrin A is known to be produced by several uniseriate black Aspergilli, Aspergillus versicolor-related species, and 
Penicillia. Penicillium decumbens produces calbistrin A and B as well as several putative intermediates of the calbistrin 
pathway, such as decumbenone A-B and versiol.

Results: A comparative genomics study focused on the polyketide synthase (PKS) sets found in three full genome 
sequence calbistrin producing fungal species, P. decumbens, A. aculeatus and A. versicolor, resulted in the identification 
of a novel, putative 13-membered calbistrin producing gene cluster (calA to calM). Implementation of the CRISPR/
Cas9 technology in P. decumbens allowed the targeted deletion of genes encoding a polyketide synthase (calA), a 
major facilitator pump (calB) and a binuclear zinc cluster transcription factor (calC). Detailed metabolic profiling, using 
UHPLC-MS, of the ∆calA (PKS) and ∆calC (TF) strains confirmed the suspected involvement in calbistrin productions 
as neither strains produced calbistrin nor any of the putative intermediates in the pathway. Similarly analysis of the 
excreted metabolites in the ∆calB (MFC-pump) strain showed that the encoded pump was required for efficient 
export of calbistrin A and B.

Conclusion: Here we report the discovery of a gene cluster (calA-M) involved in the biosynthesis of the polyketide 
calbistrin in P. decumbens. Targeted gene deletions proved the involvement of CalA (polyketide synthase) in the bio-
synthesis of calbistrin, CalB (major facilitator pump) for the export of calbistrin A and B and CalC for the transcriptional 
regulation of the cal-cluster. This study lays the foundation for further characterization of the calbistrin biosynthetic 
pathway in multiple species and the development of an efficient calbistrin producing cell factory.
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Background
Filamentous fungi are generally prolific producers of sec-
ondary metabolites, which possess a wide range of dif-
ferent biological activities. It is a widely accepted view 
that secondary metabolites serve an important role for 
the producing fungi to survive in their respective eco-
logical niches, yet many of these small-molecules are also 
of great importance to humans. Prominent examples of 
medical use of secondary metabolites include the anti-
bacterial penicillin, the cholesterol-lowering agent lov-
astatin/compactin and the antifungal griseofulvin. Today 
fungal secondary metabolites continue to serve as an 
important source of small-molecules for the discovery of 
novel drugs.

The amounts of secondary metabolites that are natu-
rally produced by fungi are often far below the amounts 
necessary for profitable industrial-scale production of the 
given compound. Traditionally, native fungal production 
strains have been optimized via strategies relying on ran-
dom mutagenesis coupled with screening for strains with 
improved production levels and fermentations proper-
ties. The most well-known example being the optimiza-
tion of penicillin production, where strain improvement 
programs have succeeded in increasing titers and pro-
ductivity by at least three orders of magnitude [1]. Recent 
advances in our understanding of the metabolic pathways 
for the production of secondary metabolites, full genome 
sequences, and improvements in genetic engineering 
tools now allow rational strain improvement by meta-
bolic engineering for enhancing the natural product yield 
[2–4]. However, in order to employ such techniques, the 
biosynthetic genes and/or regulatory elements for pro-
duction of a given compound first have to be identified 
and characterized. Over the past decades, the genetic 
basis for production of numerous fungal secondary 
metabolites has been elucidated, by linking production to 
gene clusters or genes encoding key-enzyme responsible 
for biosynthesis of the carbon backbone of the respec-
tive secondary metabolites. Still, for the vast majority of 
the secondary metabolites known today, the biosynthetic 
pathway and genetic basis remains unknown.

The secondary metabolites calbistrin A has been 
reported to possess a number of interesting bioactivi-
ties such as antifungal active against Candida albicans 
[5], 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase 
inhibition in mammalian cells [6] and cytotoxic toward 
both healthy and leukemic human cells [7]. Calbistrin 
A and the related B and C are produced by several uni-
seriate black Aspergilli, Aspergillus versicolor-related 
species and Penicillia species [8, 9]. Among the Penicil-
lia, the recently genome sequenced Penicillium decum-
bens [10] is interesting because it produces calbistrin A 
and C and also accumulates several metabolites that are 

structurally related to calbistrins, namely decumbenone 
A, B and C [11] (Fig. 1a). All calbistrins are predicted to 
consist of two individual polyketide chains linked by an 
ester bond: a decalin containing heptaketide (C14 chain) 
and a linear dioic acid (also termed dicarboxylic acid) 
structure formed from a hexaketide (C12 chain) [8]. The 
calbistrins show structural similarities to the natural cho-
lesterol lowering statins, such as lovastatin produced by 
Monascus ruber [12] and A. terreus [13] and compactin 
produced by P. solitum [14–16]. Compactin and lovas-
tatin are both known to consist of two separately syn-
thesized polyketides, a decalin structure formed from a 
nonaketide (C18 chain) and an ester bound linear dike-
tide (C4 chain) attached to the decalin structure at the 
same position as seen in calbistrins (Fig. 1). Biosynthesis 
of the two natural statins is well documents in literature, 
and formation of the decalin structure has been shown to 
proceed via an enzymatic intramolecular [4 + 2] Diels–
Alder cycloaddition, catalyzed by the polyketide synthase 
(PKS) responsible formation of the nonaketide backbone 
of these molecules [17].

Motivated by the reported activities of calbistrin A, the 
interesting structural similarities and differences between 
the calbistrins and naturally occuring statins we set out 
to elucidate the genetic and enzymatic basis for biosyn-
thesis of calbistrins. We chose to perform a comparative 
genomic analysis of known calbistrin producers, which 
resulted in the identification of a putative biosynthetic 
gene cluster (cal) for production of calbistrin. To prove 
the suggested involvement of the identified genes we 
next developed a transformation protocol and a CRISPR/
Cas9 based system for targeted genetic modification of P. 
decumbens. This system allowed us to efficiently delete 
three genes in the putative cal-cluster and analyze the 
metabolic effects. Deletion of a putative PKS (calA) and 
a transcription factor (calC) resulted in the complete 
abolishment of calbistrin biosynthesis, while deletion of 
a putative efflux pump (calB) significantly reduced extra-
cellular levels of calbistrin A and C. The presented results 
lay the foundation for the future optimization and devel-
opment of an efficient cell factory for the production of 
calbistrins.

Results
Chemical analysis reveals the presence of calbistrins 
and related compounds in extracts of P. decumbens
Ultra high performance liquid chromatography-high 
resolution-mass spectrometry (UHPLC-HRMS) analysis 
of ethyl acetate extracts of the P. decumbens wild-type 
(WT) cultured on Czapek yeast autolysate medium (CM) 
showed that calbistrin A and calbistrin C were produced 
under these culture conditions (Fig.  1b). Previous stud-
ies of calbistrins have shown that the [M + H]+ ions are 
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Fig. 1 Chemical structures of calbistrin and related metabolites and UHPLC-HRMS analysis of P. decumbens wild type and PKS mutant strains. a 
Chemical structures of (1) calbistrin A, (2) calbistrin C, (3) putative linear moiety, (4) decumbenone A, (5) decumbenone B, (6) decumbenone C, and 
in the box compactin and lovastatin. b UHPLC-HRMS analysis of the wild type P. decumbens culture extract. Merged extracted ion chromatograms 
(EICs), ± m/z 0.005 of molecular features detected for compounds 1–6: 263.1642; 281.1742; 321.1670; 337.1401; 245.1177; 303.1204; 247.1697; 
265.1806; 305.1720; 245.1538; 303.1575; 319.1331; 505.2591; 523.2705; 563.2622; 525.2847; 565.2776; and 285.1463. Additionally, the EIC of andrastin 
C (m/z 473.2898) is shown in orange. Calbistrin A and andrastin C were confirmed with a reference standard (marked with *), the other compounds 
were tentative identified based on UV-spectra and MS/HRMS fragmentation patterns. c UHPLC-HRMS results of P. decumbens ∆PKS culture extract. 
Merged EICs of molecular features detected for compounds 1-7 and EIC of andrastin C as in B
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not observed in the mass spectra due to extensive water 
losses [7, 8] and we therefore searched for the presence 
of the sodium ion adducts, [M + Na]+, for the two com-
pounds. Inspection of the chromatograms for the WT 
revealed the presence of the calbistrin A [M + Na]+ 
m/z of 563.2623 (calculated 563.2621, mass error of 
0.355 ppm) eluting at 9.7 min, and fragment ions corre-
sponding to neutral losses of one, two and three water 
molecules for calbistrin A (Additional file  1: Additional 
Information 1A), and the calbistrin C [M + Na]+ m/z of 
565.2776 (calculated 565.2777, mass error of 0.177 ppm) 
eluting at 9.9  min (Additional file  1: Additional Infor-
mation 1B). These adduct- and fragmentation patterns 
assisted the establishment of monoisotopic masses and 
indicated molecular formulas of  C31H40O8 and  C31H42O8, 
corresponding to calbistrin A and C, respectively. The 
identity of calbistrin A was confirmed by comparison of 
the UV spectrum and the MS/HRMS fragmentation pat-
tern to that of an in-house reference standard for calbis-
trin A (Additional file  1: Additional Information 1C-D). 
Tentative identification of calbistrin C was based on com-
parison of it MS/HRMS fragmentation pattern to that of 
calbistrin A (Additional file  1: Additional Information 
3F-I).

The UHPLC-HRMS analysis of the wild type grown on 
CM (Fig.  1b) also revealed [M + Na]+ parent ions that 
corresponded to the three compounds decumbenone A 
(two isomers eluting at 6.02 and 6.50 min), decumbenone 
B (eluting at 6.25  min), and decumbenone C (two iso-
mers eluting at 4.4 and 5.05 min). As the decumbenones 
all have the same polyketide backbone length and deca-
lin moiety as the calbistrins (Fig.  1a), we hypothesized 
that they are intermediates in, or byproducts of, calbis-
trin biosynthesis. The identity of these compounds could 
not be definitively confirmed due to the lack of reference 
standards, however, the fragmentation patterns for the 
putative decumbenone A-C compounds were in good 
agreement with the fragmentation patterns of calbistrin 
A and C (Additional file 1: Additional Information 3).

Further inspection of the WT chromatogram revealed 
the presence of two peaks (eluting at 5.9 and 6.7 min in 
Fig.  1b) that had a composition of  C15H20O5, based on 
HRMS, which corresponds to the composition of the 
linear dioic acid moiety of calbistrins and therefore also 
could be related to calbistrin biosynthesis. This hypoth-
esis was further strengthened by the finding that MS/
HRMS fragments of these compounds were identical to 
several MS/HRMS fragments observed upon fragmenta-
tion of calbistrin A and C (Additional file  1: Additional 
Information 4). Furthermore inspection of the MS/
HRMS data of the putative dioic acid moieties showed 
neutral losses of CO (at RT 5.8 min: fragment ions of m/z 
199.1112 and m/z 171.1161 give a difference of 27.9951, 

at RT 6.9  min: fragment ions of m/z 199.1120 and m/z 
171.1166 give a difference of 27.9954; theoretical mass 
CO = 27.9949) and sequential losses of 1C fragments, 
supporting the predicted molecular features (Addi-
tional file  1: Additional Information 2 and 4). Finally, 
the most abundant peak (5.9 min) had the same distinct 
UV spectrum as the calbistrins with absorption maxima 
at 345  nm (Additional file  1: Additional Information 4) 
(the peak at 6.9  min was too small for detection of UV 
spectrum). One should note that calbistrins are known 
to feature several different cis–trans isomers of the linear 
dioic acid moiety, e.g. calbistrin A constist excluselively 
of trans conformations while calbistrin B and D include 
a single cis conformation at various positions [8]. These 
cis–trans transitions were shown to be induced by light 
exposure which also occurred during extraction [18].

Comparative genomics of P. decumbens identifies a PKS 
putatively involved in calbistrin biosynthesis

The genome of P. decumbens (IBT11843), a member 
of the Penicillium subgenus Aspergilloides clade, was 
recently sequenced [10]. To narrow down the candidates 
for the calbistrin PKSs, a comparative genomics analysis 
with two distantly related known calbistrin producers 
was conducted. A. aculeatus has been reported to pro-
duce calbistrin A and C [19], and A. versicolor has been 
reported to produce versiol [20], which has a related 
structure to the decalin part of calbistrin A. Putative 
PKSs in A. aculeatus and A. versicolor were identified 
similar as described for P. decumbens, yielding 26 and 27 
putative PKSs respectively.

Additionally, several further fungal PKS and PKS-
NRPS-like biosynthetic systems have been reported to 
produce decalin containing metabolites, e.g. lovastatin 
in A. terreus, compactin in Penicillium brevicompactum, 
solanapyrone in Alternaria solani [21], equisetin/fusa-
risetin A in Fusarium heterosporum and Fusarium sp. 
FN080326 [22, 23] and myceliothermophin in Mycelioph-
thora thermophile [24]. The enzymatic basis for decalin 
formation in these systems is however not identical and 
falls into at least three distinct groups: (1) PKS/PKS-
NRPS based cycloadditions as seen in LovB and MlcA 
[25], (2) post-PKS bifunctional oxidases/alderases, such 
as Sol5 in Alternatria solani [21], (3) post-PKS mono-
functional alderases of diverse evolutionary origin such 
as the Fsa2 from the fusaristatin/equisetin pathways [23], 
and MycB (AEO57198) from the myceliothermophin 
E pathway. Nonetheless, to test how putative ortholo-
gous PKSs could be related to the known decalin form-
ing PKSs, we decided to include the KS-AT domains of 
MlcA, LovB, EqxS, Sol1, Fsa1 and MycA in the phyloge-
netic analysis.
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Subsequently, the KS domains were aligned using the 
Smith-Waterman algorithm and a neighbour joining 
tree was constructed to identify putative orthologous 
enzymes across the three species (Fig.  2). The analysis 
showed that five of the six known decalin-forming PKSs 

(highlighted with blue in Fig. 2) clustered within a single 
well supported clade (bootstrap of 85%) of PKS-NRPS 
hybrids. This clade includes true PKS-NRPS hybrids, 
and hybrids where part or the whole NRPS portion 
has been lost. PdecPKS10 proved to be closest related 

Note: Branches shorter than 0.0215 are shown as having length 0.0215
0.220

NR-PKS

R-PKS PKS-
NRPS

Pdec-PKS8 DH-ER-KR

Aacu-PKS7 DH-ER-KR

Aver-PKS12 DH-ER-KR
Pdec-PKS9 DH-ER-KR

Aver-PKS18 DH-Cmet

Aacu-PKS16 DH-ER-KR

Aver-PKS11 DH-ER-KR
Aacu-PKS22 DH-ER-KR

Aacu-PKS12 DH-ER-KR

Aacu-PKS20 DH-KR
Aver-PKS15 DH-KR

Aver-PKS5 SAT-PT

Aacu-PKS4 SAT-PT

Aacu-PKS3 SAT-PT

Aver-PKS4 SAT-PT

Aver-PKS3 SAT-PT

Aver-PKS9 SAT-PT-R
Aacu-PKS5 PT-Cmet-R
Aver-PKS7 PT-Cmet-R
Aacu-PKS6 PT-Cmet-R
Aver-PKS8 PT-Cmet-R
Aver-PKS10 SAT-PT

Aver-PKS16 DH-Cmet-ER-KR

Pdec-PKS3 DH-Cmet-ER-KR

Pdec-PKS7 DH-Cmet-ER-KR
Pdec-PKS6 DH-Cmet-ER-KR

Aacu-PKS23 DH-Cmet-ER-KR
Aver-PKS22 DH-Cmet-ER-KR

Aacu-PKS17 DH-Cmet-ER-KR

Aver-PKS14 DH-Cmet-ER-KR_CarAt
Aver-PKS23 DH-Cmet-ER-KR_CarAt

Aacu-PKS8 DH-Cmet-ER-KR
Aver-PKS17 DH-Cmet-ER-KR
Aacu-PKS11 DH-Cmet-ER-KR
Aacu-PKS19 DH-Cmet-KR-C-A-R
Aacu-PKS10 DH-Cmet-KR-C-A-R

Aacu-PKS9 DH-Cmet-KR

Pcit-MlcA DH-Cmet-ØER-KR-C (compactin)
Ater-LovB DH-Cmet-ØER-KR-C (lovastatin)
Aacu-PKS14 DH-KR-C-A-R
Aacu-PKS15 DH-Cmet-KR-C-A-R
Pdec-PKS5 DH-Cmet-KR-C-A-R

Ctof-PKS DH-Cmet-KR-R

Aacu-PKS24 DH-Cmet-KR-R

Aver-PKS25 DH-Cmet-KR-R
Pdec-PKS10 DH-Cmet-KR-R
Aver-PKS26 DH-Cmet-KR-C-A-R
Fsp-Fsa1 DH-Cmet-ØER-KR-C-A-R (fusarisetin A)
Fhet-EqxS DH-Cmet-ØER-KR-C-A-R (equisetin)

Aacu-PKS25 DH-Cmet-KR

Aacu-PKS13 DH-Cmet-KR
Aver-PKS13 DH-ER-KR-C-A-R

Aacu-PKS21 DH-Cmet-ER-KR

Aver-PKS27 DH-Cmet-ER-KR
Aver-PKS21 DH-Cmet-ER-KR

Aver-PKS19 DH-Cmet-ER-KR

Aacu-PKS18 DH-Cmet-ER-KR
Aacu-PKS26 DH-Cmet-ER-KR

Aver-PKS24 DH-Cmet-ER-KR

Aver-PKS20 DH-Cmet-ER-KR-BL
Asol-Sol1 DH-Cmet-ØER-KR (prosolanapyrone)

Pdec-PKS4 A-KR (NRPS-PKS hybrid)

Aver-PKS6 SAT-PT-CYC

Aver-PKS2 SAT-PT-CYC

Aver-PKS1 SAT-PT-CYC
Aacu-PKS1 SAT-PT-CYC

Pdec-PKS1  SAT-PT-CYC (YWA1)

Aacu-PKS2 SAT-PT-CYC

Pdec-PKS2  SAT-PT-Cmet-AE (andrastin)

Mthe-MycA DH-Cmet-KR-C-A-R (myceliothermophin)

CalA clade

Fig. 2 Neighbour joining tree of KS-AT domains from P. decumbens, A. aculeatus and A. versicolor PKSs. The four-membered clade with putative 
calbistrin-forming PKSs is highlighted with a red square. Known decalin forming PKSs are highlighted with blue background. Abbreviations: 
Species: Pdec: P. decumbens (highlighted in orange); Aacu: A. aculeatus; Aver: A. versicolor; Fhet: F. heterosporum; Fsp: Fusarium sp. FN080326; Mthe: 
Myceliophthora thermophile; Ater: A. terreus; Pcit: P. citrinum. Enzymatic domain: DH: dehydratase; Cmet: C-methyl transferase; ER: enoylreductase; ØER: 
dysfunctional ER; KR: ketoreductase; C: condensation; A: Adenylation; R: terminal reductase; TE: thioesterase; CarAt: carnetine acyltransferase; BL: beta 
lactamase; AE: acetylesterase; PT: product template; SAT: Starter acyltransferase, CYC: cyclase
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to the myceliothermophin forming PKS-NRPS MycA 
from M. thermophile, then the equisetin forming PKS-
NRPSs from Fusarium sp. and lastly the statin form-
ing PKS-NRPSs LovB and MlcA. The close association 
with known decalin forming PKSs supports the hypoth-
esis that PdecPKS10 is responsible for formation of the 
decalin portion of calbistrin. This hypothesis was further 
supported by the fact that KS domains from the par-
tially reducing PKSs AspacPKS25 and AspvePKS25 clus-
tered also with PdecPKS10, having an average identity 
of 76%. These three PKSs were all predicted to include 
a β-ketosynthase (KS), an acyltransferase (AT), a dehy-
dratase (DH), a methyltransferase (MT), a ketoreduc-
tase (KR), an acyl carrier protein (ACP), and a terminal 
reductase (R) domain.

Further analysis of the neighbour joining tree showed 
that only one additional clade included members of all 
three species, suggesting orthologous PKSs (Fig. 2). This 
clade included KS domains of three non-reducing PKSs 
(PdecPKS1, AspacPKS1 and AspvePKS1) which showed 
very high sequence similarities (average of 76%) to the 
wA PKS from P. rubens and therefore likely are responsi-
ble for producing YWA-based pigments in the respective 
species.

The comparative genomics analysis of PKSs in the three 
known calbistrin producers did not reveal any obvious 
candidates for the second PKS predicted to be respon-
sible for synthesizing the linear dioic acid portion of 
calbistrin.

Deletion of the pdecPKS10 gene demonstrates involvement 
of the PKS in calbistrin production
To test the proposed association between PdecPKS10 
activity and calbistrin formation we adapted a transfor-
mation and targeted genetic engineering system recently 
developed for P. chrysogenum (also known as Penicillium 
rubens Wisconsin 54-1255) [26] for use in P. decumbens 
to delete the PKS encoding gene PENDEC_c013G00595.

This protocol resulted in sufficiently high gene editing 
efficiencies to generate several clones for characterization 
of calA and also calB and calC in P. decumbens (Addi-
tional file 1: Additional Information 5). Initial screening 
of the generated transformants at the gene locus by col-
ony PCR and sequencing of clones displaying a size shift 
of the PCR product, indicating that excision of the entire 
genomic DNA region framed by the used protospacers 
was the most prevalent recombination event (Additional 
file 1: Additional Information 13 to 15), followed by some 
cases where parts from the AMA-plasmid had inte-
grated albeit no microhomology sequences were detected 
between the inserts and genomic locus. Surprisingly, 
neither of the analyzed transformants contained simpler 
short indel mutations as would be expected following 

incorrect repair of a single cut event by the NHEJ path-
way (Additional file 1: Additional Information 13 to 15). 
Based on our observations, the success rate of future 
experiments can perhaps be increased by adding a target-
specific donor DNA repair templates although this would 
increase the experimental preparation effort we sought to 
reduce here.

Analysis of the PdecPKS10 mutant (∆PKS) showed 
that the production of calbistrin was completely abol-
ished whereas production of unrelated compounds, such 
as andrastin C, remained unaffected (Figs. 1b, 6). These 
results confirmed that PdecPKS10 is essential for the 
biosynthesis of the calbistrins. Interestingly, the masses 
of the putative related metabolites, decumbenones and 
the putative linear moiety, also disappeared in the PKS 
deletion strains. This shows that these metabolites are 
involved in calbistrin biosynthesis, as hypothesized.

Defining the putative gene clusters boundaries by gene 
synteny analysis and transcriptomics data
A more detailed bioinformatic analysis of the PdecPKS10 
locus revealed that several of the adjacent genes encoded 
proteins with putative tailoring enzyme functions were 
presumably relevant for the biosynthesis of calbistrins. 
To determine the boundaries of this putative gene cluster, 
we performed a synteny analysis of the respective contigs 
containing PdecPKS10, AspacPKS25 and AspvePKS25. 
The analysis clearly showed conserved regions around 
the predicted PKS genes (Fig.  3a, trimmed to clusters 
for clarity) covering 10 predicted genes in P. decumbens 
(spanning a region of 35  kb) that displayed sequence 
similarity with a region containing 14 predicted genes 
upstream of the PKS in A. versicolor and 14 predicted 
genes in A. aculeatus downstream of the PKS. The iden-
tified conserved region in P. decumbens was continuous, 
while in A. versicolor the syntenic region was disrupted 
by a single gene that did not show homology with regions 
in the two other species. The putative cluster in A. acu-
leatus included two regions with no homology to regions 
in the two other species consisting of one region of seven 
adjacent genes and a second region of four adjacent 
genes.

The P. decumbens gene cluster included several regions 
that displayed high sequence similarity to the other two 
species but which lacked predicted genes, suggesting a 
less successful gene calling in P. decumbens. Guided by 
the detected homology, we used FGENESH as an alter-
native gene prediction and predicted three additional 
genes, which resulted in a total of 13 putative genes in 
the P. decumbens conserved region, named calA-calM. 
The proteins encoded by these genes all showed identities 
of > 75% and > 50% at amino acid level with the enzymes 
encoded the conserved regions in A. versicolor and A. 
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aculeatus, respectively (Table 1). At least one conserved 
functional domain was found in 12 out of the 13 pre-
dicted proteins, while none was found in CalD (Table 1). 
Ten of the proteins included predicted enzymatic func-
tionality which would support a function as tailoring 
enzymes in secondary metabolite biosynthesis. The pre-
dicted enzymes were two cytochrome P450 monooxy-
genases (CalE and CalL), a bifunctional CYP-P450 
monooxygease fused with a CYP-P450 reductase domain 
(CalG), three dehydrogenases (CalF, CalI and CalM), a 
methyltransferase (CalH), an enoyl reductase (CalK) and 
a beta lactamase (CalJ). In addition, two of the proteins 
included domains indicative of a MFS transporter (CalB) 
and a GAL4-like Zn(II)2Cys6 transcription factor (CalC), 
respectively. Analysis of the proteins encoded upstream 
of the PKS in A. aculeatus revealed two proteins (a puta-
tive methyl transferase and a short-chain dehydrogenase/

reductase) that could be part of a biosynthetic gene clus-
ter. However, these genes are present in multiple copies 
in the genomes of the two other species and hence likely 
not involved in calbistrin biosynthesis (Additional file 1: 
Additional information 6).

Moreover, a BLASTP analysis with the P. decumbens 
CalA-CalM proteins revealed that CalA-CalM showed 
high identities not only with proteins from A. versicolor 
and A. aculeatus, but also with several proteins from 
Colletotrichum tofieldiae and Colletotrichum chloro-
phyti. An additional gene synteny analysis with scaffold 
170 (accession LFIV01000170.1) of C. tofieldiae revealed 
the presence of a similar cluster in C. tofieldiae, but sev-
eral rearrangements in the order of the genes (Additional 
file 1: Additional information 7). All predicted proteins in 
the calbistrin cluster, except for CalJ, were found to have 
a homologue in the C. tofieldiae cluster.

Fig. 3 Expression and gene synteny in calbistrin cluster. a Synteny analysis of putative gene clusters in P. decumbens, A. aculeatus and A. versicolor. 
Figure made with EasyFig [46]. b Transcription analysis of calbistrin cluster in wild-type strain under calbistrin producing vs non-producing 
conditions. Log2 fold change for read counts in complex medium (inductive) over synthetic medium (non-inductive)
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The putative calbistrin cluster was further analysed for 
co-expression with the aim of identifying the bounda-
ries of the cluster. Transcriptomics data (RNA-seq) of 
P. decumbens grown in liquid CM, supporting calbistrin 
production, was compared with that of P. decumbens 
grown in liquid DM where calbistrin is not produced 
(unpublished). The resulting log2 fold change plot 
showed that all 13 predicted genes in the putative cluster 
were upregulated in CM compared to DM (Fig.  3b and 
Additional file 1: additional information 8), while neigh-
bouring genes did not show differential expression. This 
further strengthened the hypothesis of the proposed 
boundaries of the cluster.

The transcription factor CalC is required for calbistrin 
production
One of the encoded proteins in the P. decumbens clus-
ter, CalC, was predicted to include an N-terminal 
located GAL4-like Zn(II)2Cys6 binuclear zinc clus-
ter DNA-binding domain and a C-terminally located 

fungal specific transcription factor domain, a domain 
architecture typically found in secondary metabolite 
gene cluster specific transcription factor (TF) [27]. 
Targeted deletion of the gene calC, using CRISPR/
Cas9, and metabolic profiling of the resulting mutant 
(∆calC) revealed a similar chemical profile to that of 
the PKS deletion mutant: a complete disappearance of 
calbistrins and related compounds (Fig.  4). The dele-
tion did not affect the production of non-related com-
pounds, such as andrastin C, suggesting that the CalC 
TF is only regulating the transcription of a limited 
number of genes rather than secondary metabolism in 
general, as observed for other PKS cluster specific TFs. 
The function of CalC as an activating transcription 
factor controlling the calbistrin cluster was further 
supported by a qPCR based expression analysis of the 
calA, calB, and calF genes, which showed that deletion 
of CalC resulted in a significant downregulation of the 
tree analysed genes (calA, calB and calF) in the cluster 
(Fig. 5).

Table 1 Putative proteins within the calbistrin cluster in P. decumbens 

The gene names calA–calM were defined in this study. The PENDEC_XXXXX accession numbers are as in the original publication of the genome, except for calG, calJ 
and calM. These new gene models were constructed using Softberry FGENESH supported with homologous genes in A. versicolor (Aver) and A. aculeatus (Aacu) (see 
Additional file 1: additional information 16 for protein sequences of P. decumbens CalG, CalJ and CalM proteins). Putative homologues of each of the P. decumbens CAL 
protein in A. aculeatus and A. versicolor were identify by BLASTP are here presented with accession umber, along with % identity at amino acid level (%I) along with the 
predicted conserved domains found in the protein and E-value for this prediction

Name P. decumbens locus Size (aa) BLASTP
Aver

%I BLASTP
Aacu

%I Conserved domain and notes E-value

CalA PENDEC_c013G00595 2910 OJJ08178.1 85.3 XP_020058113.1 78.1 PKS: KS, AT, ACP, DH, Cmet, KR, R
Note: similar to MlcA PKS

0.0

CalB PENDEC_c013G07044 562 OJJ08177.1 84.9 XP_020058136.1 79.4 TIGR00711, drug resistance transporter,
Note: similar to MlcE MFS pump

4.1E−40

CalC PENDEC_c013G06298 426 OJJ08176.1 74.6 XP_020058137.1 51.9 smart00066, GAL4-like Zn(II)2Cys6 DNA-binding 
domain

3.3E−05

CalD PENDEC_c013G04601 494 OJJ08174.1 89.6 XP_020058121.1 76.1 No putative conserved domains detected.

CalE PENDEC_c013G04259 494 OJJ08173.1 77.2 XP_020058122.1 49.8 pfam00067, Cytochrome P450
Note: similarity to MlcC monooxygenase

1.8E−36

CalF PENDEC_c013G03789 575 OJJ08172.1 85.4 XP_020058123.1 75.4 COG0277, FAD/FMN-containing dehydrogenase
Note: similar to the bifunctional Sol5 flavin-depend-

ent oxidase and alderase from Alternaria solani

2.7E−22

CalG n/a 1056 OJJ08171.1 84.9 XP_020058124.1 72.8 pfam00067, Cytochrome P450, + CYPOR
Bifunctional: N-term cytochrome P450 and C-term 

cytochrome P450 reductase domains

2.5E−78

CalH PENDEC_c013G02261 273 OJJ08170.1 82.6 XP_020058125.1 61.2 pfam08242, SAM dependent methyltransferase
Note: similarity to C-MET domain found in HR-PKSs: 

FUM1, EasB, LepA, ApdA and AzaB

1.6E−20

CalI PENDEC_c013G00477 383 OJJ08169.1 82.7 XP_020058126.1 72.4 PRK06196, oxidoreductase (dehydrogenase) 1.1E−75

CalJ n/a 418 OJJ08168.1 82.1 XP_020058127.1 68.5 pfam00144, Beta-lactamase (putative acyltrans-
ferase)

Note: similar to MlcH acyltransferase

1.7E−33

CalK PENDEC_c013G03312 194 OJJ08167.1 83.0 XP_020058128.1 67.0 cd08249, enoyl reductase like
Note: similar to MlcG ER

3.5E−110

CalL PENDEC_c013G00617 568 OJJ08166.1 88.1 XP_020058129.1 78.2 pfam00067, Cytochrome P450 5.7E−23

CalM n/a 304 OJJ08165.1 89.8 XP_020058138.1 78.3 PRK06180, short chain dehydrogenase 1.5E−67
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The MFS transporter CalB is involved in calbistrin export
Targeted deletion of calB, encoding a predicted major 
facilitator superfamily transporter and HPLC-HRMS 
based profiling of the extracellular secondary metabo-
lites produced in CM broth after day 5 and 7 showed an 
almost complete absence of calbistrin A and calbistrin C, 
a decreased abundancy of decumbenone A, B and C to 
20–60% of the wild type levels and increased amounts 
of the linear moiety (Fig.  6). This suggests that CalB is 
involved in export of calbistrin A and related metabo-
lites containing a decalin moiety. Analysis of the tran-
scriptional response of calA, calC and calF in the ∆calB 
background indicated an earlier decrease in transcrip-
tion for calA and a moderate log2 fold change (log2FC) 
in expression of 1 for calC and calF (Fig.  5b), suggest-
ing that the lack of calbistrin export and consequently a 
putative intracellular increase did not strongly impact the 
expression of these 2 genes. The need for active transport 
is likely due to the dioic acid moiety that increases the 
molecule size of calbistrin and causes changes in surface 
charge distribution, reducing the likelihood of a partial 
non calB-dependent transport or passive leakage out of 
the cells across the membrane as observed with remain-
ing amounts of decumbenones and the linear moiety in 
the broth after transporter deletion.

Search for the second PKS required for calbistrin 
production
Calbistrin is predicted to consist of two individually 
formed polyketide chains [8] that differ both in their 
length and decoration pattern, requiring the activity of 
two independent polyketide synthases as seen in statin 
biosynthesis. The high similarity between the KS domain 
of CalA and other known decalin producing PKS systems 

strongly indicate that CalA is responsible for biosynthe-
sis of the decalin moiety, while the linear moiety must be 
produced by a second unknown PKS encoded by a gene 
located elsewhere in the genome. However, surprisingly 
deletion of calA did not only result in the inability to pro-
duce the decalin containing metabolites (calbistrin A, B, 
decumbenone A, B, C), but also hampered production of 
the linear dioic acid moiety, suggesting an inaction of the 
unknown PKS. Similar shutdown of entire biosynthetic 
pathways has been observed for other secondary metab-
olite cluster and pathways, e.g. bikaverin biosynthesis in 
several Fusarium species [28], where deletion of struc-
tural genes can result in the transcriptional down regula-
tion of the remaining genes in the cluster. The molecular 
basis for such down regulations is currently unknown, 
but may be utilized to identify unknown components 
of a biosynthetic system. Therefore, we performed a 
qPCR expression analysis of the three PKS candidates 
(PdecPKS3, PdecPKS6, PdecPKS7) for the unknown dioic 
acid forming activity in the TF deletion strain (∆calC) 
and in the MFS deletion strain (∆calB) which was still 
able to produce all intermediates but performed poorly 
in export of calbistrin A and B. The analysis showed that 
the expression of the three PKS encoding genes did not 
change dramatically, less than two fold, in neither of the 
two strains (Fig. 7) suggesting that they are most likely are 
not responsible for forming the linear moiety. Targeted 
deletion of pdecPKS6 and chemical analysis of the myce-
lium and agar-plug extracts confirmed this conclusion for 
this gene as no change in calbistrin-associated secondary 
metabolites were detected (data not shown). However, 
it cannot be conclusively excluded that PdecPKS7 and 
PdecPKS3 based on the presented data and it is possible 
that formation of the dioic acid occurs in an alternative 
fashion independent of PKSs.

Fig. 4 Comparison of UHPLC-HRMS results of P. decumbens ∆TF and P. decumbens ∆PKS compared to WT. Base peak chromatograms (BPCs) of P. 
decumbens WT, P. decumbens ∆TF and ∆PKS
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Fig. 5 Gene expression profiles of P. decumbens parental and loss-of-function strains grown in liquid CM. a Gene expression of calA, calB, calC and 
calF in wild type P. decumbens strain relative to actin. Data are averages from two independent grown flasks analyzed in two technical duplicates. b 
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Discussion
Comparative genomics analysis of three species produc-
ing the bioactive secondary metabolite calbistrin led 
to the identification of a partly reducing PKS (Fig.  2), 
that proved to be involved in calbistrin production 
in P. decumbens (Fig.  1). Further comparative analy-
sis identified a region consisting of 13 genes that was 
shared between the three species. In P. decumbens this 
was a continuous region, while the syntenic region was 

disrupted in A. versicolor by a single gene and in A. acu-
leatus by two regions of seven and four genes, respec-
tively (Fig.  3). In all cases, antiSMASH predicted larger 
clusters than what was predicted via the synteny based 
comparative analysis (34 vs. 13 genes in P. decumbens, 19 
vs. 14 in A. versicolor and 33 vs. 23 in A. aculeatus). How-
ever, the smaller cluster predicted by the synteny analysis 
was supported by RNA-seq data in P. decumbens which 
showed co-expression of the 13 genes.
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Deletion of the PKS encoding gene pdecPKS10 in P. 
decumbens eliminated calbistrin production proving its 
involvement in the biosynthesis of calbistrin. However, 
calbistrin consists of two polyketides, one decalin con-
taining 14 carbon backbone and one linear 12 carbon 
backbone, and is therefore predicted to be synthesized by 
two polyketide synthases [8]. Besides the absence of the 
calbistrins and the putative decalin containing precur-
sors decumbenone A-C, formation of the putative dioic 
acid moiety was also absent in the PdecPKS10 deletion 
strain, producing a situation that made it impossible to 
conclusively determine whether PdecPKS10 is responsi-
ble for synthesis of the decalin or the dioic acid moiety of 
calbistrin.

However, based on the high sequence identity of the 
PdecPKS10 KS-AT domains to that of other known dec-
alin forming PKSs, such as MlcA, LovB, EqxS, Sol1 and 
Fsa1, we suggest that CalA is responsible for forming the 
decalin moiety (Fig.  2). This hypothesis is strengthened 
by the reductase (R) domain predicted at the C-terminal 
end of CalA. The decalin containing decumbenones have 
a terminal aldehyde instead of the carboxylic acid usually 
obtained from a classical thioesterase (TE) based release 
mechanism, and the R domain in CalA could be responsi-
ble for reducing the thioester bond to release the product 
as the observed aldehyde. Resembling the product release 
mechanism reported for the PKS-NRPS hybrids MycB 
and EqxS/Fsa1 that both includes terminal reductase 
domains resulting in the formation of terminal aldehyde 
groups in the products [23, 24]. A situation that differs 
markedly from the LovB PKS that does not include TE 
or R domains, but instead dependent on the trans-acting 
thioesterase LovG for product release [29].

Calbistrin includes fully reduced ketide units and 
one would hence expect the involved PKS to include an 
enoylreductase (ER) domain, however, the identified 
CalA lacks this domain. Nonetheless, one gene within the 
calbistrin cluster, calK, is predicted to have an ER con-
served domain. The involvement of a trans-acting ER is 
also seen in the lovastatin/compactin, myceliotheramo-
phin and equisetin biosynthesis, where the PKSs contains 
an inactive ER domain and reduction of the backbone is 
catalysed by an trans-acting accessory enzyme, LovC in 
lovastatin biosynthesis [30, 31]. As CalK belongs to the 
same family of enoylreductases as LovC (conserved pro-
tein domain family accession cd08249: enoyl_reductase_
like) it could potentially be responsible for carrying out 
this reductive step on the growing calbistrin polyketide 
chain.

The enzymatic basis for [4 + 2] cycloaddition that leads 
to formation of decalin structures differs significantly 
between fungal systems and while the statin-forming 
PKS have been shown to catalyse the reaction themselves 

[31], other systems depend on trans-acting alderases 
that act on the polyketide chains following release from 
the PKS. A search for homologs of the monofunctional 
alderases Fsa2 and MycB in P. decumbens did not return 
any significant hits, however a search for the bifunctional 
Sol5 revealed CalF as a significant hit. Sol5 from A. solani 
is a bifunctional flavin-dependent oxidase and Diels-
Alderase responsible for catalysing the cycloaddition in 
solanapyrone [21]. Based on the high level of similarity 
between CalA and CalF to the enzymes in the salanapy-
rone pathways and we hence hypothesise that the deca-
lin part of calbistrins is formed via a similar mechanism. 
The decalin polyketide backbone includes two C-methyl 
groups, at C7 and C11 in backbone, of which the C7 posi-
tions is similarly to what is seen in compactin, where it 
is known to be added by the PKSs C-methyltransferase 
domain. A candidate for adding the methyl group at C11, 
if not done by CalA, is CalH that resembles the C-meth-
yltransferase domains found in the FUM1 (fumonisin), 
EasB (Emericellamide), LepA (leporins), ApdA (Aspyri-
dones) and AzaB (Azaphilone) PKSs (Table 1).

The genes found upstream of the PKS calA gene 
encodes several tailoring enzymes that potentially could 
be involved in the modification of the decalin polyketide 
product (Table  1). This includes three P450 monooxy-
genases (CalE, CalG and CalL), of which one might be 
responsible for the introduction of the extra hydroxyl 
group attached to the backbone of the decalin moiety, 
at position C9 in the backbone, that allows for attach-
ment of the linear moiety. One tailoring enzyme activ-
ity that is expected to be involved in biosynthesis of 
calbistrin is an acyltransferase for connecting the two 
polyketide synthase products, such as seen in lovastatin 
biosynthesis, where the acyltransferase LovD is involved 
in transferring the polyketide chain from the PKS LovF 
to the finished polyketide product from the PKS LovB 
[32]. Blasting of the LovD protein sequence against the 
predicted P. decumbens proteins resulted in the identi-
fication of four proteins (E-value below 1 × 10E−38), of 
which CalJ had the highest level of sequence identity, of 
33%, to LovD of the four hits. CalJ was initially predicted 
to be an acyltransferase, as the conserved domain with 
the highest score was a beta lactamase domain. How-
ever, this was also the case for LovD which previously has 
been experimentally proved to act as an acyltransferase. 
Similarly, it has been demonstrated that EstB, a protein 
related to beta-lactamases, lacked ß-lactamase activity 
but instead act as a acyltransferase in the bacteria Burk-
holderia gladioli [33].

The calbistrin cluster identified in this study poten-
tially encodes many of the enzymatic activities predicted 
to be required for de novo synthesis of calbistrin. How-
ever, explaining synthesis of the linear moiety remains 
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a challenge. The first obvious hypothesis for a second 
PKS responsible for the biosynthesis of the linear moi-
ety would be the presence of another PKS in the close 
genomic vicinity of calA (PdecPKS10), similarly to the 
situation described for the PKSs involved in lovastatin 
and compactin formation. However, no other PKS was 
predicted on P. decumbens scaffold 13, which suggest 
that the calbistrin pathway may be encoded by several 
different loci in the genome. The P. decumbens genome 
is only predicted to encode a total of ten PKSs, of which 
one was predicted to be responsible for YWA synthesis 
(Pdec-PKS19), one for andrastin A synthesis (PdecPKS2), 
and one was found to be involved in calbistrin synthe-
sis in this study (PdecPKS10). The structure of both the 
decalin and the linear moieties suggest that they undergo 
a C-methylation of the backbone chain during synthe-
sis, with the decalin possessing two methyl groups and 
three are present in the linear structure. The P. decum-
bens genome included other than PdecPKS10, three 
putative PKSs with a predicted C-methylation domain: 
PdecPKS6, PdecPKS7 and PdecPKS3. Another option 
is that the C-methylation is catalysed by a post-PKS tai-
loring enzyme. The gene located on the genome next to 
PdecPKS4 was annotated as a putative methyl transferase, 
and thus could possibly perform a post-PKS C-meth-
ylation reaction. Based on our data, we can exclude 
PdecPKS6 as being responsible for formation of the lin-
ear moiety based on targeted deletion. Further investiga-
tion of calbistrin biosynthesis could therefore focus on 
the deletion of PdecPKS3, PdecPKS4 and PdecPKS7, and 
evaluate their role in biosynthesis of the linear moiety.

Deletion of the predicted transcription factor encoding 
gene calC resulted in the abolishment of the production 
of calbistrin and its related metabolites, proving involve-
ment of CalC in calbistrin formation (Fig. 4) by regulat-
ing expression of PdecPKS10. Comparison of the calC 
mutant metabolite profile revealed that it was very simi-
lar to that of the PKS deletion strain, suggesting that the 
transcription factor regulates the cluster, and does not 
act as a global regulator. Indeed, GAL4-like type of tran-
scription factors are the most common type of in-cluster 
pathway regulators in fungi [27]. To further investigate 
the influence of the transcription factor on the calbis-
trin cluster, expression of several genes in the cluster was 
compared between the wild-type and the ∆TF strains 
(Fig. 5). The observation that the final product calbistrin, 
the decalin intermediates as well as the linear dioic acid 
intermediates disappeared similarly upon deletion of the 
PKS and the transcription factor is interesting.

One speculation could be the existence of a negative 
feedback mechanism triggered by the absence of the 
decalin intermediates results in the shut-down of the 
biosynthetic pathway of the linear intermediate, either at 

enzymatic or gene expression level. Alternatively the lack 
of the decalin metabolite in the cell results in a situation 
where the activity of the PKS that forms the linear pol-
yketide is inhibited as it is unable to unload its formed 
product due to a lack of the decalin reaction partner. 
Another possibility for the synthesis of the dioic (dicar-
boxylic) acid would be the oxydation of a free long-chain 
fatty acid to a ω-hydroxy acid via a cytochrome P450 
monoxygenases [34] and subsequent oxidation via alco-
hol and aldehyde dehydrogenases [35]. Indeed, the puta-
tive cluster contains three genes with a putative P450 
monoxygenase function (CalE, CalG and CalL), however, 
this scenario is very speculative as the dioic acid moi-
ety of calbistrin is branched and desaturated, requiring 
intensive enzymatic activity to source this molecule via 
the free fatty acid biosynthetic pathway. In contrast, one 
could argument that the premature release product of 
CalA could be the starter unit for a P450 monoxygenase 
and does not undergo cyclysation in this case.

Deletion of the predicted MFS transporter gene calB 
resulted in a strong decrease (log2FC of − 6.2 to − 7.7 
on day 5) of extracellular calbistrin A and C levels and 
a modereate decrease (log2FC of − 0.5 to − 2.3 on day 
5) of extracellular decumbenone A, B and C, suggesting 
that calB is involved in export of both decumbenones 
and calbistrin, however the latter molecules do seem to 
get exported to some extent via other less specific trans-
port routes, as their level did not decrease as strongly 
as the level of calbistrin A and C. Similar observations 
were made for export of andrastatin A in Penicillium 
roqueforti [36] and bikaverin in Fusarium fujikuroi [28] 
when their respective transporter was downregulated 
or deleted, respectively. Although we did not perform 
analysis of intracellular accumulation of calbistrin A and 
C, we can conclude from our expression data that a pos-
sible feedback on the transcript level due to accumula-
tion of calbistrin A, C or its pathway intermediates did 
not occur for calA, calC and calF as the expression levels 
only changed modestly, making it unlikely that complete 
abolishment of expression takes place. However, it still 
remains a possibility that enzymes not analyzed for their 
expression in this study show a stronger response or the 
inhibition takes place on the enzyme level.

Future studies could also look beyond calbistrins as 
molecule class and investigate the mode of action and 
benefits for the producers of the related decumbenones 
which were shown to inhibit melanisation of Magna-
porthe grisea [37] and stimulating the germination of 
agricultural plants [38]. As our study also identified a 
potential calbistrin cluster in the root endophyte Colle-
totrichum tofieldiae which supports growth of Arabi-
dopsis thalina under low phosphate conditions [39], it 
might be worth to investigate the production and role of 
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decumbenones and calbistrins in these interactions and 
wether they are valuable for fending off other soil-thriv-
ing fungi or promoting growth of the host plant.

Conclusions
This study identified a 13-membered gene cluster in P. 
decumbens required for biosynthesis of the structurally 
interesting polyketide calbistrin. Targeted deletion of 
three of the identified genes, namely PdecPKS12 (calA), 
calB and calC, proved their involvement in the forma-
tion of calbistrins, as a polyketide synthase, a pump and 
a positively acting pathway specific transcription factor, 
respectively. The identified Cal-cluster encode many of 
the required enzyme types predicted to be essential for 
de novo calbistrin biosynthesis, however, the enzyme(s) 
responsible for formation of the linear moiety remains 
elusive and further work is hence needed to allow for 
the future construction of a high yielding calbistrin cell 
factory.

Methods
Strains and media
Penicillium decumbens strain IBT11843 was obtained 
from and is available at the IBT culture collection 
(Department of Biotechnology and Biomedicine, Techni-
cal University of Denmark).

For chemical analysis, strains were grown either on 
liquid or solidified Czapek yeast autolysate medium 
(CM) containing (30 g/l sucrose, 5 g/l yeast extract, 3 g/l 
 NaNO3, 1.0  g/L  K2HPO4, 0.5  g/l  MgSO4·7  H2O, 0.5  g/l 
KCl, 0.01 g/l  FeSO4,·7  H2O, 20 g/l agar and 1.0 mL trace 
metal solution containing 0.1  g/l  ZnSO4·7H2O and 
0.05 g/L  CuSO4·5  H2O, the pH was adjusted to 6.2 with 
NaOH.

For transcriptome data referred to in this study, cultiva-
tions were performed in CM and defined medium (DM) 
as described previously [40]. For preparing protopalasts 
for transformation of P. decumbens, YGG medium was 
used for cultivation as described previously [41].

Bioinformatic analysis
Genome sequences from P. decumbens IBT 11843 (acces-
sion MDYL00000000) [10], A. aculeatus ATCC 16872 
(accession MRCK00000000.1) [42] and A. versicolor CBS 
583.65 (accession MRBN00000000) [42] were obtained 
from GenBank.

To identify biosynthetic gene clusters (BGCs) in P. 
decumbens, the genome was analysed via the Ant-
iSMASH (v.3.0.4) server, resulting in the prediction 
of in total 22 putative BGCs, of which nine included 
PKS encoding genes. A previous analysis of 24 genome 
sequenced Penicillium species, showed that these in aver-
age encoded 17.2 PKS BGCs [10]. The low number of 

identified PKS encoding genes in P. decumbens prompted 
us to perform an additional BLAST based search for PKS 
encoding genes that may have been missed in the first 
round of automated analysis. The manual analysis was 
performed using the β-ketosynthase (KS) domain from 
the YWA producing PKS (accession XP_002568608) 
from Penicillium rubens Wisconsin 54-1255 as query in 
a TBLASTN search against a database containing the 
translations of the P. decumbens whole genome sequence 
in all six open reading frames and a BLASTP search 
against a database containing all predicted proteins in the 
P. decumbens genome. Full length protein sequences for 
hits with an e-value below 1e-6 in the BLASTP analysis 
were retrieved and annotated using the NCBI Conserved 
Domain Database [43]. This resulted in the identification 
of one additional highly reducing PKS, bringing the total 
to five highly reducing PKSs (HR-PKSs), one partially 
reducing PKS (PR-PKS), two non-reducing PKSs (NR-
PKSs), and two partially reducing PKS-nonribosomal 
peptide synthetase hybrids (PR-PKS-NRPS).

CLC main Workbench version 7 (QIAGEN Bioinfor-
matics) was used for local BLAST analysis, protein align-
ment and neighbor joining tree creation. The amino acid 
sequences of the PKSs for all organisms were trimmed 
to the KS-AT domains, which are the only universal 
domains of PKSs and have previously been shown to 
be a good evolutionary determinant [10, 44]. Phyloge-
netic trees were exported to the iTOL v3 tool for manual 
annotation and visualization [45]. Gene predictions in P. 
decumbens were performed using FGENESH (Softberry). 
Functional conserved domains in the translated pro-
tein sequences were predicted using Conserved Domain 
Search (NCBI). Analysis of syntenic regions was done 
using the python application Easyfig [46].

RNA-seq data were obtained from Jens Nielsen’s lab 
at Chalmers University (Nielsen et  al., unpublished). 
Raw reads were mapped to the P. decumbens reference 
genome (accession MDYL00000000) using TopHat2 (v. 
2.0.9) [47], and gene read counts were quantified using 
FeatureCount [48], both with default parameters. Dif-
ferential expression analysis was computed for complex 
medium relative to defined medium using DESeq 2 [49].

Fungal transformation and gene disruption in P. 
decumbens
Protoplasts of P. decumbens were prepared 48  h after 
inoculation of 5 × 105 spores/ml in YGG medium using 
the methods and media described previously [41] with 
the following modifications: we reduced the incuba-
tion time in glucanex solution (30  mg/ml in KC Buffer) 
to 75  min, as longer incubation reduced the number 
of recovered colonies (For an overview of conducted 
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transformations for this publication, see Additional file 1: 
Additional information 5).

To establish which dominant selection markers can be 
used for P. decumbens, protoplast were initially plated on 
[41] containing either 0.1% acetamide (Sigma Aldrich, 
NL) as the sole nitrogen source or 40 mM sodium nitrate 
and one of the following selection agents: 50 µg/ml phle-
omycin (Invivogen, USA) or 1.2 µg/ml terbinafine (Terbi-
nafine Hydrochloride, Sigma Aldrich, NL).

In contrast to a lack of inhibition on acetamide plates 
(due to activity of host acetamidase genes), robust inhibi-
tion of growth was observed on plates with phleomycin 
and terbinafine. Low inhibitory concentration of terbin-
afine have been previously reported by Sigl et al. [50] for 
Penicillium chrysogenum. As terbinafine acts as an inhibi-
tor of squalene epoxidase in a broad range of fungi and is 
also convenient from an economic point of view, we used 
the MoClo modular cloning system [51] to construct an 
ergA overexpression cassette utilizing the widely used 
pgpdA promoter from Aspergillus nidulans (Additional 
file 1: Additional information 9) and the squalene epoxi-
dase ergA from Penicillium chrysogenum to build pCP-
AMA-ergA, which was utilized when deleting calC and 
calB.

For protospacer selection, sgRNA synthesis and RNP 
delivery we used the methods described in [26] with an 
additional filtering for highly active protospacers using 
sgRNA scorer 2.0 [52]. For selection of protoplasts com-
petent in taking up DNA (and presumably other mac-
romolecules such as RNPs), either 3.0 µg pJAK-109 [26] 
or pCP-AMA-ergA were co-transformed along with 
RNPs and protoplasts were plated on protoplast recov-
ery plates supplemented with phleomycin or terbinafine 
and 40 mM sodium nitrate. Plates were incubated for up 
to 7 days at 25 °C to allow recovery of transformants and 
formation of colonies.

Colonies were screened by colony PCR using Phire 
Green 2x Mastermix (Thermo Scientific, The Nether-
lands) and initial anaylsis of band size shifts on 1% aga-
rose gels. To determine length and location of insertions 
or deletions (Additional file  1: Additional information 
12–15) Sanger sequencing (Macrogen, The Netherlands) 
of PCR products was performed.

To loose AMA-plasmids obtained during transforma-
tion, spores were harvested and diluted out on nonselec-
tive R-Agar [41] followed by colony PCR. This procedure 
was repeated twice. A list of all sgRNAs and primers used 
in this study can be found in Additional file 1: Additional 
information 10 and 11, respectively.

qPCR analysis of calA, B, C and M in P. decumbens
For qPCR analysis of the calbistrin cluster genes in P. 
decumbens, we choose a single ∆calB and ∆calC clone 

and 3 biological replicates of the parental strain. 1 ml of 
a spore solution  (1x106 spores/ml) was used for inocula-
tion of 25 ml liquid CM in 100 ml shake flasks. Cultures 
were grown for 7 days at 25  °C and 200 rpm. Mycelium 
for RNA extraction was separated from 5  ml broth by 
filtration, washed once with 2 volumes of ice-cold  H2O 
and 100–200 mg wet biomass were mixed with 1 ml Tri-
zol reagent (Thermo Fisher Scientific, The Netherlands), 
transferred to screw-cap tubes containing glass beads 
(diameter 0.75–1 mm) and stored at − 80  °C until RNA 
isolation. Mycelium was disrupted with a FastPrep FP120 
system (Qbiogene, France) and total RNA was isolated 
using the Direct-zol RNA MiniPrep Kit (Zymo Research, 
USA). For cDNA synthesis, 1500  ng total RNA were 
reverse transcribed using the Maxima H Minus cDNA 
Synthesis Master Mix (Life Technologies, The Nether-
lands) in a volume of 20  µl. Samples were diluted with 
80 µl MQ-H2O and 4 µl of this cDNA were used as input 
for qPCR in a final volume of 25  µl. As master mix for 
qPCR, the SensiMix SYBR Hi‐ROX (Bioline Reagents, 
England) was used. All runs were performed on a Mini-
Opticon system (Bio‐Rad). The following conditions 
were employed for amplification: 95  °C for 10  min, fol-
lowed by 40 cycles of 95  °C for 15 s, 60  °C for 30 s and 
72 °C for 30 s, following an acquisition step. Raw ct data 
were exported and analysis of relative gene expression 
was performed with the 2 − ΔΔCT method [53]. The 
expression analysis was performed with two technical 
duplicate per biological sample. The γ‐actin gene (PEN-
DEC_c001G04327) was used as internal standard for data 
normalization. The primers used for qPCR of calA (PEN-
DEC_c013G00595), calB (PENDEC_c013G07044), calC 
(PENDEC_c013G06298), calF (PENDEC_c013G03789) 
and γ‐actin are listed in (Additional file  1: Additional 
information 11).

Chemical analysis
For solid cultures, three agar plugs were sampled 
from one colony and 1.0  ml of extraction solvent, 
isopropanol:ethylacetate (1:3) containing 1% formic acid, 
was added. After ultra-sonication for 1 h the extract was 
transferred to a clean vial, evaporated to dryness and dis-
solved in 100 µl methanol. After centrifugation for 5 min 
the supernatant was directly used for chemical analysis.

Secondary metabolite analysis of solid culture samples 
was achieved by ultra-high performance liquid chroma-
tography-diode array detection-quadrupole time of flight 
mass spectrometry (UHPLC-DAD-QTOFMS) on an 
Agilent 1290 UHPLC system (Agilent Technologies, Tor-
rance, CA) coupled to an Agilent 6545 QTOF equipped 
with an electrospray ionization (ESI) source. True tan-
dem MS/HRMS spectra were obtained at fixed collision-
induced dissociation (CID) energies of 10, 20, and 40 eV 
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[54] and matched to the available reference standards of 
calbistrin A and andrastin C.

For analysis of cultures grown in liquid CM, broth and 
mycelium were separated by centrifugation for 10 min at 
14,000 g, followed by filtration of the clarified broth over 
0.2 µm PTFE syringe filters (VRW, The Netherlands). The 
obtained filtrate was directly used for analysis or frozen at 
− 20 °C. For analysis of liquid culture samples, high per-
formance liquid chromatography electrospray-ionization 
high–resolution mass spectrometry (HPLC-ESI-HRMS) 
was conducted on an Accella1250 UPLC system coupled 
to an Orbitrap Exactive (Thermo Fisher Scientific, The 
Netherlands) with a scan range of m/z 100–1600. A sam-
ple of 10 μL was injected onto a Shim-pack XR-ODS C18 
column (75 mm × 3.0 ID, 2.2 μm) (Shimadzu, Japan) kept 
at 40 °C and operated at a flow rate of 300 μL/min. Sepa-
ration of compounds was achieved with the following 
solvents (A: 100% MQ-H2O, B: 100% Acetonitrile, and C: 
2% formic in MQ-H2O being constantly added at 5% to 
protonate molecules). After injection of sample, column 
was run for 5 min with isocratic flow at 5% B, following 
a linear gradient for 25  min reaching 95% B, remaining 
constant at 95% B for 5 min and equilibrating the column 
with initial conditions of 5% B for 5 min before injection 
of the next sample. Each sample was analyzed in techni-
cal duplicate. Total ion chromatograms and areas of m/z 
of interest were generated and processed using Mass-
Hunter (Agilent) and XCalibur (ThermoFisher) with a 
m/z error below 1  ppm for all molecules referred to in 
this study.
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Abstract 

Background: Aspergillus niger is an important fungus used in industrial applications for enzyme and acid production. 
To enable rational metabolic engineering of the species, available information can be collected and integrated in a 
genome‑scale model to devise strategies for improving its performance as a host organism.

Results: In this paper, we update an existing model of A. niger metabolism to include the information collected from 
876 publications, thereby expanding the coverage of the model by 940 reactions, 777 metabolites and 454 genes. In 
the presented consensus genome‑scale model of A. niger iJB1325 , we integrated experimental data from publica‑
tions and patents, as well as our own experiments, into a consistent network. This information has been included in 
a standardized way, allowing for automated testing and continuous improvements in the future. This repository of 
experimental data allowed the definition of 471 individual test cases, of which the model complies with 373 of them. 
We further re‑analyzed existing transcriptomics and quantitative physiology data to gain new insights on metabo‑
lism. Additionally, the model contains 3482 checks on the model structure, thereby representing the best validated 
genome‑scale model on A. niger developed until now. Strain‑specific model versions for strains ATCC 1015 and CBS 
513.88 have been created containing all data used for model building, thereby allowing users to adopt the models 
and check the updated version against the experimental data. The resulting model is compliant with the SBML stand‑
ard and therefore enables users to easily simulate it using their preferred software solution.

Conclusion: Experimental data on most organisms are scattered across hundreds of publications and several reposi‑
tories.To allow for a systems level understanding of metabolism, the data must be integrated in a consistent knowl‑
edge network. The A. niger iJB1325 model presented here integrates the available data into a highly curated genome‑
scale model to facilitate the simulation of flux distributions, as well as the interpretation of other genome‑scale data 
by providing the metabolic context.

Keywords: Aspergillus niger, Primary metabolism, Secondary metabolism, Genome‑scale model

Background
Genome-scale metabolic models have been successfully 
used as tools for guiding metabolic engineering, analyz-
ing cellular phenotypes and contextualizing omics data 
[1–3]. For all of these tasks, high quality reconstruc-
tions are needed to minimize problems introduced by 
errors in the model. Today, there are multiple approaches 
for model generation spanning from classic manual 

model building, semi-automated and fully-automated 
generation of genome-scale models [1, 4, 5]. The lat-
ter approaches are especially valuable for new or under-
characterized species as the genome sequence can form 
the basis for the construction of a draft genome-scale 
model. For well-characterized species, the classic model 
building approach provides the opportunity of integrat-
ing available experimental knowledge into a structured 
framework, allowing for consistency checking and iden-
tification of knowledge gaps. The probably best curated 
genome-scale models are available for widely used model 
species such as E. coli and S. cerevisiae. The consensus 
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reconstruction of S. cerevisiae has been curated in a 
community-driven effort for several years and is able to 
simulate gene deletions and growth performance with 
high accuracy [6]. In this paper we aimed at establishing 
a community consensus genome-scale model of A. niger 
that enables researchers to run constraint-based analyses 
like prediction of gene knockout phenotypes or maxi-
mum yields under different conditions. While particular 
areas of metabolism in Aspergilli have attracted signifi-
cant attention [7], there are still big gaps [8] in our under-
standing to be addressed.

Aspergillus niger described in 1867 by Van Tiegham, 
sparked considerable interest due to the observation of 
citric acid overproduction in the beginning of the last 
century [9]. Besides being an industrial work-horse in 
citric acid production, A. niger and its close relatives 
are also widely used hosts for enzyme production [10, 
11]. Owing to the commercial interest in A. niger and its 
metabolic flexibility with respect to utilizable substrates, 
there has been sustained research to elucidate the metab-
olism of this organism. The first genome-scale model of 
A. niger was published by one of the authors [12], which 
has been built on a former reconstruction of central car-
bon metabolism of A. niger[13]. The original model has 
been widely used for a variety of applications, e.g. for 
modeling acid production [14] and predicting protein 
yields [15]. However, these modeling efforts are based on 
the state of the art in 2008. During the last decade, sub-
stantial amounts of research have been conducted on A. 
niger metabolism as well as on the metabolism of closely 
related fungi, which can be used to greatly improve the 
predictions and metabolic network of A. niger. Addition-
ally, the organization of biological data has changed tre-
mendously in the last decade. Standards for structuring 
models (e.g. SBML), identifying chemical reactions (E.C. 
numbers and KEGG identifiers), referencing literature 
(e.g. DOIs, Pubmed IDs, and PMC IDs), and identifica-
tion of chemical compounds (ChEBI’s and InChI’s) have 
been established and/or updated, enabling a much higher 
degree of cross-referencing of information and establish-
ing interlinked data structures.

Recently, a different update of the original genome-
scale model has been published by Lu et  al. [16]. The 
authors used a partially overlapping updating strategy. 
First, they updated the annotations of metabolites and 
reactions and balanced all unbalanced reactions. The 
authors then used the information from four databases 
to add new reactions to the model and update existing 
gene-protein-reaction associations (GPRs). While also 
making use of the structured information provided by 
those databases, we aimed for a systematic storage of 
the primary data in the model thereby ensuring long-
term evolution of the model. In this work, we present an 

updated genome-scale model of A. niger that has under-
gone major revisions with respect to the metabolic cov-
erage as well as the quality of gene assignments, and is 
in compliance with state-of-the-art data standards. 
The end result is a gold-standard curated and validated 
genome-scale model, incorporating the information of 
876 publications.

Results
Update methodology and statistics
The aim of the update was to improve the original 
genome-scale model of A. niger [12], both with respect 
to coverage as well as with respect to the annotations 
included in the model, in particular the assignment of 
genes to reactions. Furthermore, specific interests have 
been to include modeling of secreted secondary metab-
olites and the hundreds of proteins, which A. niger is 
known to produce. In a first step, metabolites have been 
annotated with their respective ChEBI identifier [17] to 
enable their unequivocal identification in relevant data-
bases. The undissociated form of the individual metab-
olites has been used to avoid problems caused by the 
largely unknown proton stoichiometry of transport reac-
tions. Reactions have been checked for mass balance 
accordingly and have been adapted where needed, in par-
ticular to include protons in all reactions where they are 
known to be present.

In a second step, the model has been updated based on 
primary literature, patents, as well as on information con-
tained in the AspGD [18], BRENDA [19] and AMIGO2 
[20] databases. The total number of publications in Pub-
Med on A. niger has roughly doubled since the publica-
tion of the iMA871 model, and the abstracts of all these 
publications have been examined manually and comple-
mented by additional searches. Manual searches for lit-
erature have been further complemented by comparing 
the genome sequence using the BLAST algorithm against 
the non-redundant patent sequence database [21] as well 
as the UniProtKB/Swiss-Prot database [22]. The experi-
mental information included in those resources have 
been tracked back to the primary source and added in a 
structured way to the model with a reference to its origin.

As an integrated part of the model update process, we 
have implemented the model in fully functional SBML. 
Genome-scale metabolic models are usually shared in the 
standardized SBML format [23]. This format is routinely 
read by popular modeling software packages thereby pre-
venting the error prone process of custom model parsing 
[24]. While the standard focuses on the safe distribution 
of models, the XML basis of the format allows for the 
introduction of additional information without breaking 
the format. We have therefore further improved the asso-
ciation of literature and model reactions by integrating 
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the references and their level of support directly in the 
SBML file. We separated the experimental data into two 
classes: Evidence items (see panels B and C in Fig. 1) and 
Test cases (see panel A in Fig.  1). Tests can be viewed 
as simple Input/Output tests and consist of a list of test 
conditions i.e. medium composition and gene knockouts 
and a list of reported outcomes that are tested for. With 
this setup, the differential growth of strains of A. niger 
on combinations of C- and N-sources can be saved in a 
structured way that can later be tested through simula-
tion in an automated manner. Evidence items are used 
for the storage of information containing the presence/
absence of a specific reaction or metabolite, as well as 
for the presence/absence of a connection between a gene 
and reaction. Additionally localization of a gene product 
to a specific compartment can be represented as well. 
Relevant information contained in the literature used for 
building the model has been saved as corresponding test 
case or evidence information.

As a third step, and in order to further improve the 
amount of available experimental information for A. 
niger, we employed phenotype arrays to screen the capa-
bility of A. niger spores to germinate and grow on 190 
different C-sources as well as 95 N-sources using pheno-
type screening plates from Biolog Inc. If A. niger showed 
ability to grow on the substrate (Additional files 1 and 2), 
the model was updated to include the relevant catabolic 
pathway if possible. This led to a further addition of 34 
pathways to the model. The absence of growth has not 
been used as information in the modelling process as this 
might be either caused by absence of transport, a missing 
catabolic route or lack of expression of the former two 
and might therefore represent a false negative result.

Fourthly, two other expanded models for A. niger have 
been published during the development of this one, one 
de novo-generated based on an advanced automated 
method [5], and one by Lu et  al. [16], expanding our 
previous iMA871 model. We have analyzed the content 
of these models and integrated information from these 
where appropriate, thus generating a consensus-type 
model.

The update strategy described led to the expansion of 
the model with respect to several pathways (Table 1) as 
well as the update of pathways already included in the 
model. The final version presented here was named A. 
niger iJB1325. The comparison of the key statistics of 
the different models is shown in Table  2. The current 
update of the model includes 1325 genes and therefore 
adds 454 genes to the original model, which is on par 
with the model published by Lu et al. [16]. The number 
of metabolites has been increased by 773–1818 while 
including 1130 additional reactions. Overall experimen-
tal information from 876 sources has been included in 
the model, which represents an addition of 505 publica-
tions in comparison to our first model. The experimental 
information has been broken up into evidence items and 
test cases thereby allowing for the easy backtracking of 
the experimental information as well as for the automatic 
validation of the model structure, growth/production 
capabilities against the knowledge of the 876 publications 
used for building the model.

Strain‑specific model implementations
In order to provide strain-specific models for the most 
commonly used strains of A. niger we generated indi-
vidual models for the sequenced strains ATCC 1015, 

Table 1 Newly introduced pathways

Degradation Biosynthesis Secondary metabolites

Agmatine degradation CoQ biosynthesis Azanigerones

Amide degradation Coprogen biosynthesis Malformins

Aromatics degradation Storage compounds Nigragillin

Peroxisomal beta oxidation Ferrichrome Kotanin

Cyanide degradation Iron assimilation Funalenone

Galacturonic acid degradation Lipoic acid biosynthesis Pyranonigrin

Detoxification of compounds Metabolite repair Aurasperone

Glucuronate degradation NAD biosynthesis Tetraacetic acid lactone

Isoleucine degradation Thiamin biosynthesis

Leucine degradation Vitamin metabolism

Lipid degradation Molybdenum cofactor

Plant biomass degradation Riboflavin biosynthesis

Purine degradation

Valine degradation

L‑Rhamnose metabolism
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and CBS 513.88 (see Additional files 2 and 3). Reciprocal 
best blast hits have been used to transfer reaction assign-
ments and the experimental evidence from the develop-
ment model to the individual models.There are 18 genes 
in ATCC1015 that have no hit in the CBS513.88 genome 
(see Additional file 4: Table 4).

Validation, iterative improvements, and test cases
In the iJB1325 model, we included 471 test cases that 
can be run when updating the model in order to ensure 
consistency with the information that has been used for 
building the model. Those tests mainly comprise absence 
or presence of growth on different combinations of car-
bon and nitrogen sources (392 cases). A smaller set con-
sists of tests for gene deletion phenotype i.e. absence or 
presence of growth of deletion mutants (73 cases). An 
even smaller number of tests comprise overall system 

checks i.e. possibility to produce biomass precursors, no 
growth in the absence of known essential medium com-
ponents, and a check for the possibility to oxidize fatty 
acids in the peroxisome (6 cases). Running all tests with 
the current version of the model leads to 373 (79%) pass-
ing and 98 (21%) failing test cases. The failing tests consist 
of 75 cases failing due to an unknown metabolic pathway, 
15 failing due to inconsistencies between experiments, 
and 8 tests failing due to reasons we have not been able 
to determine (see Additional file 5 for more information).

Having a collection of test conditions enables the 
identification of missing reactions in the model. One 
such example is the utilization of L-histidine as single 
N-source in combination with D-galactose. This was 
reported by Hayer et  al. [25] as well as in combination 
with glycerol by Steinberg [26]. Growth on L-histidine 
in combination with glucose can also be observed in our 
own phenotype screening arrays. The previous version of 
the model was incapable of simulating growth on L-histi-
dine as single N-source. The metabolic reactions involved 
in the utilization of L-histidine have not been reported 
to our knowledge. In A. nidulans, the presence of a histi-
dase (histidine ammonia-lyase, E.C. 4.3.1.3) has been 
reported, but the corresponding gene remains to be iden-
tified. Using the reviewed entries in Uniprot, we could 
identify three candidate genes for histidase in A. niger 
(JGI A. niger ATCC 1015 (Aspni7) ProteinIDs 1129557, 
1126350 and 1081533). Sequence comparison with the 
characterized enzyme from P. putida [27] showed high 
conservation for the active site residues for the three can-
didates (see Additional file 6); therefore, all three candi-
date genes have been added to the model.

Another example for the identification of missing reac-
tions in the model is the growth on L-methionine or 
L-cysteine as single N-source. Growth of A. niger on both 
nitrogen sources has been observed by Hayer et al. 2014 
[25] as well as in our Biolog experiments. Failing tests for 
growth of A. niger on those two N-sources hinted to the 
absence of the corresponding pathway. Evidence shown 
in A. nidulans by Sienko et al. [28] hints towards the deg-
radation of L-methionine towards L-cysteine by a reverse 
transsulfuration reaction involving the genes mecA and 
mecB. Putative orthologs for these genes are present in A. 
niger. The metabolic fate of L-cysteine as single N-source 
has to our knowledge not been demonstrated conclu-
sively in A. niger or any related fungus. We therefore did 
not include a L-cysteine degradation pathway and left 
this gap for future improvements.

Another example of a failing test is the no growth 
phenotype for the �gaaA strain on  D-galacturo-
nate. Besides the gaaA gene, the putative H. jecorina 
ortholog (JGI A. niger ATCC 1015 (Aspni7) transcriptID 
1109007) has been included due to sequence similarity 

Table 2 Table depicting key statistics of  the  different 
models

Model iMA873 iJB1325 CoReCo iHL1210

Reactions

Total 1380 2320 4917 1764

Transport 189 447 0 285

Boundary 0 385 148 189

Unbalanced 40 68 148 –

Annotated 1013 1239 0 –

No genes 340 604 3049 –

Evidence for presence – 767 – –

Known gene – 654 – –

Metabolites

Total 1084 1818 4025 1254

Annotated 0 1533 0

Dead‑End 270 295 1739

Genes

Total 871 1325 4533 1210

Verified location – 296 – –

Predicted location – 107

Known function – 707 – –

Evidences

Total – 3482 – –

Gene‑reaction – 1677 – –

Metabolite presence – 333 – –

Reaction presence – 539 – –

Gene‑compartment – 907 – –

Test cases

Total – 471 – 99

Passing – 373 – 83

Failing – 98 – 16

References

Total 371 876 – –
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as a  D-galacturonic acid reductase. The experimental 
data reported by Mojzita et  al. [29] however demon-
strate that a strain with a defect in gaaA is not able to 
grow on  D-galacturonate, indicating that the alternative 
gene either is not a  D-galacturonate reductase, or is not 
expressed under the experimental condition. However, 
Alazi et al. [30] found only a reduction of growth in the 
�gaaA strain indicating partial redundancy of the path-
way. The putative ortholog has therefore been kept in the 
model.

Evidence‑based support for reactions
In the iJB1325 model, we included several levels of evi-
dence from the literature to enable to continuous test-
ing of model connectivity during future improvements. 
The different types of evidence included in the model 
are depicted in Fig.  1. For a format description of the 
evidence items, see Additional file 7. For the assignment 
of genes to individual metabolic reactions, primary lit-
erature for A. niger as well as related species has been 
used. Making use of the evidence code ontology [31], 
we included a measure of certainty for the individual 
connections. The localization of the individual proteins 
has been predicted using Mitofates [32] for mitochon-
drial proteins as well as PTS1 predictor [33] for per-
oxisomal localization predictions. In order to identify 
secreted proteins, we compiled a list of published prot-
eomics experiments on A. niger [34–44]. Extracellular 

localization has been considered a true positive if the 
presence in the extracellular space has been reported by 
three independent publications. The prediction of locali-
zations is complicated by the fact that some proteins are 
localized in multiple compartments by alternative trans-
lational start sites [45], differential splicing [46, 47] as 
well as stop-codon readthrough [48]. However due to the 
lack of experimental validation of the localization of most 
proteins, predictions for mitochondrial and peroxisomal 
localization have been included as best guess.

Additionally, evidence items for the presence of indi-
vidual metabolites in A. niger have been included where 
reported in the literature. The presence and absence 
of reactions have also been included when reported. In 
total, we have been able to include 3482 pieces of evi-
dence that link individual components inside the model 
and are associated with an evidence code as a measure of 
certainty, a small description where appropriate describ-
ing the underlying experiment, and a link to the resource 
the conclusion has been drawn from. This small sum-
mary allows for a quick assessment of the quality of the 
gene assignment and thereby easing the interpretation.

The distribution of the experimental support of the 
individual reactions is shown in Fig.  2 panel A. About 
19% of the reactions included in the model have direct 
experimental support by either being measured in vitro 
or having a gene with a confirmed activity assigned. 
Another 17% of the reactions have a gene assigned 

Model

Input

matches 
expectation

for given

Output Reaction present

Reaction absent

Gene

Gene product
catalyzing reaction

Gene product not
catalyzing reactionGene

Gene product 
localizes to 
compartmentcytoplasm

mitochondrium

Gene

Metabolite present

a b

c

Fig. 1 Types of experimental evidence included in the current version of the model. Panel A) depicts the concept of model test cases included 
in iJB1325. The test cases consist of a set of active input reactions, inactive genes as well as conditions for the test to pass. Inputs therefore refer 
to metabolites present in the growth medium or the knockout of a specific gene. Test conditions can be the ability to produce biomass or other 
compounds. Panel B) shows the different pieces of evidence stored in the model for genes and reactions while Panel C) depicts the information 
stored about metabolites
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Experimental evidence for reactions

Inferred reactions
(1168)

60.4%

Other (32)

1.7%

Strong similarity to 
characterized enzyme (385)

19.9%

Reaction detected,
enzyme unkown (113)

5.8%

Characterized enzyme (237)

12.2%

Evidence codes of reaction gene assignments

a

b

Fig. 2 Experimental support for individual reactions. a Depicts the strongest experimental support for the presence of individual reactions in 
the model. The categories according to decreasing experimental support are: “Characterized enzyme”, “Measured, but unknown enzyme”, “Strong 
similarity to characterized enzyme”, “Other” and “No experimental evidence”. b Shows the evidence codes associated with the individual reaction 
gene assignments
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based on a strong similarity to a characterized enzyme 
in a closely related species. These gene reactions asso-
ciations are mainly derived from characterized genes of 
the related fungal model organisms A. nidulans and A. 
fumigatus. The remaining reactions either have no genes 
assigned or are inherited from the iMA871 model as the 
best candidates for a given reaction based on sequence 
similarity to characterized enzymes or domain predic-
tions. The distribution of the individual evidence codes of 
all reaction-gene-assignments is depicted in Fig. 2 panel 
B. The experimental support for individual metabolites 
are depicted in Fig.  3. About 12% of the metabolites 
included in the model have been measured experimen-
tally leaving 88% of the metabolites that were inferred 
during the reconstruction process.

Application of the model network for transcriptomics data 
analysis
In addition to our 471 modeling test cases, we wanted to 
acknowledge that a significant application of genome-
scale models is the use of the underlying metabolic net-
works for data analysis and interpretation [2, 49]. Using 
the current version of our genome-scale model, we ana-
lyzed an compendium of transcriptomics data based on 

published studies using a microarray developed for the A. 
niger ATCC 1015 strain [14, 15, 50–53], as well as a com-
pendium based on an A. niger CBS 513.88 array data [54].

One possible application for a genome-scale model is 
the analysis of expression data using the gene-protein-
reaction (GPR) associations included in the model. The 
grouping of reactions into pathways, thereby also group-
ing the associated genes, allows for overall contextual-
ization of expression changes in transcriptomics data 
as depicted in Fig.  4 for the ATCC 1015 transcriptome 
data (see Additional file 8: Figure 8 for the corresponding 
analysis for the CBS 513.88 dataset). In both cases, plot-
ting the expression level of different subnetworks demon-
strates the expected up-regulation of the genes associated 
with  D-xylose and L-arabinose catabolism on those 
two carbon sources while there appears to be no overall 
change of genes involved in glycolysis or the TCA cycle. 
Some of the genes associated with plant biomass degra-
dation which consists mainly of polysaccharide degrading 
enzymes are upregulated, but the majority of these genes 
does not show a change in expression under these condi-
tions. Using the correlation of gene expression levels to 
individual pathways the transporter with the JGI Aspni7 
TranscriptID 1178899 appeared to be co-regulated with 
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the known members of the ada cluster that has been 
characterized by Li et al. [55]. The transporter is located 
next to the adaA gene and therefore we named this gene 
adaE and included it as a putative TAN-1612 transporter 
in the model.

Transcriptomics data can also be used for the valida-
tion of genome-scale models as performed by Lu et  al. 
[16]. Unfortunately only the part of the data set covering 
the genes in their model has been published, therefore 
not allowing a direct comparison of the model presented 
here to their transcriptomics data set.

Discussion
Aspergillus niger has been used as a biotechnological 
workhorse for about a century producing citric acid and 
several enzymes in high amounts. During this time much 
research has been dedicated to shedding light on the 
underlying metabolic network. The resulting informa-
tion has been published in several hundreds to thousands 
of papers containing the individual pieces of the puz-
zle. With the advent of the genomic era, databases have 
been developed that try to catalog the literature infor-
mation on the individual genes [18]. However, in order 
to be able to analyze and understand the metabolism at 
a systems level, integration into a coherent framework is 
needed. Genome-scale models can provide such a frame-
work in which the knowledge about metabolism can be 

integrated, tested for logical consistency, and predictions 
made.

In this study we present an update of the genome-scale 
model that has been developed in our group almost a 
decade ago [12]. The updated model integrates the knowl-
edge from 876 publications into a consistent framework, 
thereby representing the experimentally best supported 
model currently available. As the model update process 
represents an iterative process spanning years to decades, 
a sustainable way of keeping track of the information 
used in the curation process is needed. With this in mind, 
we created a new structure to store all information used 
for the model building in the model file, thereby allow-
ing users to modify the model and check the changed 
version against all literature information in an automated 
fashion. This approach led to the inclusion of 3482 evi-
dence items and 471 test cases. Whereas test cases allow 
for the representation of both quantitative and qualitative 
macroscopic observations representing overall model 
predictions (e.g. growth or production capacities), evi-
dence items represent the experimental support for the 
model structure (e.g. presence/absence of a compound 
or biochemical reaction). In order to allow backtrack-
ing, we stored the primary literature references with the 
individual evidence items and test cases. As the informa-
tion used for model building is currently not shared in 
a standardized form, we aimed at extending the SBML 
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format [23] in a manner compliant with the specification, 
making it usable by other researchers. To our knowledge 
this is the first time a model has been presented, which 
allows for efficient continuous improvement making use 
of automated testing. While this strategy increases the 
complexity of the reconstruction, it allows backtrack-
ing of the experimental information used for the model 
building. This feature makes the model a true knowledge-
base for A. niger metabolism that is not only valuable for 
future improvements, but also provides a structured way 
for the search of existing experimental knowledge. The 
usefulness of having this information has been demon-
strated by the ability for identifying missing reactions, as 
well as in checking the connectivity of the network.

The model development has been focused on the 
update of the information and gene assignments for the 
A. niger ATCC1015 strain. However, as the strains are 
very similar and in order to allow the utilization of the 
model by more users, we used reciprocal best blast hits 
to translate the genes in the model to the identifier of the 
A. niger CBS513.88 strain.

Recently a model has been published by Lu et al. [16] 
that already included improvements to the metabolite 
annotation and reaction quality that are presented in 
the current publication. The authors also validated their 
model using 99 growth tests for different carbon and 
nitrogen sources where the model performed success-
fully in 83 of 99 tests. We also included tests for those 
growth conditions if not already present in the model. 
While 373 passing tests out of 471 seems worse than the 
relation presented by Lu et al. the number of failing tests 
is explained by the wider coverage thereby including sub-
strates with unknown metabolic pathways that could not 
be included in the model. Inclusion of these test cases 
leads to presence of a substantial number of dead-end 
metabolites in the current version of the model which are 
frequently removed from genome-scale models as reac-
tions associated with those metabolites are guaranteed to 
carry no flux. We decided to keep those metabolites in 
the model as points for future model improvement and to 
contain the experimental data that led to the inclusion of 
those reactions.

One important aspect of eukaryotic metabolism is the 
compartmentalization of reactions into different orga-
nelles. Unfortunately, information about the subcellular 
localization of individual enzymes is only scarcely avail-
able in Aspergillus niger. Another existing challenge for 
genome-scale modelling in filamentous fungi is the pres-
ence of multiple seemingly orthologous genes for many 
metabolic functions. The existence of these multiple cop-
ies poses the challenge to assign the individual contribu-
tion of those genes to the metabolic activity. One way of 
identifying the best candidate for a function is comparing 

the expression values of a gene to verified genes upstream 
or downstream in the same pathway. If known constitu-
ents of the pathway are expressed at a very high level 
(e.g. see Glycolysis or TCA cycle in Fig. 4) missing mem-
bers are expected to have an expression level in the same 
range as the known members. We tried using transcrip-
tomics data in such a manner as proxy for the individual 
contribution. This proved to be challenging as for most 
reactions the expected activity level is unknown, as well 
as for many genes the correct assignment is not evident. 
Due to the mentioned difficulties we did not include the 
transcript level as experimental evidence in the majority 
of the reactions. With the development of the CRISPR/
Cas9 system in filamentous fungi, large-scale genetic 
manipulations become increasingly feasible thereby 
allowing the assessment of the contribution of indi-
vidual genes to a specific phenotype on a genome-scale 
model. The development of a large-scale knockout library 
would be an interesting project for the validation of the 
genome-scale model presented here.

Conclusion
Here we presented the largest and most thoroughly 
curated genome-scale model of A. niger metabolism to 
date. The model has been built on an extensive body of 
primary literature which has been structured and saved 
along with the model. We therefore extended the SBML 
format of the model to include the literature informa-
tion about reactions and gene functions resulting in 
1677 evidence items for gene reaction links, 539 items 
for the presence or absence of reactions, and 907 items 
for subcellular protein localization. At the same time we 
integrated the growth capabilities of A. niger as reported 
in the literature with our own experimental data, lead-
ing to the validation of the model against 471 test cases. 
From this validated model, strain specific models have 
been generated for A. niger ATCC1015, and CBS513.88. 
Finally, the model has been demonstrated to be useful for 
the interpretation of -omics data providing the metabolic 
context of the individual genes .

Methods
Software
During the process of updating the model we used a 
newly developed software for the editing of the model. 
This software will be published separately and is based 
on existing open source software packages COBRApy 
[56] and Escher [57] for simulation and visualization, 
respectively. The software is already available at https ://
githu b.com/JuBra /GEMEd itor. Users interested in test-
ing, updating and viewing the experimental information 
included in the model are referred to the GEMEditor 
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wiki for instructions about installation and analysis of the 
model.

Bibliomic data
In order to identify extracellular proteins, available extra-
cellular proteomics data has been collected [34–44]. 
Characterized proteins have been identified from pri-
mary literature, individual patents by searching for pat-
ents on Aspergillus niger as well as by blasting against the 
non-redundant patent sequence database [21]. Proteins 
not accounted for in the model have additionally been 
blasted against the UniProtKB/Swiss-Prot database [22] 
to identify proteins with known functions.

Integration of public experimental data
Experimental data have been gathered from several lit-
erature resources. We combined all available proteom-
ics information for A. niger for assessing the sub-cellular 
localization of different gene products. Additionally, sub-
cellular prediction of proteins has been performed using 
MitoFates [32] for mitochondrial and PTS1 predictor 
[33] for peroxisomal localization prediction. The analy-
sis of the transcriptomics data has been performed on 
a dataset for A. niger ATCC1015 collected from [14, 15, 
50–53] and for A. niger CBS513.88 (GEO accession num-
ber GSE98572, Samples: GSM2600962, GSM2600963, 
GSM2600941, GSM2600942, GSM2600992 and 
GSM2600993) collected from Gruben et al. [58].

Phenotype arrays
Screening for growth on nitrogen and carbon-sources 
has been performed using the phenotype plates PM1, 
PM2A and PM3B from Biolog Inc. The plates have been 
prepared according to the manufacturers manual with 
the spore density being adjusted to 107 spores per ml. 
The plates have been incubated at 28 ◦

C for up to 10 days. 
Growth has been assessed by inspecting the plates visu-
ally for sporulation, see Additional files 1 and 9.

Test cases
The test cases introduced in the current version of the 
model consist of a list of settings representing the simu-
lation conditions, a list of deactivated genes and a list of 
outcomes the resulting solution is checked against. All 
boundary reactions that are not specified in the settings 
list are set to only being able to consume the metabo-
lite. Outcomes are a combination of a specific reaction, a 
greater than or less than modifier and a numerical value 
(see Additional file 10).

Model simulation
Test simulations have been run using the FBA or pFBA 
method as implemented in COBRApy [56] (see Addi-
tional file 11).

Additional file

Additional file 1. Image of Biolog PM3B screening plate. The image 
shows a picture of a Biolog PM3B screening plate inoculated with A. niger 
ATCC1015 after 4 days of incubation at 32 °C. Nitrogen sources on plate: 
Control; Ammonia; Nitrite; Nitrate; Urea; Biuret; L‑Alanine;  L‑Arginine;  
L‑Asparagine;  L‑Aspartic Acid;  L‑Cysteine;  L‑Glutamic Acid;  L‑Glutamine; 
Glycine;  L‑Histidine;  L‑Isoleucine;  L‑Leucine;  L‑Lysine;  L‑Methionine;  
L‑Phenylalanine;  L‑Proline;  L‑Serine;  L‑Threonine;  L‑Tryptophan;  L‑Tyros‑
ine;  L‑Valine; D‑Alanine;  D‑Asparagine;  D‑Aspartic Acid;  D‑Glutamic Acid;  
D‑Lysine;  D‑Serine;  D‑Valine;  L‑Citrulline;  L‑Homoserine;  L‑Ornithine; 
N‑Acetyl‑ L‑Glutamic Acid; N‑Phthaloyl‑ L‑Glutamic Acid;  L‑Pyroglutamic 
Acid; Hydroxylamine; Methylamine; N‑Amylamine; N‑Butylamine; 
Ethylamine; Ethanolamine; Ethylenediamine; Putrescine; Agmatine; 
Histamine; beta‑Phenylethyl‑ amine; Tyramine; Acetamide; Formamide; 
Glucuronamide; D, L‑Lactamide;  D‑Glucosamine;  D‑Galactosamine;  
D‑Mannosamine; N‑Acetyl‑ D‑Glucosamine; N‑Acetyl‑ D‑Galactosamine; 
N‑Acetyl‑ D‑Mannosamine; Adenine; Adenosine; Cytidine; Cytosine; Gua‑
nine; Guanosine; Thymine; Thymidine; Uracil; Uridine; Inosine; Xanthine; 
Xanthosine; Uric Acid; Alloxan; Allantoin; Parabanic Acid; D, L‑alpha‑
Amino‑N‑Butyric Acid; gamma‑Amino‑N‑Butyric Acid; epsilon‑Amino‑N‑
Caproic Acid; D, L‑alpha‑Amino‑ Caprylic Acid; delta‑Amino‑N‑Valeric Acid; 
alpha‑Amino‑N‑Valeric Acid; Ala‑Asp; Ala‑Gln; Ala‑Glu; Ala‑Gly; Ala‑His; 
Ala‑Leu; Ala‑Thr; Gly‑Asn; Gly‑Gln; Gly‑Glu; Gly‑Met; Met‑Ala.

Additional file 2. Genome‑scale model for Aspergillus niger ATCC1015. 
Model file in SBML level 3 version 1.

Additional file 3. Genome‑scale model for Aspergillus niger CBS513.88. 
Model file in SBML level 3 version 1.

Additional file 4. Gene differences between strain ATCC1015 and 
CBS513.88. The list shows the genes for which no reciprocal best blast hit 
could be identified in A. niger CBS513.88.

Additional file 5. Failing test cases. The file consists of the currently failing 
test cases of the model with an explanation why they are failing.

Additional file 6. Sequence comparison of the candidates for histidase. 
Multiple sequence alignment of the candidates for the histidase activity.

Additional file 7. Example of the format for storing experimental data. 
Example entries for the experimental data as saved in the current version 
of the model.

Additional file 8. Changes in expression of genes belonging to different 
pathways. The change of gene expression in the CBS513.88 model.

Additional file 9. Image of Biolog PM1 screening plate. The image 
shows a picture of a Biolog PM1 screening plate inoculated with A. 
niger ATCC1015 after 9 days of incubation at 32 °C. Carbon sources 
on plate: Control; L‑Arabinose; N‑Acetyl‑D‑Glucosamine; D‑Saccharic 
Acid; Succinic Acid; D‑Galactose;  L‑Aspartic Acid;  L‑Proline; D‑Alanine; 
D‑Trehalose; D‑Mannose; Dulcitol; D‑Serine; D‑Sorbitol; Glycerol;  L‑Fucose; 
D‑Glucuronic Acid; D‑Gluconic Acid; D, L‑alpha‑Glycerol‑ Phosphate; 
D‑Xylose;  L‑Lactic Acid; Formic Acid; D‑Mannitol;  L‑Glutamic Acid; 
D‑Glucose‑6‑Phosphate; D‑Galactonic Acid‑gamma‑Lactone; D, L‑Malic 
Acid; D‑Ribose; Tween 20;  L‑Rhamnose; D‑Fructose; Acetic Acid; alpha‑
D‑Glucose; Maltose; D‑Melibiose; Thymidine;  L‑Asparagine; D‑Aspartic 
Acid; D‑Glucosaminic Acid; 1,2‑Propanediol; Tween 40; alpha‑Keto‑
Glutaric Acid; alpha‑Keto‑Butyric Acid; alpha‑Methyl‑D‑Galactoside; 
alpha‑D‑Lactose; Lactulose; Sucrose; Uridine;  L‑Glutamine; m‑Tartaric 
Acid; D‑Glucose‑1‑Phosphate; D‑Fructose‑6‑Phosphate; Tween 80; alpha‑
Hydroxy Glutaric Acid‑gamma‑Lactone; alpha‑Hydroxy Butyric Acid; 
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beta‑Methyl‑D‑Glucoside; Adonitol; Maltotriose; 2‑Deoxy Adenosine; 
Adenosine; Glycyl‑ L‑Aspartic Acid; Citric Acid; m‑Inositol; D‑Threonine; 
Fumaric Acid; Bromo Succinic Acid; Propionic Acid; Mucic Acid; Glycolic 
Acid; Glyoxylic Acid; D‑Cellobiose; Inosine; Glycyl‑ L‑Glutamic Acid; 
Tricarballylic Acid;  L‑Serine;  L‑Threonine;  L‑Alanine;  L‑Alanyl‑Glycine; 
Acetoacetic Acid; N‑Acetyl‑beta‑D‑Mannosamine; Mono Methyl Succinate; 
Methyl Pyruvate; D‑Malic Acid;  L‑Malic Acid; Glycyl‑ L‑Proline; p‑Hydroxy 
Phenyl Acetic Acid; m‑Hydroxy Phenyl Acetic Acid; Tyramine; D‑Psicose;  
L‑Lyxose; Glucuronamide; Pyruvic Acid;  L‑Galactonic Acid‑gamma‑Lac‑
tone; D‑Galacturonic Acid; Phenylethyl‑amine; 2‑Aminoethanol.

Additional file 10. Correlation of members of the Anthracenone cluster. 
The file shows the expression values for individual genes that have been 
identified to be part of the ada cluster. The adaD gene has not been 
included in the source microarray of the data.

Additional file 11. Export of the evidence items contained in the 
ATCC1015 model. Gene IDs correspond to ATCC1015 Aspni7 transcriptIds.
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Abstract 

Background: In the primary transcript of nuclear genes, coding sequences—exons—usually alternate with non-
coding sequences—introns. In the evolution of spliceosomal intron–exon structure, extant intron positions can be 
abandoned and new intron positions can be occupied. Spliceosomal twin introns (“stwintrons”) are unconventional 
intervening sequences where a standard “internal” intron interrupts a canonical splicing motif of a second, “external” 
intron. The availability of genome sequences of more than a thousand species of fungi provides a unique opportunity 
to study spliceosomal intron evolution throughout a whole kingdom by means of molecular phylogenetics.

Results: A new stwintron was encountered in Aspergillus nidulans and Aspergillus niger. It is present across three 
classes of Leotiomyceta in the transcript of a well-conserved gene encoding a putative lipase (lipS). It occupies the 
same position as a standard intron in the orthologue gene in species of the early divergent classes of the Pezizomy-
cetes and the Orbiliomycetes, suggesting that an internal intron has appeared within a pre-extant intron. On the 
other hand, the stwintron has been lost from certain taxa in Leotiomycetes and Eurotiomycetes at several occa-
sions, most likely by a mechanism involving reverse transcription and homologous recombination. Another ancient 
stwintron present across whole Pezizomycotina orders—in the transcript of the bifunctional biotin biosynthesis 
gene bioDA—occurs at the same position as a standard intron in many species of non-Dikarya. Nevertheless, also 
the bioDA stwintron has disappeared from certain lineages within the taxa where it occurs, i.e., Sordariomycetes and 
Botryosphaeriales. Intriguingly, only the internal intron was lost from the Sordariomycetes bioDA stwintron at all but 
one occasion, leaving a standard intron in the same position, while where the putative lipase stwintron was lost, no 
intronic sequences remain.

Conclusions: Molecular phylogeny of the peptide product was used to monitor the existence and fate of a stwintron 
in the transcripts of two neatly defined fungal genes, encoding well conserved proteins. Both defining events—stwin-
tron emergence and loss—can be explained with extant models for intron insertion and loss. We thus demonstrate 
that stwintrons can serve as model systems to study spliceosomal intron evolution.

Keywords: Spliceosomal twin introns, Spliceosomal intron evolution, Intron gain, Intron loss, Molecular 
phylogenetics, Pezizomycotina, Aspergillus nidulans

Background
In the primary transcript of nuclear genes, coding 
sequences—exons—usually alternate with non-coding 
sequences—introns. The latter are removed and former 
are joined by means of splicing to create the mRNA ORF 

that translates into the functional peptide product (for a 
review, [1]). In the evolution of intron–exon structures 
of transcripts of nuclear genes, extant intron positions 
can be abandoned and new intron positions can be occu-
pied. Loss and gain of introns are processes that can take 
place at different rates leading to three distinct modes of 
intron dynamics [2]. In most present day species, intron 
loss and -gain balance each other overall. The availability 
of complete genome sequences of more than a thousand 
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species of fungi provides a unique opportunity to study 
intron evolution in conserved genes throughout a whole 
kingdom.

Spliceosomal twin introns (“stwintrons”) are com-
plex intervening sequences that consist of a canonical 
U2 intron within another canonical U2 intron, arranged 
in such a way that one of these (the “internal” intron) 
interrupts one of the conserved domain sequences of 
the second one (the “external” intron)—i.e., the donor 
at the 5′ splice site, the acceptor at the 3′ splice site or 
the sequence around the lariat branch point adenosine. 
A consequence of this intron nestling is that the exter-
nal intron is only functional after excision of the inter-
nal intron and, hence, consecutive splicing reactions are 
necessary to generate a mature mRNA. We have charac-
terised stwintrons in different fungal species where the 
internal intron interrupts the donor of the external intron 
between the first and the second, or between the second 
and third nucleotides—[D1,2] and [D2,3] stwintrons, 
respectively [3–5]. The two-step splicing process result-
ing in stwintron excision demonstrated that splice sites 
pair via intron definition (cf. [6]) in filamentous ascomy-
cota (Pezizomycotina). For the [D1,2] stwintron we found 
in the alternative oxidase transcript of Helminthosporium 
solani, we demonstrated a complex structure that could 
undergo two alternative pathways of sequential splic-
ing. An internal intron could be envisaged as interrupt-
ing the donor sequence or the acceptor sequence of an 
external intron. In every case where a [D1,2] stwintron 
is extant (which implies that the complex intervening 
sequence starts with two successive Gs at its 5′ terminus), 
a stwintron in which the acceptor sequence of the exter-
nal intron is disrupted between the penultimate and ulti-
mate nucleotides—an [A2,3] stwintron—will occur every 
time that the 5′ base of the downstream exon is also a G. 
This complex arrangement results in two mutually exclu-
sive, alternative ways to obtain the same mature mRNA 
via distinct splicing intermediates. Such an alternatively 
spliced [D1,2]/[A2,3] stwintron was also found recently 
in the gene encoding a putative multidrug efflux pump in 
some taxa of Pezizomycotina [5].

Molecular phylogeny of orthologue proteins encoded 
by genes that harbour stwintrons and the evolution-
ary fate of that stwintron may contribute to our under-
standing of the mechanisms by which spliceosomal 
introns come into existence and by which they cease to 
exist. In previous publications, we identified and char-
acterised fungal stwintrons that we had serendipitously 
encountered while pursuing other work. Unfortunately, 
all but one of these occur exclusively in one or in a few 
closely related species. Only the [D2,3] stwintron in the 
biotin-biosynthetic bifunctional gene bioDA was found 
across a complete class of fungi, the Sordariomycetes. 

This stwintron thus appears evolutionary stable: loss of 
any of the internal splice sites will inevitably result in 
the inability to properly remove the complete interven-
ing sequence from the primary transcript and hence, in 
biotin auxotrophy. Nevertheless in the bioDA gene of 
Nectria haematococca, a standard U2 intron is present 
at the position occupied by a [D2,3] stwintron in other 
Sordariomycetes.

To facilitate molecular and mutational study of mecha-
nisms involved in the emergence and disappearance of 
spliceosomal introns using stwintrons as model systems, 
we initiated a search for bona fide stwintrons in the ame-
nable species Aspergillus nidulans, in which molecular- 
and classical genetic tools are readily developed [7–13]. 
We devised a crude informatics tool that enabled us to 
identify putative stwintrons in whole genome sequences, 
the principle and basics of which were described in detail 
in [5]. Here, we describe a stwintron we have uncovered 
in a putative lipase gene after a preliminary screen of the 
A. nidulans genome sequences for [D1,2] stwintrons. 
We also experimentally verified its presence in Aspergil-
lus niger. This stwintron is present across three classes 
of Pezizomycotina in the transcript of a well-conserved 
gene without paralogues of note, sufficiently ancient to 
monitor its emergence and evolution.

Results
A new [D1,2] stwintron in Aspergillus nidulans 
and Aspergillus niger
An informatics method to detect putative [D1,2] stwin-
trons has been detailed elsewhere as auxiliary meth-
odology [5]. We screened the genome sequences of 
A. nidulans (whole genome shotgun master acces-
sion AACD00000000: annotated scaffolds CH236920–
CH236936) and detected, amongst dozens of others, a 
candidate [D1,2] stwintron at locus AN7524. This locus 
is predicted by auto-annotation to harbour two interven-
ing sequences. At 69 nt from the ATG, there would be a 
small canonical intron of 52 nt (5′-GUACGU—33-nt—
ACUGAC—4-nt—CAG). 497 nt further downstream, 
a 289-nt-long, phase 2 intron (5′-GUAUGC—268-nt—
GCUAAU—6-nt—CAG) would split a CGA (Arg) codon, 
while the mature messenger would code for a peptide of 
824 amino acids. However, our stwintron search tool sug-
gested the presence of a [D1,2] stwintron at the 5′ end 
of this large auto-annotated second intron, of which the 
proposed donor sequence would actually serve as the 
donor of the 53-nt long internal intron (5′-GUAUGC—
33-nt—GCUAAC—5-nt—UAG). This internal intron 
would disrupt the donor of a 46-nt long external intron 
between the first and second nt (5′-G|UGAGU—25-nt—
GCUGAC—6-nt—AAG). As shown in the splicing 
scheme depicted in Fig. 1, the 99-nt long [D1,2] stwintron 
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would be excised by consecutive U2 splicing reactions 
and would split a CCC (Pro) codon behind the first nt. 
At the end of the large theoretical auto-annotated intron 
(289-nt), we predicted the presence of a small U2 intron 
of 49 nt (5′-GUGAGU—28-nt—GCUAAU—6-nt—CAG) 
using the closest canonical donor sequence available 
upstream of the lariat branchpoint domain/acceptor cou-
ple. Strict application of intron definition (cf. [6]) for the 
stwintron at the second intron position and the down-
stream third intron leaves an exon of 142 nt in between, 
unrecognised by auto-annotation. According to our pre-
dicted intron–exon structure of locus AN7524 (Fig. 1a), 
there would thus be four exons.

The A. nidulans gene is best expressed growing on 
complete medium as compared with minimal medium 
conditions used for high-throughput RNA sequencing 
(JBrowse module at AspGD; [8]). Nevertheless, there are 
no RNASeq reads from which the complete stwintron 
was absent nor reads from which the large auto-anno-
tated intron sequence was removed (data not shown). We 
therefore sought to confirm excision of all three interven-
ing sequences we predicted by sequencing of cDNA gen-
erated from total RNA isolated from a 16-h cultivation 
in complete medium (see “Methods” section for details). 
The cDNA (GenBank Accession number MF612150) 
specifies a reading frame of 2616 nt that codes for a 

Mature RNA

GUC UUU GCA Cgguaugc--gcuaac--uagugagu--gcugac--aagCC GAC UAC CGC 

[D1,2] Stwintron 

GUC UUU GCA Cgugagu--gcugac--aagCC GAC UAC CGC 

Phase 1 intron

GUC UUU GCA CCC GAC UAC CGC 

First splicing

Second splicing

 Aspergillus nidulans [D1,2] Stwintron intermediate
c

b

AGATGCATAGCGACTATAATGCGCGGAAACACGCTGCGAAAACCGACTCGAGCAACAGGCGCA
TCATGCTGTACATTCATGGCGGCGCGTACTATTTCGGGAGTGTGCAGACGCATCGGTATCAGC
TGCAGCGGCATGCGAGGAAGCTCAAGGGGAGGGTCTTTGCACgtgagtaactttgatttggtt
ttaaacctttgctgac

Exon II Exon III

Exon II Exon III

Exon II Exon III

a
I II III IV

69 496 142 19094952 99
1 2 3

Start Stop

Stwintron

Fig. 1 The [D1,2] stwintron of the putative lipase encoding gene of A. nidulans. a Depicts the determined A. nidulans lipS intron–exon structure 
with the exact sizes of the alternating exons and intervening sequences given. The stwintron is the second intervening sequence. b Schematically 
the structure of the phase-1 stwintron that splits the CCC codon of Pro189, and the two consecutive splicing events necessary to remove it. Exonic 
sequences are printed in capitals, grouped as the consecutive codons (Val186–Phe187–Ala188–Pro189–Asp190–Tyr191–Arg192). The internal intron 
is marked by the lighter grey bar; its 5′-donor-, lariat branch point domain- and 3′-acceptor sequences are printed in blue lettering. The external 
intron is marked by the darker grey bar; its 5′-donor-, lariat branch point domain- and 3′-acceptor sequences are printed in red lettering. c The 
existence of the splicing intermediate from which the internal intron has been removed by the first excision, has been confirmed experimentally 
(GenBank MF612152). The newly formed donor splice site sequence of the retained external intron, (5′-gugagu), is underlined
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peptide of 871 amino acids. The first intron separates 
the codons for His23 and Tyr24, the [D1,2] stwintron 
splits the codon for Pro189 while the third intron splits 
the codon for Ser236 (Fig.  1a). Next, we confirmed the 
existence of the predicted splicing intermediate of the 
[D1,2] stwintron (Fig. 1b) with our previously published 
RT-PCR strategy using a reverse primer that terminally 
overlaps the 3′ distal junction with the predicted external 
intron to avoid amplification off fully spliced RNA. Upon 
cloning and sequencing, the smaller amplified fragment 
was shown to lack the predicted internal intron (53 nt) 
with the 5′-GUGAGU donor of the external intron recon-
structed (Fig. 1c). We deposited the determined sequence 
of this splicing intermediate at GenBank (MF612152).

The four exon gene model is supported by Expressed 
Sequence Tag (EST) clone Asn_02874 from the related 
fungus A. niger (Accession DR703192), covering the 
stwintron position and the last intron position, 142 
nt downstream. We independently verified the posi-
tions of the [D1,2] stwintron and the two other extant 
introns in the orthologue gene (miscalled locus ASP-
NIDRAFT_53020) by sequencing cDNA (GenBank 
MF612151) including the complete coding region encod-
ing a peptide of 909 amino acids in A. niger ATCC 1015 
(see Fig. 2a for the gene model). The 109-nt long [D1,2] 
stwintron splits the CCU codon for Pro184 in phase 1 
(Fig.  2b). A 52-nt long internal intron (5′-GUAAGA—
31-nt—GCUAAC—6-nt—CAG) would be nestled in 
the donor of a 57-nt long external intron between the 
first and second nt (5′-G|UGAGU—35-nt—GCUAAU—
7-nt—CAG). We experimentally confirmed the expected 
splicing intermediate of the A. niger stwintron (GenBank 
MF612153) from which the predicted 52-nt internal 
intron was indeed removed (Fig. 2c).

Identification of orthologues of the stwintron‑containing 
gene
The peptide product of the stwintron-containing gene at 
locus AN7524 locally bears considerable similarity (46% 
identity, 56% similarity in a 182-residue subsequence) 
with a putative lipase/esterase (EC 3.1.1—carboxylic 
ester hydrolase) of 316 amino acids found in bacteria 
from the Burkholderiaceae family (RefSeq protein acces-
sion WP_054929686). This bacterial enzyme harbours 
a characteristic alpha/beta hydrolase fold 3 domain 
(Pfam07859) and is classified as belonging to the Hor-
mone-sensitive_lipase_like_1 family of the alpha/beta 
hydrolase superfamily [14]. We therefore named the 
gene at locus AN7524, lipS, for putative lipase gene 
with stwintron. Note that the fungal protein is consid-
erably larger than the bacterial alpha/beta hydrolases, 
with the Pfam07859 domain residing in the N-terminal 
half. Preliminary BLAST searches suggest the existence 

of a single, orthologue protein of substantial similarity 
beyond the alpha/beta hydrolase fold 3 domain in Pezi-
zomycotina, Taphrinomycotina and all principal line-
ages of Basidiomycota albeit it is notably absent from 
Saccharomycotina, the third Ascomycota subphylum. 
In Ascomycota, there do not appear to be paralogues of 
high similarity like is the case for the family one Drug/
H+ antiporter (DHA1), where we recently identified a 
genuine stwintron in some encoding genes in 73 species 
of Pezizomycotina from different classes [5].

46 amino acids from the central part of the sequences 
corresponding with the (bacterial) alpha/beta hydrolase 
fold 3 domain are encoded in the third exon between 
the [D1,2] stwintron and the downstream intron. The 
stwintron thus interrups the DNA encoding a structur-
ally well-defined conserved domain, facilitating in depth 
analysis of its distribution. We collected hunderds of 
lipS orthologue genes in both phyla of Dikarya upon 
TBLASTN screening of the DNA databases with the 
A. nidulans protein as the query (data not shown). We 
noticed that in 52 Basidiomycota orthologue genes—a 
selection of genome-sequenced species representing all 
three subphyla—the stwintron position was not occupied 
despite the wealth of introns in certain taxa: Basidioascus 
undulatus, for instance, has 22 introns in its lipS ortho-
logue gene and Mrakia frigida, 18. In the Taphrinomy-
cotina subphylum (Ascomycota), the orthologue genes 
in Taphrina species have one intron at a unique position, 
21 nt behind the start codon, while the gene is intronless 
in five other genome-sequenced species (including Sai-
toella complicata). On the other hand, both the stwintron 
position and the downstream third intron position in the 
DNA coding for the Pfam07859 domain were occupied 
in certain taxa of Pezizomycotina (as specified further 
below): the stwintron position thus appears to be spe-
cific to that subphylum. This was confirmed after manu-
ally verifying the intron–exon structure of some 150 lipS 
homologue genes in non-Dikarya species where some 
species harbour more than a dozen lipS paralogues (up to 
27 paralogues in Conidiobolus incongruus).

Figure 3 shows a maximum likelihood tree of the puta-
tive lipase LipS protein in 292 species of Ascomycota with 
Taphrinomycotina proteins as the outgroup. The evolu-
tionary relationships between the proteins in this analy-
sis largely reflect fungal taxonomy. In species belonging 
to the early divergent classes of the Pezizomycetes and 
the Orbiliomycetes, the intron position where the [D1,2] 
stwintron resides in Aspergillus, is occupied by a stand-
ard U2 intron (the relevant species names are printed in 
light blue color in Fig.  3). In Tuber melanosporum, the 
U2 intron at the stwintron position is confirmed com-
paring the genomic sequence with that of EST clone 
SY0AAB55YD16 (Accession FP429675). Exceptionally, 

160 Handbook of Mycology



the lipS gene is duplicated in Dactylellina haptotyla; both 
genes have more than ten introns and include two very 
small exons of 3 nt. On the other hand, Pyronema omph-
alodes appears to have lost all but one intron, and lacks 
an intron at the stwintron position. Remarkably, the third 
intron position in Aspergillus (142 nt downstream of the 
stwintron position) is never occupied in species of the 
two early divergent classes of Pezizomycotina, suggesting 
it is exclusive to the Leotiomyceta superclass (see, e.g., 
[15], for a phylogeny-based classification of the Ascomy-
cota). On the other hand, the first Aspergillus intron posi-
tion (69 nt behind the ATG, splitting a His from a Tyr/

Phe codon) is occupied in T. melanosporum and thus 
appears to be older.

The lipS [D1,2] stwintron is present across the classes 
of the Eurotiomycetes, Lecanoromycetes and Leotiomy-
cetes (underlined in Fig. 3) and would thus be older than 
most stwintrons we have uncovered to date. In these Leo-
tiomyceta, all three intron positions that occur in the A. 
nidulans gene (see above) are conserved although certain 
lineages appear to have lost intronic sequences (as speci-
fied further below). On the contrary, in the classes of the 
Sordariomycetes and the Dothideomycetes, the posi-
tions of stwintron and the third Aspergillus intron are 

Mature RNA

GUU UUC GCA Cgguaaga--gcuaac--cagugagu--gcuaau--cagCU AAA UAU CGC 

[D1,2] Stwintron 

GUU UUC GCA Cgugagu--gcuaau--cagCU AAA UAU CGC 

Phase 1 intron

GUU UUC GCA CCU AAA UAU CGC 

First splicing

Second splicing

 Aspergillus niger [D1,2] Stwintron intermediate
c

b

ATTACAACGAGCGGAAGCAGACGAGTCGCGATCATCCGAGCCAGAAGCGGATCATGCTGTATA
TCCACGGTGGGGCGTACTTCTTTGCTAGTCTGGATACCCATCGCTATCAGATGCAGCGACACG
CCAGGAAACTCAAGGGTCGGGTTTTCGCACgtgagttttggattcttaggagccacccatgaa
ccgtaaaagctaattcctgac

Exon II Exon III

Exon II Exon III

Exon II Exon III

a

I II III IV
69 481 142 203846111 109

1 2 3

Start Stop

Stwintron

Fig. 2 The [D1,2] stwintron of the putative lipase encoding gene of A. niger ATCC 1015. a Depicts the determined A. niger lipS intron–exon structure 
with the exact sizes of the exons and intervening sequences given: The stwintron is the second intervening sequence. b Schematically the structure 
of the stwintron that splits the CCU codon of Pro184, and the two consecutive splicing events necessary to remove it. Exonic sequences (in capitals) 
are grouped as the consecutive codons (Val181–Phe182–Ala183–Pro184–Lys185–Tyr186–Arg187). The internal intron is marked by the lighter grey 
bar; its 5′-donor-, lariat branch point domain- and 3′-acceptor sequences are printed in blue lettering. The external intron is marked by the darker 
grey bar; its 5′-donor-, lariat branch point domain- and 3′-acceptor sequences are printed in red lettering. c The existence of the splicing intermedi-
ate from which the internal intron has been removed by the first excision, has been confirmed experimentally (GenBank MF612153). The newly 
formed donor splice site sequence of the retained external intron, (5′-gugagu), is underlined
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Fig. 3 Maximum likelihood phylogeny of the LipS orthologue in the Ascomycota: Emergence of the [D1,2] stwintron. Taphrinomycotina proteins 
constitute the outgroup. Branch statistics are given as Approximate Likelihood Ratio Test values (0–1) at each node. The branches are color coded 
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not occupied. Sordariomycetes and some taxa of Doth-
ideomycetes (Botryosphaeriales and Dothideales, e.g.) 
still harbor an intron at the first Aspergillus intron posi-
tion but in Pleosporales, the lipS intron–exon structure 
has been reset completely with three introns appearing 
at new positions. In most Capnodiales, the lipS gene is 
intronless. Importantly, we could not find Leotiomyceta 
species in which the lipS stwintron position is occupied 
by a standard canonical intron, hence, this latter situation 
is unique to Pezizomycetes and Orbiliomycetes species. 
The LipS phylogeny thus strongly suggests that the [D1,2] 
stwintron has emerged at the position of a pre-extant 
canonical “host” intron, currently serving as the stwin-
tron’s external intron.

Figures 4 and 5 show the clades of species that include 
the stwintron in more detail, to highlight instances of 
stwintron loss in Eurotiomycetes and Leotiomycetes, 
respectively (fungi that lost the lipS stwintron are marked 
in red lettering in both figures). In the Eurotiomycetes 
(Fig. 4), the stwintron is completely absent from genome-
sequenced species in the orders of the Chaetothyriales, 
Verrucariales and Phaeomoniellales. In the Eurotiales 
order, the stwintron is completely absent from the genus 
of Penicillium, the sequenced Monascus and Xeromyces 
species as well as from Aspergillus terreus while in the 
Onygenales, Ascosphaera apis lacks it. Thus the stwin-
tron has been lost with the bordering exons fused at at 
least five independent occasions in the Eurotiomycetes. 
Meanwhile, the stwintron is absent in eight species of 
Leotiomycetes (Fig. 5). The latter include all species from 
the family of the Sclerotiniaceae in our analysis, along 
with Pseudogymnoascus pannorum, Glarea lozoyensis, 
Cairneyella variabilis and “Geotrichum candidum 3C” 
(NB. The G. candidum 3C genome sequences (WGS 
Master Accession JMRO01000000) strongly suggest that 
they are from a species of Leotiomycetes rather than 
from a species of Saccharomycetales: All Saccharomyc-
etales lack a lipS orthologue, see above). It is remarkable 
that in the majority of the above cases of stwintron loss, 
the intron at the third Aspergillus position has also disap-
peared, suggesting simultaneous loss. Only in A. terreus, 
A. apis and “G. candidum 3C”, the downstream intron 
is retained, while we found the reverse situation (i.e., 
only the intron at the third Aspergillus position lost) in 
Marssonina brunnea and Calycina herbarum.

Reappraisal of the bioDA stwintron
In a previous stwintron study, we had identified another 
potentially ancient stwintron in bioDA, a structural gene 
of D-biotin biosynthesis encoding a bifunctional protein 
exhibiting dethiobiotin synthetase (EC 6.3.3.3—BioD) 
and S-adenosyl-l-methionine:8-amino-7-oxononanoate 
aminotransferase (EC 2.6.1.62—BioA) activities (cf. [16]). 

We showed that a [D2,3] stwintron occurs at the posi-
tion of the first (standard) intron in A. nidulans bioDA 
in most (31) species of the Sordariomycetes class and the 
two species of the Botryosphaeriales order of the Doth-
ideomycetes class for which genome sequences were 
available at the time. In a phylogenetic analysis ([3]; see 
Supplementary Fig. S4 thereof ), the two Botryosphaeri-
ales proteins clustered with those from the Sordariomy-
cetes and not with those from the other Dothideomycetes 
(24 species). Remarkably, in Nectria haemotococca (for-
merly known as Fusarium solani f. sp. pisi) a standard 
intron occupies the position of the stwintron in the other 
Sordariomycetes, including in other Fusarium species. 
Since the spring of 2013, hundreds of new Pezizomy-
cotina genome sequences have been added to publicly 
accessible databases. We took the opportunity to update 
our analysis of the bioDA stwintron, to compare defining 
aspects of its evolution with those of the (new) stwintron 
in the putative lipase lipS gene (see above).

We screened the databases with TBLASTN using 
the A. nidulans protein (protein accession number 
ACR44943) as the query and collected hundreds of fun-
gal bioDA genes for which we manually deduced the 
intron–exon structure and the cognate protein (results 
not shown). From the updated collection from non-
Pezizomycotina taxa, we can now confirm that the intron 
position at which the stwintron occurs (in Sordariomy-
cetes and Botryosphaeriales, see below) is deeply rooted 
in fungal evolution (see, e.g., [17], for the taxonomy of 
the fungal kingdom). This intron position is occupied 
by a standard U2 intron in species of Mucoromycotina, 
Mortierellomycotina, Entomophthoromycotina and 
Chytridiomycota albeit absent from Rhizophagus irregu-
laris (Glomeromycota) and Blastocladiomycota (results 
not shown). Remarkably, in both sequenced strains of 
Batrachochytrium dendrobatidis, the donor of this intron 
is a non-canonical 5′-GAAAGA. (NB. bioDA is absent 
from Microsporidia, Cryptomycota, Neocallimastigo-
mycota and Kickxellomycotina). Within Dikarya, this 
intron position is conserved across the three subphyla of 
the Basidiomycota. We also found the stwintron position 
occupied by a standard intron in three species of Sac-
charomycetales (Saprochaete clavata, Lipomyces star-
keyi and Sugiyamaella xylanicola) amongst those that 
(still) have the bioDA gene. On the other hand, there is 
no intron present at that position in the seven genome-
sequenced species of Taphrinomycotina that have the 
bioDA gene (results not shown).

We carried out a phylogenetic analysis of 298 Asco-
mycete BioDA proteins which we had deduced manu-
ally from our bioDA gene collection. Taphrinomycotina 
serve as the outgroup and the Saccharomycotina proteins 
constitute a sister clade to the Pezizomycotina (Fig.  6). 
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Fig. 4 Maximum likelihood phylogeny of LipS: Instances of stwintron loss in Eurotiomycetes. A subtree of the phylogenetic analysis depicted in 
Fig. 3, is shown in detail to highlight the loss of the stwintron from taxa of Eurotiomycetes. Class-specific color coding is the same as in Fig. 3. Spe-
cies that have lost the stwintron from their lipS gene have their name printed in red lettering. For the sake of simplicity, we have collapsed groups 
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Unlike for the putative lipase LipS, the evolutionary rela-
tions between Pezizomycotina BioDA proteins do not 
conform the standard fungal taxonomy as, for instance, 
the classes of the Sordariomycetes (cf. [18]), Dothideo-
mycetes (cf. [19]) and Eurotiomycetes (cf. [20]) do not 
behave as monophyletic.

However, the fate of the relevant intron position in 
Pezizomycotina bioDA appeared more conventional. 
The [D2,3] stwintron occurs in all orders and in most 
species of Sordariomycetes and in Botryosphaeriales 
(Dothideomycetes), which cluster together in one clade 
(Fig. 6) albeit not all species in this clade have the bioDA 
stwintron. In the other Dothideomycetes (including, the 
Pleosporales and Capnodiales orders) as well as in the 
Eurotiomycetes class, a standard U2 intron is present at 
the bioDA stwintron position. On the other hand, in the 
Leotiomycetes class and in the Umbilicariomycetidae 
family (NB. Lasallia pustulata and Umbilicaria muehlen-
bergii; the other genome-sequenced Lecanoromycetes do 
not have bioDA) that ancient intron position is lost.

The bioDA genes from some of the species of the Ophi-
ostomatales order of the Sordariomycetes appear to orig-
inate from a Leotiomycetes ancestor, and consequently 
do not harbour an intron at the stwintron position. This 
is probably the strongest indication to lateral transmis-
sion of bioDA between not directly related taxons of 
Pezizomycotina. This particular bioDA gene transfer is 
likely to have occurred recently as Ophiostomatales spe-
cies Rafaelea quercivora and Leptographium procerum do 
harbour the bioDA stwintron and their BioDA proteins 
cluster together with those of all other Sordariomycetes 
orders. Such an event is not exceptional for structural 
genes of biotin biosynthesis: The acquisition of bioA and 
bioD genes from an unspecified bacterial source is well 
documented for Saccharomyces cerevisiae [21].

Figure  7 shows the clade of species that harbour the 
bioDA stwintron in more detail. Unlike the situation with 
the putative lipase stwintron, most instances of stwin-
tron loss from the bioDA gene result in the presence of 
a standard intron at the same position (relevant species 
names in green in Fig.  7). Loss of the internal intron 

has happened at at least five independent instances in 
the clade that constitute the large majority of the Sord-
ariomycetes species, in three different orders—Hypo-
creales, Xylariales and Microascales—including the 
instance previously observed in N. haematococca bioDA. 
In Botryosphaeriales, we observe the loss of the inter-
nal intron in five of the eleven species investigated, cor-
responding to two independent events. Furthermore, in 
two Botryosphaeriales species, Phyllosticta capitalensis 
and Neoscytalidium dimidiatum, there are no intronic 
sequences left at the stwintron position (species names in 
red in Fig. 7). The current phylogenetic analysis suggests 
that the loss of the complete stwintron in N. dimidiatum 
happened in one event, like in all cases of stwintron loss 
from the lipS gene (see above; Figs.  4, 5). On the con-
trary, the stwintron sequences may have been lost from P. 
capitalensis bioDA in two consecutive intron loss events, 
since its close relative P. citricarpa (same genus) has 
retained a standard intron at the stwintron position.

A number of species from the Diaporthales order—
more specifically, the members of the Diaporthaceae 
and Valsaceae families—also have a bioDA gene from 
which the stwintron is completely absent (relevant spe-
cies names in red in Fig. 7). The genes encoding the five 
clustered Diaporthales proteins appear to derive from a 
Botryosphaeriales taxon diverged from the main Sordari-
omycetes branch, the latter including species of another 
Diaporthales family, the Cryphonectriaceae (Chryso-
porthe cubensis, Chrysoporthe deuterocubensis and Cry-
phonectria radicalis). Interestingly, Valsa mali (WGS 
Master accessions JUIY00000000 and JUIZ00000000) 
has two bioDA genes: The gene that encodes the protein 
in the separate Diaporthales clade has lost all stwintron 
sequences while the second gene, which carries a com-
plete stwintron, is more related with Xylariales genes. 
Our current phylogenetic analysis suggests that the 
absence of all bioDA stwintron sequences from the five 
species of Diaporthales is due to their loss in one event 
(like in N. dimidiatum, see above) since one of the spe-
cies in the divergent branch of Botryosphaeriales, Lasi-
odiplodia theobromae, (still) harbours a stwintron.

(See figure on next page.) 
Fig. 7 Maximum likelihood phylogeny of the BioDA protein: Instances of stwintron loss. A subtree of the phylogenetic analysis depicted in Fig. 6, is 
shown in detail to highlight the loss of the stwintron from taxa of Sordariomycetes and Botryosphaeriales. Class-specific color coding is the same as 
in Fig. 3. Species that have lost the internal intron from the stwintron in their bioDA gene (retaining a standard intron at the stwintron position) have 
their name printed in green lettering. For the sake of simplicity, we have collapsed groups of related fungi that behave the same with respect to the 
stwintron. Independent events of internal intron loss are also indicated by the green triangles on the directly preceding branches. (NB. The position 
of the triangles does not correspond with the exact time point at which intron loss has taken place). The complete absence of intronic sequences 
at the stwintron position from the genes encoding the BioDA proteins in the separate Diaporthales clade and in two of the Botryosphaeriales (7 
proteins in red lettering) may have occurred either in one or in two consecutive events of intron loss. Complete stwintron loss was indicated by a red 
triangle (as in the legend to Fig. 4). We annotated the tree for the two-step process in the case of P. capitalensis, first losing the internal intron in an 
ancestor shared with P.citricarpa (green triangle). The subsequent loss of the standard intron that remained after the first event (red triangle) resulted 
in the complete absence of intronic sequences from P. capitalensis bioDA
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Discussion
In this paper, we evidence a new [D1,2] stwintron in a 
putative lipase gene in A. nidulans and A. niger. It resides 
within DNA that encodes a well conserved alpha/beta 
hydrolase fold domain allowing deep phylogenetic anal-
ysis to trace the emergence and evolution of this stwin-
tron. In parallel, we monitored the fate of the ancient 
stwintron in the bifunctional biotin biosynthesis gene 
bioDA, previously characterised in Trichoderma reesei 
(cf. [3]).

The fungal BioDA phylogeny does not conform to 
the accepted taxonomy, however, the groups of fungi 
wherein the [D2,3] stwintron occurs cluster together to 
form a clearly defined clade (Fig. 6). The [D2,3] stwintron 
in most Sordariomycetes and in various Botryosphaeri-
ales occupies the same position as a standard U2 intron 
in other Dothideomycetes orders and in the Eurotio-
mycetes. This is a very ancient intron position which 
appears to predate the emergence of Dikarya. Therefore, 
our results leave little doubt that the [D2,3] stwintron 
emerged by the appearance or insertion of an “internal” 
intron between the second and third nt of the donor 
sequence of a pre-extant “host” intron in the bioDA gene. 
It is possible that the internal intron has “matured” within 
the host intron, a process we have previously termed 
“stwintronisation” [3] as it resembles the “intronisation” 
of exonic sequences [22]. Alternatively, intron insertion 
may have taken place abruptly in one event, during the 
repair of double strand DNA breaks by the non-homol-
ogous end joining machinery [23]). These two modes of 
stwintron formation by the appearance of a new intron in 
one of the terminal splice site sequences of a pre-extant 
intron, are consistent with two proposed mechanisms 
of intron gain from an endogenous origin (reviewed by 
[24]).

Phylogenetics of the putative lipase LipS (Fig.  3) sug-
gests that the [D1,2] stwintron present in certain taxa of 
the Leotiomyceta superclass was formed in essentially 
the same way, at the position of an older, canonical U2 
intron. This latter has survived as a standard intron in the 
early divergent classes of Pezizomycetes and Orbiliomy-
cetes while the external intron of the stwintron in Leotio-
myceta derives from it. From our data collection, it is not 
clear whether the lipS stwintron appeared before or after 
the divergence of the Sordariomycetes from the other 
Leotiomyceta lineages. Sordariomycetes lack intervening 
sequences at the lipS stwintron position. This situation 
could result from either the loss of the predecessor stand-
ard intron before the first appearance of the stwintron, or 
the class-specific loss of the complete stwintron after its 
formation in a common ancestor of all Leotiomyceta.

Such a “stwintron loss” event appears to have 
occurred at several occasions in the evolution of the 

lipS orthologous gene in the Leotiomyceta superclass, 
including other events that have led to the absence of the 
stwintron from all species from the class of the Dothide-
omycetes, all species from the superorder of the Chae-
tothyriomycetidae (Eurotiomycetes class) and all species 
from the Penicillium genus (Eurotiales order of the Euro-
tiomycetes class). Each of these instances of stwintron 
loss appears to coincide with the absence or the loss of 
the intron at the third position in the Aspergillus lipS 
gene, 142  bp downstream of the stwintron. Indeed, the 
simultaneous loss of separate intervening sequences may 
have occurred in all but four instances (all four apparently 
involving just one species—A. terreus, A. apis, C. variabi-
lis and “G. candidum 3C”) (Figs. 4, 5). On the other hand, 
in Sordariomycetes, the loss of the stwintron from the 
bioDA gene has resulted in the retention of a standard U2 
intron in all but one instance (i.e., that involving the sepa-
rate clade of five Diaportales, see above) (Fig. 7). It would 
thus appear that in most Sordariomycetes bioDA, the 
event(s) leading to the emergence of an internal intron 
was/were reversed to return to the primordial situation.

Despite this rather striking difference between the two 
ancient stwintrons, all observed instances of accurate 
intron loss are compatible with one single mechanism, 
involving reverse transcription of spliced transcripts 
and homologous recombination of cDNA at the genome 
locus (e.g., [25]; reviewed by [26]). This mechanism 
allows the simultaneous disappearance of two introns 
(bordering the same exon) but also the removal of the 
internal intron from a stwintron, if the stwintron splicing 
intermediate rather than the mature messenger served as 
reverse transcriptase template. It is tempting to speculate 
that the longevity of the stwintron splicing intermediate 
in the nucleus—dependent of the relative excision rates 
of the internal- and the external introns and the export of 
the messenger from the nucleus—is an important factor 
in the reversal of a stwintron into a standard intron at the 
same position. We have proven recently that alternative 
removal of terminally overlapping internal introns from 
an alternatively spliced [D1,2]/[A2,3] stwintron leads to 
discordant introns in orthologue genes [5], suggesting 
that the events we observed in the current study of the 
bioDA stwintron are not exceptional.

Conclusions
Molecular phylogeny of the peptide product was used to 
monitor the emergence and disappearance of an ancient 
spliceosomal twin intron in the transcripts of two neatly 
defined fungal genes, encoding well conserved proteins. 
These stwintrons occur across complete fungal orders 
and classes and both defining events can be explained 
with extant models for intron insertion and -loss. We 
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thus demonstrated that stwintrons can serve as model 
systems to study spliceosomal intron evolution.

Methods
Nucleic acid isolation
Aspergillus nidulans ATCC 48756 (R21) and A. niger 
ATCC 1015 were used to confirm the existence of a 
stwintron in the transcript of their orthologue genes for 
a putative lipase characterised by the well-conserved 
alpha/beta hydrolase fold 3 domain (Pfam07859). Stand-
ardised medium compositions are described elsewhere 
[10]. Fungal biomass was generated in 500-mL Erlen-
meyer flasks with 100  mL of complete medium seeded 
with vegetative spore inoculum, in a rotary shaker (Infors 
HT Multitron) at 200 rotations per min. 16 h after inocu-
lation, mycelia were harvested by filtration, thoroughly 
washed with distilled water, and subsequently frozen and 
ground to powder under liquid nitrogen. For the extrac-
tion of genomic DNA and total RNA from the mycelial 
powder, Macherey–Nagel NucleoSpin kits (NucleoSpin 
Plant II and NucleoSpin RNA Plant) were used.

Reverse transcription PCR (RT‑PCR)
Reverse transcription was performed with 1  µg of total 
RNA as the template and Oligo(dT) as a primer in a 
20 µL reaction volume using the RevertAid First Strand 
cDNA Synthesis Kit (Thermo Scientific). Subsequent 
PCR reactions were done in a 25 µL volume containing 
4 µL of the single strand cDNA, using gene-specific oli-
gonucleotides (Additional file 1: Table S1) as primers and 
DreamTaq DNA Polymerase (Thermo Scientific). Cycling 
conditions after initial denaturation at 95  °C for 2  min 
were: 35 cycles of 95  °C for 30  s, 60  °C for 1  min, and 
72  °C for 1  min, followed by one post-cyclic elongation 
at 72 °C for 5 min. Amplified fragments were resolved in 
native agarose gels.

To confirm the existence of the predicted stwintron 
splicing intermediates, we used the same approach as 
previously with PCR primer pairs that do not amplify off 
cDNA template from fully spliced mRNA. This strategy 
usually yields two fragments of defined sizes of which the 
smaller one corresponds to the splicing intermediate and 
the bigger one, to primary transcript. All experiments 
were done in duplicate, starting with biomass from two 
independent liquid cultures.

cDNA sequencing
Double strand cDNA was gel-purified (NucleoSpin 
Gel and PCR Clean-up, Macherey–Nagel) and cloned 
(pGEM-T Easy Vector System I, Promega). Plasmid DNA 
was isolated using the NucleoSpin Plasmid EasyPure 
kit (Macherey–Nagel). Three independent clones were 

sequenced over both strands using universal primers 
hybridising to the vector (MWG-Biotech AG, Ebersberg, 
Germany) or gene-specific oligonucleotide primers where 
appropriate. cDNA sequences were deposited at Gen-
Bank under accession numbers MF612150–MF612153.

Phylogenetic analyses
For the analysis of the putative lipase orthologue, 292 
proteins were aligned with Multiple Alignment using 
Fast Fourier Transform (MAFFT; version 7) [27], apply-
ing the E-INS-i algorithm and a BLOSUM 62 similarity 
matrix. The MAFFT alignment was trimmed with Block 
Mapping and Gathering with Entropy software (BMGE 
version 1.12) [28] using BLOSUM 30 and a block size of 
5. A Maximum Likelihood tree was then calculated on-
line from the curated alignment by PhyML 3.0 [29] using 
the WAG substitution model.

For the study of the bifunctional BioDA protein, 298 
proteins were aligned using a BLOSUM 45 similarity 
matrix in the MAFFT E-INS-i module. The alignment 
was BMGE trimmed using BLOSUM 55 and a block 
size of 5, before a Maximum Likelihood phylogeny was 
inferred using the WAG substitution model.

For each tree, approximate Likelihood Ratio Tests pro-
vide statistical branch support [30]. The trees were drawn 
from the Newick output of PhyML with the FigTree pro-
gram (http://tree.bio.ed.ac.uk/software/figtree) and fur-
ther annotated with Adobe Illustrator.

Abbreviation
nt: nucleotides.
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A silver bullet in a golden age of functional 
genomics: the impact of Agrobacterium-
mediated transformation of fungi
Alexander Idnurm1* , Andy M. Bailey2, Timothy C. Cairns3, Candace E. Elliott1, Gary D. Foster2, Giuseppe Ianiri4 
and Junhyun Jeon5

Abstract 

The implementation of Agrobacterium tumefaciens as a transformation tool revolutionized approaches to discover and 
understand gene functions in a large number of fungal species. A. tumefaciens mediated transformation (AtMT) is one 
of the most transformative technologies for research on fungi developed in the last 20 years, a development arguably 
only surpassed by the impact of genomics. AtMT has been widely applied in forward genetics, whereby generation 
of strain libraries using random T-DNA insertional mutagenesis, combined with phenotypic screening, has enabled 
the genetic basis of many processes to be elucidated. Alternatively, AtMT has been fundamental for reverse genet-
ics, where mutant isolates are generated with targeted gene deletions or disruptions, enabling gene functional roles 
to be determined. When combined with concomitant advances in genomics, both forward and reverse approaches 
using AtMT have enabled complex fungal phenotypes to be dissected at the molecular and genetic level. Addition-
ally, in several cases AtMT has paved the way for the development of new species to act as models for specific areas 
of fungal biology, particularly in plant pathogenic ascomycetes and in a number of basidiomycete species. Despite 
its impact, the implementation of AtMT has been uneven in the fungi. This review provides insight into the dynamics 
of expansion of new research tools into a large research community and across multiple organisms. As such, AtMT 
in the fungi, beyond the demonstrated and continuing power for gene discovery and as a facile transformation tool, 
provides a model to understand how other technologies that are just being pioneered, e.g. CRISPR/Cas, may play roles 
in fungi and other eukaryotic species.

Keywords: Functional genomics, Mycota, Pathogenicity genes, Rhizobium radiobacter, Transfer DNA

Background
In 1998, Dunn-Coleman and Wang published a commen-
tary on a newly described system for the transformation 
of foreign DNA into filamentous fungi using Agrobacte‑
rium tumefaciens: the catchy term in their article’s title 
was that this method was potentially a “silver bullet” [1]. 
We think of a “silver bullet” as a missile to combat were-
wolves or other fantasy monsters, yet here there is an 

additional metaphor; DNA is shot into a fungal genome 
to cause damage to a key gene, and thereby that can pro-
vide information on the strengths and weaknesses of the 
fungus. This remarkable use of a plant pathogenic bacte-
rium, A. tumefaciens, to transform fungi had first been 
demonstrated in the model yeast Saccharomyces cerevi‑
siae just a few years earlier [2, 3], and then extended in 
1998 to seven species of filamentous fungi in both the 
Ascomycota and Basidiomycota lineages [4]. Within a 
decade from its first reported use in S. cerevisiae, by 2005 
over 50 fungal species had been transformed with A. 
tumefaciens [5]. In the decade since then, the use of A. 
tumefaciens mediated transformation (AtMT) continued 
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to expand to become a standard experimental technique 
within the tool-box for gene manipulation in many fungal 
species. For some species it became the easiest or even 
the only method by which to introduce foreign DNA. In 
other species, it emerged as a powerful technique for for-
ward genetics, for use in the creation of large collections 
of strains carrying random T-DNA insertions and their 
analysis, for reverse genetics to create specific targeted 
gene replacements, or for manipulation of gene expres-
sion for biotechnological benefits.

In this review we describe the rise and influence of 
AtMT on the understanding of fundamental aspects of 
fungi. We describe species or groups of fungi in which 
AtMT has had greatest impact, some of the limitations 
that have subsequently emerged in applications, and 
areas of research or fungal species in which this trans-
formation technology did not have as great an impact. 
Understanding how this technology was implemented 
can guide or anticipate the benefits of future technologies 
for advancing research on fungi.

It is not possible to include specific details from all the 
publications reporting the use of AtMT on fungi, even if 
covering those since the review by Michielse et al. [5]. A 
PubMed search of “Agrobacterium and fungus” returns 
more than 900 papers, and as an example in the Crypto‑
coccus neoformans species complex alone AtMT has been 
used in more than 30 studies. Other comprehensive and 
insightful reviews address specific aspects of this tech-
nique, e.g. different vectors that are available [6], or the 
proteins encoded by A. tumefaciens that are required 
to transform organisms [7, 8], which this review aims 
to complement. Finally, “impact” is relative in that what 
may appear important to one set of researchers may not 
to another set, while individual people may have per-
sonal favorite experiments or discoveries made using the 
technique.

Agrobacterium tumefaciens and how it transforms 
species
Agrobacterium tumefaciens is a plant pathogen in the 
class α-Proteobacterium that is best known as one of 
nature’s natural agents in creating genetically modified 
organisms. In this process, the bacterium inserts a piece 
of a plasmid into the nucleus of the plant host cell, and in 
the wild that bacterial DNA encodes proteins that mod-
ify the plant growth in favor of the bacterium. In most 
circumstances, this results in the formation of a non-
proliferative gall or tumor-like growth on a plant, with 
alterations in the recipient genome that are not normally 
carried on into subsequent plant generations. However, 
analysis of the genome of sweet potato indicates that in 
rare cases these transformation events can be integrated 

more permanently into the genome [9]. The Agrobacte‑
rium genus is within the family Rhizobiaceae and as such 
it is closely related to the genus Rhizobium, members 
of which also form intimate associations with plants to 
fix atmospheric nitrogen. A. tumefaciens was renamed 
Rhizobium radiobacter [10], although the community 
using this species as a transformation technology for 
fungi continues to use the name A. tumefaciens.

Before the development of genome sequencing pro-
jects, the only known example of horizontal gene trans-
fer from bacteria to eukaryotes was the trans-conjugation 
mediated by A. tumefaciens [11]. Agrobacterium naturally 
exists in an environment where it encounters numer-
ous hosts, including fungi that are likely to be present at 
the plant wounds, which induce T-DNA transfer. Knight 
et  al. [12] demonstrated that it is entirely feasible that 
such transformation events happen in a natural environ-
ment. They co-cultivated the plant pathogenic fungus 
Verticillium albo-atrum on plant material alongside an 
Agrobacterium strain containing a plasmid that could 
potentially transform fungi, and observed transforma-
tion of the fungus under these in planta conditions [12]. 
Of course, in the wild such an event is unlikely to deliver 
any beneficial DNA sequence into the fungus, so may 
well not confer any selectable advantage, but it is inter-
esting to speculate on the frequency of such events over 
an evolutionary timescale: indeed, in addition to plants 
[9], genome sequencing projects have identified Agrobac‑
terium-like DNA in the genomes of some fungi such as 
Aspergillus oryzae [13].

Plant molecular biologists altered wild strains of A. 
tumefaciens to their own advantage. The bacterial strains 
and genetic material were modified to prevent gall for-
mation, and to establish systems in which DNA for 
transformation into a plant can be placed between two 
direct repeats of 25 bp (the left and right borders of the 
transfer or T-DNA) (Fig.  1). From the perspective of 
bacterial genetics, rather than transformation it is more 
accurate to describe the movement of the T-DNA from 
the bacterium into the eukaryotic host as a trans-conju-
gation method of gene transfer, in this case a conjugation 
mechanism that is capable of occurring across different 
species. The promiscuous nature of A. tumefaciens, to 
target a wide diversity of hosts, enabled it to be applied to 
numerous other eukaryotic species, with members of the 
fungi being the best examples beyond the model plant 
Arabidopsis thaliana [11].

One of the initial downsides of transformation of fungi 
with Agrobacterium was the perceived inflexibility with 
the vector systems. Some of the Agrobacterium vectors 
were rather unwieldy, with limited restriction sites for 
conventional cloning and, having been developed for 
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plants, were prefabricated with selection cassettes and 
regulatory elements specifically for plant transformation. 
Fortunately some of the suites of vectors made for plants 
(e.g. pGreen, pCambia, etc.) also included small vectors 
that had empty T-DNA regions that were amenable to 
easy manipulation. These have been updated to allow 
vector construction by means such as yeast recombina-
tion in S. cerevisiae [14–16], the Gateway system [17] or 
Golden Gate assembly [18], making vector construction 
and deployment simple and amenable to high throughput 
approaches.

Another limit of the early vectors was the length of 
DNA that could be inserted, which was a significant 
technical restriction for complementation of large genes. 
One solution to this problem was the development of 
the BIBAC system, which enabled the modification of 
any bacterial artificial chromosome (BAC) containing a 
large piece of fungal DNA to contain left and right border 
sequences, thus enabling direct fungal transformation. 
Large fragments (up to 75 kb) of DNA were successfully 

transferred into the Fusarium oxysporum f. sp. lycopersici 
genome using this method [19]. In a similar manner, a 
system to convert BACs into vectors suitable for AtMT in 
the Ustilago maydis has also been developed [20].

Advantages of AtMT over other transformation 
techniques
Transformation tools existed for fungi prior to the devel-
opment of AtMT, for example using the protoplast/poly-
ethylene glycol or cation/polyethylene glycol approaches 
[21, 22]. However, AtMT provided improvements over 
many of these methods, explaining why it became a 
transformation tool of choice in many fungal species.

Firstly, AtMT eliminates the need to remove the fun-
gal cell wall to make protoplasts. While protoplasting 
is an established method in some species, in others it is 
difficult and variable in success. Fungi have a suite of cell 
wall types that differ between species and that change at 
different stages during growth and development. These 
differences likely explain why the ease and success of 

Fig. 1 A summary of the transformation process of fungi by Agrobacterium tumefaciens. At step a, acetosyringone present in the transformation 
media is recognized by the bacterium, triggering b the expression of genes within the chromosomal DNA and from the helper plasmid. At stage c, 
the T-DNA is excised from the T-plasmid. The linear DNA is bound by VirD2, which is recognised by the type IV secretion system for export from the 
cell, along with other Vir proteins (d). At step e, the DNA enters the fungal nucleus guided by nuclear localization signals on the bacterial-encoded 
proteins. In the final event f, the T-DNA inserts into the chromosomal DNA of the fungus. The T-DNA should encode a selectable marker such that 
the integration events can be selected
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protoplasting vary between species; this is not helped by 
the difficulties in obtaining suitable cell wall degrading 
enzymes. In contrast, although Agrobacterium does show 
cell type preferences, as discussed later in the section 
on the mushroom-forming Agaricomycotina, Agrobac‑
terium can transform species across a wide spectrum of 
evolution, including mammalian cells [23] and oomycetes 
[24], and many different tissue or cell types in fungi.

A second significant advantage to AtMT over other 
approaches is that the T-DNA can integrate randomly 
into the genome. Consequently, much of the impact of 
AtMT comes from the perspective of random mutagen-
esis as a resource for forward genetic screens. At the 
time of development of AtMT, the process of restriction 
enzyme mediated integration (REMI) was the insertional 
mutagenesis method of choice. This method includes 
restriction enzymes in the stage when DNA is trans-
formed into protoplasted cells. A number of problems 
arose with this method such as mutations not linked to 
the inserted DNA, which were proposed to be caused 
by the restriction enzymes causing damage to the DNA. 
Other insertional mutagenesis tools include transposon 
insertions, although these usually require the design of 
specific constructs for each species. AtMT largely super-
seded REMI as the insertional mutagenesis tool in fungi 
[5]. Usually the T-DNA inserts as a single copy into the 
genome, so any change in phenotype is likely caused by 
the insertion. After screening libraries of T-DNA inser-
tion transformants for phenotypes, either side of the 
T-DNA insert are then obtained by difference methods, 
which are most often PCR-based, in order to identify the 
affected gene. Typically, the function of the genes iden-
tified using T-DNA mutagenesis is confirmed through 
(a) linkage analysis of the progeny obtained from crosses 
between a strain of opposite mating type and the T-DNA 
mutant, if the mutation does not affect the sexual cycle; 
(b) generation of a targeted replacement allele by means 
of transformation techniques suitable for the studied 
organism, or (c) complementation with a wild type copy 
of the gene.

Thirdly, AtMT is amenable for use in reverse genetic 
approaches for targeted gene deletion or disruption. 
This differs from random insertional mutagenesis, as 
transformation vectors are supplemented with DNA 
sequences that mediate homologous recombination of 
the exogenous cassette with specific loci of the recipient 
genome. Thus, AtMT can be used for targeted replace-
ment at desired genomic regions, most obviously a puta-
tive open reading frame. AtMT was often developed in 
conjuncture with the isolation of mutants in the non-
homologous end joining DNA repair process [25]. Muta-
tion of this pathway helps increase the proportion of 
transformants that have gene replacements. Over the 

past decade, there has been a rapid increase in publicly 
available genome sequences of fungi [26], which has ena-
bled facile identification of individual genes or gene fami-
lies that can be analyzed by targeted gene deletion. This 
has occurred in parallel with development of numerous 
molecular tools, including inducible promoter systems 
[27], recyclable markers [25] and most recently CRISPR-
Cas genome editing [28]. These techniques now promise 
functional genomic analyses at a high throughput level, 
and systems-level insight into industrial tractability, pro-
cesses essential for disease, and putative drug targets of 
many fungi [29]. Consequently, targeted manipulation 
of fungal genomes using AtMT is a critical technique 
that will facilitate the implementation of more recent 
breakthroughs.

Finally, having a method for easy transformation “lev-
eled the playing field” for discovering gene function in 
what had up until then been dominated by the model 
species for molecular biology experiments. This particu-
larly became the case for non-conventional species as 
soon as their genome sequence became available. Exam-
ples are given later in this review.

Trends in the research of fungi using AtMT
In their 2005 review, Michielse et  al. [5] described spe-
cific features about AtMT, and then some research 
trends many that continued over the following decade. 
A large focus has been on the efficiency of transforma-
tion as influenced by co-culture conditions, e.g. bacte-
rial and fungal cell concentrations, temperature, length 
of co-incubation, and concentration of acetosyringone, 
which is a plant metabolite released from wounded roots 
that enhances A. tumefaciens transformation (Fig.  1). 
The direction of this focus on transformation efficiency 
relates to the prior challenges in obtaining large numbers 
of transformants from protoplasts or other methods, and 
hence the efforts to optimize conditions to maximize 
the number of transformants obtained per experiment. 
However, this is not crucial because AtMT is technically 
easy, and if more transformants are needed they can be 
obtained just by increasing the number of transforma-
tion experiments to be performed. Conversely, it is ideal 
to generate a library of single T-DNA insertion mutants 
quickly and unequivocally link the phenotype of interest 
with the genetic mutation, but little work has addressed if 
the numbers of transformants obtained correlate with the 
number of integration events per transformant. There is 
a tendency for more publications reporting the first use 
of AtMT in a species, and fewer on the full implementa-
tion of the technique for making mutations in genes, or 
other purposes. Given that the following examples rep-
resent only a small proportion of all species successfully 
transformed using Agrobacterium, there remains a large 
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untapped resource waiting for gene discovery in a wide 
diversity of fungi.

Fungal species and biological questions in which 
AtMT made greatest contributions
Application of AtMT depends on the question being 
asked, and this versatile tool has suited answering such 
questions in different fungi. Approaches include individ-
ual gene deletion or disruption experiments, analyses of 
gene classes resulting in several dozen mutant strains, to 
the generation of large libraries consisting of thousands 
of strains. Nevertheless, it is notable that some species, 
or indeed fungal lineages, have more widely adapted 
AtMT as a common research tool. The following sections 
are divided based on the evolution of the fungi (Fig. 2): 
examples from Ascomycetes with the focus on the plant 
pathogens, Basidiomycetes, and a brief section on the 
earlier, paraphyletic fungal lineages.

Phylum Ascomycota and the role of AtMT 
on understanding gene functions in plant pathogenicity
The impact of AtMT in the ascomycetes has been of 
greatest relevance to the plant pathogens, with little 
impact on model species like S. cerevisiae, Neurospora 
crassa or Aspergillus nidulans wherein a long history of 
research and efficient methods for transformation, classi-
cal genetics, and gene identification were already in place. 
There are thousands of ascomycete species that infect 

plants. One way to measure the impact of AtMT is to 
examine its role in understanding gene functions in par-
ticularly problematic species. In a proposed “top ten” list 
of plant pathogens (Table 1, [30]), many species benefited 
from this technique. For those species that did not ben-
efit, this was either because efficient methods for trans-
formation and gene discovery were already available  for 
them (e.g. the basidiomycete U. maydis) or because they 
are obligate pathogens and therefore difficult to co-cul-
ture with Agrobacterium (e.g. Puccinia species, Blumeria 
graminis and Melampsora lini). In the diverse species 
in which AtMT was adopted, this technology opened 
the opportunity for high throughput mutant screens or 
construction of mutant libraries. Thus, AtMT has been 
applied to a number of plant pathogenic fungi includ-
ing many of the economically important pathogens. 
Although T-DNA integration varies depending on the 
system, AtMT has been consistently an efficient tool for 
the genetic study of fungal pathogenesis. The following 
sections describe ascomycete plant pathogenic species or 
genera in which AtMT has been widely used, and finishes 
with one human pathogen example.

Pyricularia oryzae
Pyricularia oryzae (Sordariomycetes) is the causal agent 
of rice blast, the most serious disease of cultivated rice. 
The species is also referred to as Magnaporthe oryzae 
or M. grisea in older literature [31]. Rice blast disease 

Fig. 2 Phylogeny of major lineages within the fungi. The relationships are based on references [204, 243]; note that some nodes remain poorly 
defined. For hierarchy: phylum -mycota, subphylum -mycotina, class -mycetes. The Pezizomycotina subphylum is split into seven classes in the 
phylogeny. Groups in which species have not yet been transformed successfully by Agrobacterium are in bold
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destroys enough rice to feed 60 million people every year 
[32]. Considering that rice is a staple food accounting 
for major caloric and protein intake in many countries 
(http://www.irri.org/), the disease is one of the major 
threats to global food security. Due to the experimental 
tractability of P. oryzae and the socioeconomic impact of 
rice blast, the fungus has served as an important model 
to understand the biology of fungal plant pathogens 
[33, 34]. Although genome sequence information had 
offered great opportunities to discern possible genetic 
attributes that confer pathogenicity on the fungus [35], 
low efficiency of gene knockout hampered translating 
genome sequences into meaningful biological informa-
tion. To overcome this bottleneck, insertional mutagen-
esis techniques such as restriction enzyme-mediated 
integration (REMI) and transposon-arrayed gene knock-
out (TAGKO) were developed to generate mutants and 
examine the function of disrupted genes [36, 37].

The first demonstration of AtMT for large-scale anal-
ysis of gene functions in any plant pathogenic fungus 
came from a study in which over 20,000 P. oryzae inser-
tional transformants were generated [38]. Southern blot 
analysis revealed that >80% of transformants had a sin-
gle T-DNA copy within their genome. In parallel, labo-
ratories in the USA [39] and China produced more than 
150,000 AtMT mutants, establishing the most exten-
sive insertional mutant libraries in any plant pathogenic 
fungus.

Analyses of T-DNA insertion patterns in the P. oryzae 
transformants showed that T-DNA integration favored 
promoter regions of genes that have an AT-rich base com-
position [40–42]. In addition, direct or inverted repeats 
of T-DNA, chromosomal rearrangements and inclusion 
of additional plasmid vector were also observed. Despite 
these biases, T-DNA insertions are relatively evenly dis-
tributed throughout all of the chromosomes, suggesting 
the potential of AtMT as a tool for forward genetics. A 

high throughput phenotype screening system was devel-
oped to identify and characterize the transformants that 
are affected in key developmental steps of the life cycle, 
including pathogenicity [38]. The screens yielded more 
than 180,000 data points, which are archived and ana-
lyzed by a relational database (http://atmt.riceblast.snu.
ac.kr/) (Fig. 3). Such high throughput phenotype screen-
ing in combination with identification of genes tagged by 
T-DNA in individual mutants led to the identification of 
203 independent loci implicated in fungal pathogenicity. 
This represents the largest, unbiased set of putative path-
ogenicity genes for a single fungal species. The major-
ity of putative pathogenicity genes tagged by T-DNA in 
the study included novel genes, although the list con-
tained known pathogenicity genes, such as NTH1, which 
encodes neutral trehalase [43]. The value of the AtMT 
approach is exemplified by many subsequent discover-
ies of genes that control aspects of fungal pathogenicity. 
One example amongst many is the detailed analysis of a 
novel gene, DES1 (plant defense suppression 1), required 
for the suppression of the basal defense responses in the 
host plant [44]. DES1 was identified from a T-DNA inser-
tion site that was 750 bp from the closest predicted gene, 
and analysis of progeny of sexual crosses confirmed the 
segregation of antibiotic resistance with this interesting 
phenotype of aberrant conidial morphogenesis. This is an 
example of a gene that would not have been prioritized 
for analysis via a reverse genetics approach as it encodes 
a serine rich protein with no obvious functional domains 
or characterized homologues in other ascomycetes.

AtMT can also be used to make gene replacement 
mutant strains in P. oryzae. For example, binary plas-
mids have been generated that are compatible with rep-
lication in Agrobacterium and S. cerevisiae, thus enabling 
assembly of transformation vectors using yeast recom-
binational cloning [15]. Such vectors can be used to cre-
ate targeted gene knockouts in P. oryzae by homologous 

Table 1 A “top ten” list of fungal plant pathogens for research at the molecular biology level [30], and the impact of AtMT 
on these species

Rank Name Growth capabilities AtMT success Impact Key references

1 Pyricularia oryzae (Magnaporthe oryzae) In vitro Yes Major [15, 38–42]

2 Botrytis cinerea In vitro Yes Modest [244]

3 Puccinia spp. Obligate pathogen No N/A N/A

4 Fusarium graminearum In vitro Yes Minor [65]

5 Fusarium oxysporum In vitro Yes Major [75, 76]

6 Blumeria graminis Obligate pathogen No N/A N/A

7 Zymoseptoria tritici (Mycosphaerella graminicola) In vitro Yes Major [52–54, 245]

8 Colletotrichum spp. In vitro Yes Major [84, 86]

9 Ustilago maydis In vitro Yes Minor [198]

10 Melampsora lini Obligate pathogen Yes Minor [176]
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integration: for example, a library of 102 deletion strains 
in genes encoding  Zn2Cys6-type transcription factors was 
created, with phenotypic analysis defining 61 regulators 
of development and eight required for infection of rice 
and barley [15].

Thus, for P. oryzae, AtMT has had  two directions of 
impact for gene function discovery. One was through for-
ward genetics by screening tens of thousands of T-DNA 
insertional mutants. The second was in creating gene 
replacement strains, which were then tested for patho-
genicity on plants.

Zymoseptoria tritici
Zymoseptoria tritici (previously named Mycosphaerella 
graminicola; Dothideomycetes) causes the most impor-
tant foliar disease of wheat, Septoria blotch, with average 
yield losses of 5–10% annually [45]. Throughout Europe, 
the crop destruction and deployment of antifungals to 
combat Z. tritici are estimated to run into billions of 
Euros, with losses in Germany, for example, estimated 
to cost 500 and 310 million per year, respectively [45]. 
Worryingly, resistance of Z. tritici to every class of anti-
fungal compounds is increasing, yet the number of new 
compounds developed to combat this pathogen is in 
decline [46]. Consequently, validation of new pathogen 
targets for rational fungicide development, concomitant 
with development of highly resistant wheat varieties, 

are pressing objectives for food security. AtMT has been 
essential for improved understanding of the molecular 
basis of Z. tritici infection, which may ultimately lead to 
durable disease control strategies.

The first transformation of Z. tritici utilized a classical 
protoplast-polyethylene glycol (PEG) approach, whereby 
the cell walls of in vitro grown conidia were digested and 
a DNA cassette encoding hygromycin or carbendazim 
resistance was introduced into recipient genomes [47]. 
From this study, several limitations to protoplast-based 
transformation became apparent. Firstly, there were sig-
nificant variations in successful protoplast generation 
between Z. tritici isolates. Secondly, this experimental 
challenge was further complicated by the commercial 
discontinuation of Novozyme 234, which was the enzyme 
mix used to digest conidial cell walls [47]. While other 
enzyme preparations exist for fungal protoplasting [48], 
variations in availability of validated transformation rea-
gents introduced an additional challenge for the wide-
spread adoption of this approach by the Z. tritici research 
community.

Consequently, with few exceptions [47, 49, 50], molec-
ular studies of Z. tritici rely on AtMT [51]. As one 
example, a T-DNA mutagenesis forward genetic screen 
generated an insertional library of 615 Z. tritici trans-
formants [52]. Virulence analysis of this mutant library 
revealed one isolate, 5-29H, which was avirulent in a 
detached leaf infection assay. Mapping of the T-DNA 
insertion locus revealed disruption of a putative man-
nosyltransferase-encoding gene, and subsequent pheno-
typic screening and proteomic analyses demonstrated 
that protein N-glycosylation was essential for a switch 
from yeast-like conidia to infectious hyphal growth, and 
ultimately successful disease initiation [52]. Using AtMT 
in a targeted approach, Cousin and co-workers deleted a 
mitogen-activated protein kinase (MAPK) encoding gene 
that had high sequence homology to the FUS3 gene of S. 
cerevisiae [53]. This MAPK plays a critical role in mat-
ing and growth in this yeast, and deletion in Z. tritici 
resulted in aberrant polarized growth and deficiencies in 
host penetration during infection. In a similar approach 
using AtMT, deletion of a gene encoding another MAPK, 
termed MgSlt2, demonstrated a critical role of this gene 
in resistance to several fungicides, and hyphal branch-
ing following leaf penetration [54]. Taken together, these 
studies demonstrate that impaired hyphal development, 
deficient stomatal penetration [53], or an inability to pro-
liferate after disease initiation [54] all result in reduced 
pathogenicity, and ultimately suggest interference with 
the normal Z. tritici developmental program offers an 
opportunity to inhibit disease. Thus, AtMT represents 
a critical tool in the researchers’ repertoire for identi-
fying the targets for the rational development of novel 

Fig. 3 Databases of T-DNA insertion sites, mutant phenotypes, and 
strain availability have been developed for some fungal species. A 
screen shot of the front page of the ATMT Database (http://atmt.snu.
ac.kr) that features information on T-DNA mutants of P. oryzae, primar-
ily based on information from [38]. Limited funding for maintaining 
such databases and strain resources after projects end may under-
mine the potential impact of large-scale mutant screens
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fungicides. With regards to future Z. tritici experiments, 
and the molecular analyses of phytopathogenic fungi in 
general, it is clear that AtMT will continue to be utilized 
even in face of major paradigm shifts in the field of fungal 
pathogenicity.

Fusarium species
Members of the Fusarium genus (Sordariomycetes) 
include agronomically important plant pathogens some 
of which are known for producing mycotoxins and also 
as opportunistic human pathogens [55]. One recent phy-
logenetic study suggests that the Fusarium genus could 
be subdivided into 20 species complexes with the ter-
minal Fusarium clade originating in the middle Creta-
ceous period [56]. The most intensely studied Fusarium 
species include members of the species complexes Sam-
bucinum (F. graminearum, F. pseudograminearum and F. 
culmorum causing blights and rots of wheat and barley), 
Fujikuroi (F. fujikuroi causing bakane disease of rice and 
F. verticillioides causing ear rot of maize), and Oxyspo-
rum (a species complex of soil-borne filamentous fungi 
whose members include more than 12 forma speciales 
causing vascular wilts of many different plant species). 
The Oxysporum complex has been a focus of interest to 
evolutionary biologists due to the range of life strategies 
of its members. Although all members are soil-borne, not 
all isolates are plant pathogens, a feature associated with 
the elevated genome plasticity of Fusarium and that allow 
the acquisition of mobile pathogenesis chromosomes 
[57]. Moreover, the finding that an isolate pathogenic on 
tomato can cause disease in immunocompromised mice 
raised the profile of this species complex as a model for 
cross-kingdom pathogenesis studies [58]. Given the size, 
diversity and economic damage caused by members of 
the genus it is not surprising that AtMT has made an 
impact on some species of Fusarium more than others, 
and therefore the main focus of this section will be on a 
limited number of species such as F. graminearum and F. 
oxysporum.

In the first comprehensive report of transformation of 
a Fusarium species (F. oxysporum f. sp. raphani strain 
699), the efficiency ranged from 1 to 40 transformants 
per  107 protoplasts [59]. Although transformation effi-
ciency using protoplasting methods was low, homolo-
gous recombination was easily achieved in F. oxysporum 
and F. graminearum with 20–50% homologous integra-
tion events [60, 61], opening the way for reverse genetic 
experiments. The development of AtMT for filamentous 
fungi including F. venenatum, the source of the edible 
mycoprotein Quorn™, promised to improve transfor-
mation efficiency for the genus Fusarium [4]. Two more 
Fusarium species, F. circinatum and F. oxysporum, were 

transformed in 2001, providing new vectors for fungal 
transformation as well as a plasmid rescue cassette to 
enable the easy retrieval of DNA sequences flanking the 
T-DNA insertion in the fungal genome [62, 63]. These 
publications reported improved transformation efficien-
cies to 300–500 transformants per  106 conidia thus pav-
ing the way for further forward genetic approaches in 
Fusarium [64]. Since 2001, AtMT has been reported in 
at least nine Fusarium species including F. culmorum, 
F. graminearum, F. pseudograminearum [65], F. verticil‑
lioides [66], F. virguliforme [67], and F. avenaceum [68].

Although F. graminearum can be transformed by A. 
tumefaciens, the efficiency of AtMT using non-homolo-
gous DNA is extremely low. Malz et al. [65] compared the 
efficiency of AtMT for the random integration of a hygro-
mycin resistance cassette into three species of Fusarium 
and found that in a single transformation experiment F. 
pseudograminearum yielded 409 transformants, whereas 
F. culmorum and F. graminearum yielded only 13 and 9 
transformants, respectively. Interestingly, F. gramine‑
arum can be transformed to high efficiency (up to 2000 
transformants per  107 conidia) with AtMT as long as the 
vector used contains some homologous F. graminearum 
DNA within it, suggesting that homologous recombina-
tion may be the dominant type of integration event in F. 
graminearum as it is in S. cerevisiae [69]. Consequently 
REMI, and not AtMT, is still used for forward genetics 
approaches in F. graminearum [70].

In contrast, AtMT is clearly the method of choice 
for large-scale random mutagenesis approaches in F. 
oxysporum. The first random mutagenesis studies pub-
lished were done using REMI [71, 72] or transposon 
tagging [73, 74] with numbers of mutants generated in 
the range of 182–1129. AtMT has enabled studies of a 
much larger scale. In 2009, two large-scale studies were 
published using AtMT. Screening of a mutant collection 
of 10,290 transformants of F. oxysporum f. sp. lycoper‑
sici identified 106 isolates with reduced pathogenicity 
on tomato and 111 potential pathogenicity genes [75]. 
Similarly, Li et al. [76] created a bank of 20,000 mutants 
of F. oxysporum f. sp. cubense race 4, and screened them 
over a 6-year period for reduced pathogenicity on Cav-
endish banana plantlets. This revealed 27 reduced 
or loss of pathogenicity isolates, one of which had a 
T-DNA insertion in the gene FoOCH1 that encodes an 
α-1-6-mannosyltransferase. Interestingly, further char-
acterization of FoOCH1 via targeted deletion and com-
plementation experiments was achieved by transforming 
protoplasts, illustrating that in contrast with fungal sys-
tems covered in other sections of this review, there is a 
choice of efficient transformation methods available to 
researchers working on F. oxysporum.

179A silver bullet in a golden age of functional genomics: the impact of Agrobacterium-mediated...



Colletotrichum species
The genus Colletotrichum (Sordariomycetes) contains a 
large number of plant pathogens causing diseases in most 
crops, including grains and fruit, as well as resulting in 
post-harvest losses [30, 77, 78]. Many species are hemibi-
otrophs (i.e. growing first as a biotroph without causing 
disease symptoms before switching to a necrotrophic 
mode of damage), although some purely nectrotophic 
species are also known.

Early insertional mutagenesis approaches in Colle‑
totrichum spp. yielded discoveries into genes required 
for pathogenicity, indicating that insertional mutagen-
esis would be an effective approach for gene discovery. 
Examples of successful gene identification include those 
encoding a class V chitin synthase in C. graminicola [79] 
and a serine/threonine protein kinase in C. lindemuthi‑
anum [80]. However, large numbers of transformants 
have been made using AtMT and screened on plants.

The current “record holders” in terms of strain num-
bers are C. higginsianum, a pathogen of Cruciferae spe-
cies, and C. gloeosporioides, a pathogen with a wide host 
range that includes both monocot and dicot plants. For 
C. higginsianum three sets of mutants that total more 
than 21,000 T-DNA mutants have been isolated and 
screened on A. thaliana [81–84]. These studies both 
traced the stages during the infection cycle in which 
mutants were blocked in causing disease, and went on 
to identify 17 new pathogenicity genes for this species. 
For C. gloeosporioides two screens on more than 14,000 
T-DNA strains in total have been conducted [85, 86]. 
The recent study by Wu et  al. used an in  vitro screen 
to identify genes required for the production of asexual 
spores that are required to establish disease to identify 
11 candidates for genes required for conidiation [85]. 
Cai et  al. generated more than 4000 insertional strains 
and screened them on detacted rubber tree leaves, to 
identify 16 genes required for pathogenicity [86]. In 
addition to random insertional mutagenesis, AtMT can 
be used in Colletotrichum species to make targeted gene 
replacements, and this has been enhanced by the isola-
tion of mutants in the Ku genes for the non-homologous 
end joining DNA repair pathway [82]. This pathway 
is involved in the ectopic insertion of DNA into fun-
gal genomes, and thus pathway mutants have a high 
proportion of targeted gene replacement events after 
transformation.

An example of convergent discoveries by using AtMT 
in Colletotrichum species has been the recent independ-
ent identification of T-DNA insertional mutants in the 
same signaling pathway in C. higginsianum [87] and C. 
orbiculare [88]. Both studies found insertions in com-
ponents of the Regulation of Ace2 and Cellular Mor-
phogenesis (RAM) pathway, a complex of two kinases 

and associated proteins that controls cell morphology 
in fungi. With six components, collectively this provides 
a large target for T-DNA insertions, and as discussed 
under the section on the basidiomycete C. neoformans, 
the same pathway was also first identified as impacting 
multiple functions in this human pathogenic yeast from 
T-DNA insertional mutants [89].

Leptosphaeria maculans
A plant pathogen that is not included in the “top 10” 
[30] list is Leptosphaeria maculans (Dothideomycetes), 
in which substantial use of AtMT has been made as an 
insertional mutagenesis tool. L. maculans is a phytopath-
ogen capable of attacking cultivated Brassicas such as B. 
napus, B. rapa, B. juncea, B. oleracea as well as numerous 
wild Cruciferae species [90].

Leptosphaeria maculans was among the first asco-
mycetes genetically transformed, by PEG-mediated 
transformation of protoplasts [91]. The first forward 
genetic screen in L. maculans was undertaken using 
REMI, a method that has been discussed above in sec-
tions  “Advantages of AtMT over other transformation 
techniques” and “Pyricularia oryzae”. A screen of 516 
transformants identified 12 loss of pathogenicity mutants 
[92]. An evaluation of 47 randomly selected insertional 
mutants revealed complex patterns of insertions with 31 
containing insertions at multiple loci, 12 with single loci 
insertions of multiple copies of plasmid and only 4 had 
single copies of the insertion plasmid, aptly illustrating 
the drawbacks of REMI discussed previously. PEG-medi-
ated transformation was also used successfully to deliver 
gene disruption cassettes to L. maculans resulting in the 
disruption of genes, although at frequencies as low as less 
that 0.25% of transformants [93].

AtMT was first shown to be effective in L. macu‑
lans with the successful knockout of genes encoding an 
ATP binding cassette transporter and two-component 
histidine kinase [94]. The frequency of gene deletions 
achieved in this study was still less than 1 in 140, there-
fore a negative selectable marker was developed whereby 
two copies of a thymidine kinase gene from the herpes 
simplex virus were amended to the ends of the deletion 
vector. Transformants arising through ectopic integra-
tion of plasmid DNA would still contain the thymidine 
kinase negative selectable marker and should not grow in 
the presence of thymidine analogues fluorodeoxyuridine 
or trifluorothymidine. This strategy increased the rate of 
homologous integration up to 1 in 30.

The greatest impacts of AtMT in L. maculans are its 
use as a forward genetics tool for random mutagenesis 
and a transformation tool to deliver gene constructs 
that manipulate the expression of endogenous fungal 
genes. In comparison with other fungi discussed in this 
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review, the forward genetics studies are smaller in scale 
and highlight some of the unusual events that can occur 
when a T-DNA is inserted into a host genome. For exam-
ple, in the first forward genetic approach published, 91 
transformants were screened to identify one reduced 
pathogenicity mutant with a T-DNA insertion in the 
promoter region of two divergently described genes that 
resulted in increased expression of both genes and ren-
dered the transformed strain “uncomplementable” [95]. 
To circumvent this problem AtMT was used to recreate 
this state of overexpression in new mutant strains, over-
expressing both genes individually or together, and this 
led to the finding that overexpression of a maleylacetate 
reductase results in loss of pathogenicity in L. maculans. 
Interestingly this effect of T-DNA insertion altering the 
gene expression or transcript stability in unexpected 
ways has since been reported on several occasions [96, 
97]. In two independent studies, the T-DNA inserted into 
the 3′ regulatory sequences of genes thereby altering the 
length and/or stability of transcripts, and resulted in the 
discovery of the IFRD gene, which is important for cell 
wall integrity, conidial germination and pathogenicity, 
and the cpcA gene, which is responsible for regulating 
the production of amino acids during starvation growth. 
In both of these studies where the insertion of T-DNA 
resulted in a complex phenotype, AtMT was also  used 
to deliver RNA interference constructs to create isolates 
with reduced expression of the gene of interest.

Blaise et  al. [98] and Bourras et  al. [99] published the 
largest and most extensively characterized forward 
genetic screens conducted in L. maculans to date. Blaise 
et al. found that 53 transformants out of 1388 tested had 
altered but reproducible pathogenicity phenotypes, rang-
ing from lost, reduced, delayed and growth condition 
dependent defects. By genetic crossing of 12 mutants 
they could show that the T-DNA insertion was linked to 
the loss of pathogenicity in only 50% of the cases, thus 
highlighting a limitation of AtMT. They retrieved left 
border sequences from 135 randomly selected trans-
formants and observed a trend towards integration into 
gene rich regions with a possible bias towards regulatory 
or intergenic regions. These findings were substantiated 
in much greater detail by Bourras et  al. [99] whereby 
400 border sequences were obtained through thermal 
asymmetric interlaced (TAIL)-PCR and primer walk-
ing, thus identifying 318 single locus T-DNA integration 
events. With the backing of an annotated genome, the 
authors were able to confirm that 97% of T-DNA inte-
grations were mapped into GC-rich and transcription-
ally active regions of the genome. There was also some 
evidence of chromosomal bias with statistically more 
T-DNA insertions in chromosomes 5 and 10 and less 
in chromosome 18 than would have been predicted for 

completely random insertions. A detailed examination 
of insertions into the gene-rich areas showed that there 
were more insertions into gene regulatory regions and 
introns than would have been expected under a random 
integration hypothesis, and less insertions than expected 
in intergenic regions and exons. Futhermore, a compari-
son of the promoter sequences of targeted genes with the 
T-DNA left border flanking sequence revealed 5 bp long 
consecutive stretches of homologous sequences, termed 
microhomology domains, consistent with the integration 
of T-DNA into the L. maculans genome via a microho-
mology-mediated end-joining pathway. What is readily 
apparent from these studies is that T-DNA insertion into 
the L. maculans genome does not necessarily result in 
gene disruption or loss of gene function, and extreme 
truncations and chromosomal translocations can occur 
[100].

Given that all known genes encoding  effectors, which 
are small secreted proteins involved in plant pathogen-
host recognition, characterized in L. maculans to date 
are located in AT-rich regions of the genome and if one 
would assume that genes required for infection are lowly 
expressed in culture [101], the efficiency of AtMT to tar-
get pathogenicity genes is questionable. However, the ease 
with which L. maculans can be transformed via AtMT 
offers realms of opportunities for other forward genetics 
screens and the delivery of genome tailoring enzymes in 
the future. Furthermore, AtMT is used to deliver RNA 
silencing constructs into L. maculans, and can be used to 
confirm the functions of effector genes [102].

Histoplasma capsulatum
The ascomycetes also include a number of human 
pathogenic species, such as Histoplasma capsulatum 
(Eurotiomycetes), the etiologic agent responsible for 
histoplasmosis or “cave disease”. It is an infection of the 
lungs normally arising through inhalation of fungal 
spores and is especially common in immunocompro-
mised patients. H. capsulatum is a thermally dimorphic 
fungus characterized by two different growth forms. The 
saprophytic form of the fungus grows as a filamentous 
mold with aerial hyphae in the environment (especially in 
soil that contains bird or bat droppings) whence spores 
can become airborne and inhaled by people; the person’s 
body temperature allows the pathogen to grow into the 
next stage of its life cycle that consists of a yeast that can 
infect lungs, or it can travel to lymph nodes and spread 
through the bloodstream to other parts of the body, such 
as the central nervous system [103]. H. capsulatum can 
also cause significant mortality and morbidity in healthy 
hosts with approximately 25,000 estimated life-threaten-
ing infections per year in countries where the fungus is 
endemic [104].
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Molecular research on H. caspulatum has been per-
formed for many years, and technological developments 
were reviewed more than a decade ago [105]. Electropo-
ration was the most successful technique for trans-
formation compared to biolistic and lithium acetate/
PEG-mediated transformation for efficiency and reli-
ability, although episomal plasmids and multiple random 
insertions of heterologous DNA limited the exploitation 
for its use in functional genetics studies despite several 
optimization attempts [106]. As a further step toward 
the development of reliable and efficient molecular tools, 
a protocol based on AtMT was developed for H. cap‑
sulatum and the related dimorphic species Blastomy‑
ces dermatitidis [107]; since then, AtMT protocols have 
been developed for other dimorphic fungi such as Coc‑
cidioides spp., Sporothrix schenkii, Paracoccidioides bra‑
siliensis and Talaromyces (Penicillium) marneffei (see 
review [108]). We focus attention on AtMT of H. capsu‑
latum and the main discoveries arising from use of this 
technique.

Sullivan and colleagues [107] compared the feasibil-
ity of AtMT using two different selection markers, the 
native H. capsulatum URA5 gene, and the hph gene (for 
hygromycin resistance) placed under the control of the 
A. nidulans gpd promoter and trpC terminator. In both 
H. capsulatum and B. dermatitidis, a 5- to 10-fold higher 
transformation efficiency was achieved using the selec-
tion for uracil prototrophs. Moreover, T-DNA insertions 
were always found in the host genome with more than 
80% of transformants obtained bearing single T-DNA 
insertions; however, a small percentage of multiple copies 
of T-DNA, small rearrangements or deletions, and inte-
gration of plasmids regions beyond the T-DNA borders 
were also observed. As an insertional mutagenesis tool, 
AtMT works most effectively when the DNA is trans-
formed into uninucleate cells, which are more easily 
obtained for H. capsulatum than for B. dermatitidis.

Following this first report of AtMT in these dimor-
phic species, other promoters (i.e. from TEF1), selec-
tion markers or reporter genes (i.e. GFP, BLE), and other 
transformation parameters were optimized [109]. For 
example, Marion et al. [110] optimized AtMT and went 
on to identify H. capsulatum loci that impact the pro-
duction of cell wall α-(1,3)-glucan, based on a simple 
and effective visual screening: wild-type strains of H. 
capsulatum have a visibly “rough” colony morphology 
on culture plates, while mutants that lack α-(1,3)-glucan 
have a “smooth” colony appearance. Beside AGS1, which 
was already characterized as important for cell wall con-
struction in H. capsulatum, two novel genes (AMY1 and 
UGP1) required for α-(1,3)-glucan biosynthesis were 
identifed, of which AMY1 was also found to be required 
to kill macrophages and to colonize murine lungs [110].

The dimorphic transition is key for pathogenicity, 
but until 2008 little was known about what genes regu-
lated the transition. Sil and colleagues identified AtMT 
mutants that were unable to make the transition from the 
filamentous (fuzzy colonies) to the pathogenic yeast form 
(smooth colonies) under temperature shift from room 
temperature to 37 °C [111, 112]; the mutated genes were 
named RYP1, RYP2 and RYP3 from “required for yeast 
phase growth”. Subsequent studies demonstrated that 
these genes encode a connected network of transcription 
factors that regulate each other and target common genes 
to activate a transcriptional program that is required for 
cell shape changes and expression of virulence genes in 
response to host temperature in H. capsulatum [113].

AtMT was also used to identify genes of H. capsula‑
tum required for intracellular growth and virulence by 
assessing the survival rate of T-DNA mutants within 
macrophages, which led to the identification of the 
genes VMA1 and HSP82, both crucial for virulence in 
an pulmonary murine model for histoplasmosis [114, 
115]. More recently, in another AtMT screen, Isaac and 
colleagues revealed a mechanism of evasion of H. cap‑
sulatum from macrophages that involves the protein 
calcium-binding protein Cbp1, which had been previ-
ously characterized [116] and also identified by another 
group using AtMT coupled with reverse genetics and 
PCR screening [117]. In their screen the authors identi-
fied three independent cbp1 mutants that grew at wild 
type level within macrophages but failed to elicit host-cell 
death; cbp1 mutants also showed attenuated virulence in 
an animal model, thus suggesting a key role for Cbp1 in 
favoring dissemination of the fungus in the host through 
a mechanism that seems to be specific for H. capsulatum 
and related dimorphic fungi.

Other pathogenic ascomycetes
Whilst AtMT has had considerable success in study-
ing gene function in plant pathogens, it has also been 
deployed in other pathogenic fungi, in some cases to 
investigate the wider functional applicability of the viru-
lence factors first characterized in other fungal species.

Amongst insect pathogenic fungi, Metarhizium spp. 
(e.g. [118]), Beauveria spp. (e.g. [119]) and Lecanicil‑
lium lecanii [120] (all three in the Sordariomycetes) have 
been transformed by this method, with a sizable AtMT 
T-DNA mutant collection generated in B. bassiana [121]. 
In Metarhizium spp, targeted gene disruption has been 
reported using this approach to characterize genes such 
as the non-ribosomal peptide synthase needed for seri-
nocyclin synthesis [122] and further developed for high 
throughput gene disruption [123].

Amongst mycopathogenic fungi, Coniothyrium mini‑
tans (Dothideomycetes), a fungal parasite of the plant 
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pathogen Sclerotinia sclerotiorum, has been success-
fully transformed by AtMT [124], and in the mushroom 
pathogen Lecanicillium fungicola (Sordariomycetes), the 
method has been used for targeted disruption of cell wall 
degrading β-1-6 glucanase [125] and the Pmk1-like MAP 
kinase [126], with mutation of the latter gene somewhat 
surprisingly not having any impact on virulence.

Phylum Basidiomycota
Basidiomycetes are distinguished morphologically by 
their sexual spore formation, produced on the ends of 
club-shaped cells (basidia) in which meiosis has taken 
place. The phylum is divided into three major subphyla, 
the Agaricomycotina, Pucciniomycotina and Ustilagino-
mycotina (Fig. 2). While some species of basidiomycetes 
(e.g. U. maydis, Coprinopsis cinerea or C. neoformans) 
have served as models for aspects of plant pathology, 
medical mycology, fungal or general biology, compared 
to ascomycetes relatively less was known about gene 
functions in the phylum prior to the advent of AtMT.

It was fortuitous that the two main model basidiomy-
cetes that had been preferred for classical Mendelian 
genetics, the inkcap toadstool C. cinerea (Agaricomyco-
tina) and maize smut U. maydis (Ustilaginomycotina), 
both proved to be readily amenable to protoplast-based 
transformation methods. These species provided reliable 
and reproducible starting material for protoplasting, in 
the form of asexual ooidia for C. cinerea and yeast-like 
sporidial growth for U. maydis. Both species gave good 
yields of transformants, and U. maydis had the addi-
tional benefit of having both integrative and autonomous 
transformation vectors, and a very efficient homologous 
recombination system allowing easy gene targeting. The 
early progress achieved in these species encouraged 
researchers to investigate the tractability of other basidi-
omycetes, but difficulties were often encountered when 
attempting to transfer the methods developed in these 
models to other species. In particular the absence of 
asexual spores in the majority of species in the Agarico-
mycotina meant that protoplasting had to be performed 
on highly variable mycelial cultures, and the obligate 
pathogens such as the Pucciniomycotina species causing 
rusts were largely ignored due to the inherent problems 
in only being able to work with such species in planta.

The mushroom‑forming species of Agaricomycetes
Historically the transformations of species in the Aga-
ricomycetes (Agaricomycotina) were often of very low 
efficiency, variable in terms of success, and few suitable 
vectors had ever been developed. Indeed, for the cul-
tivated button mushroom Agaricus bisporus, only one 
lab was successful in protoplast-based transformation. 
The report in 1998 of transformation of seven fungi 

[4], including A. bisporus, was therefore met with great 
excitement by the basidiomycete community and was fol-
lowed by a flurry of papers on different species, although 
often without the high transformation frequencies seen 
in ascomycetes. A number of confounding factors then 
became apparent that help explain why the initial trans-
formation attempts were often without success.

The key breakthrough came when Chen et  al. [127] 
demonstrated that whilst most tissues of A. bisporus 
would only yield low transformation efficiencies, the 
use of gill tissue excised from fruiting bodies immedi-
ately prior to veil-break gave high efficiencies. A simi-
lar situation occurs in the important forestry pathogen 
Armillaria mellea, where the most amenable tissue for 
transformation is basidiospores collected from either 
wild-grown fruiting bodies [128] or laboratory-raised 
fruiting bodies [129]. These studies flag the importance 
of selecting the appropriate developmental stage of fun-
gal material, since not all stages are equally amenable to 
transformation.

Another breakthrough in the transformation of 
the Agaricomycetes came with the observation that 
transgenes often needed to include an intron, ide-
ally at the 5′ end of the gene. This proved to be impor-
tant whether the selection or antibiotic resistance 
cassette was introduced via protoplasts or via AtMT, 
and impacted both on choice of reporter genes and on 
some of the selectable markers [130]. This requirement 
varies from species to species, and indeed from gene to 
gene. For instance it is fortuitous that it is not normally 
required for the function of the hygromycin resistance 
gene typically used in initial selection of transformants, 
but is needed in some cases for successful deployment of 
the gene conferring resistance to phleomycin [131].

The choice of promoters to drive transgene expression 
is important because this determines when, where and if 
the transgene is expressed. Not all fungal promoters are 
active when transferred into the genome of a related spe-
cies and this had to be assessed on a case-by-case basis, 
which added constraints to the wider utility of some of 
the vectors [132]. Examples from the Agaricomycetes 
illustrate this point. Whilst the A. bisporus gpd promoter 
showed a reasonable spectrum of activity in other fungi, 
there were instances where it was not very successful (e.g. 
[133, 134]) and there was no readily apparent pattern to 
explain this. This is in contrast to many of the ascomy-
cete vectors in common use where promoters such as 
trpC or gpdA from A. nidulans have been used in other 
ascomycete species over wide evolutionary distances. 
Effective promoters that function a cross  phyla are less 
common in Agaricomycotina, but it is perhaps notewor-
thy that the DNA immediately to the 5′ of the start codon 
of the C. neoformans actin gene was successful in driving 
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hygromycin resistance in Hypsizigus marmoreus, Flam‑
mulina velutipes, and Grifola frondosa, suggesting that 
this promoter may have broad utility [135]. Curiously, 
RNA-seq data indicate that this DNA is a combination of 
promoter and the 5′ untranslated region, with that region 
containing an intron that is spliced in C. neoformans 
[136].

To add further complexity to the deployment of AtMT 
in basidiomycetes, Kilaru et al. [131] highlighted that two 
slightly different forms of the hygromycin resistance cas-
sette were in common usage, and that these gave very 
differing transformation efficiencies in a species-specific 
manner. Once all these factors—cell material, introns 
in markers, promoters and cassettes—were fully appre-
ciated and factored into planned investigations, it has 
become far easier to transform basidiomycetes. This has 
allowed a wide set of studies to be undertaken on diverse 
aspects of basidiomycete biology.

To date, the transformation experiments on the Agari-
comycetes have primarily focused on species with either 
edible fruiting bodies or where there is a biotechnologi-
cal application, and publications have focussed on meth-
odological development. This methodology has since 
been deployed to help assess expression patterns using 
reporter genes and now mutant screens in other species 
such as Laccaria bicolor [137]. One interesting approach 
has been in modifying the stress tolerance in fruiting 
bodies, for example in conferring cold-tolerance to the 
paddy straw mushroom Volvariella volvacea [138]. In 
other cases, the yield of pharmaceutically relevant com-
pounds, such as ganodermic acid in Ganoderma lucidum 
[139], clavaric acid in Hypholoma sublateritium [140] 
or various triterpenes in Antrodia cinnamomea [141], 
has been enhanced as a result of AtMT by overexpres-
sion of a core biosynthetic gene. One drawback to using 
AtMT for overexpression is that it usually only delivers a 
single copy of the transformation construct and may not 
achieve as high a titre of the desired compound. In con-
trast, protoplast-mediated events often result in multi-
copy integrations, delivering a wider range of expression 
levels, with some transformed strains having very high 
titre, which can be beneficial to create high expression 
strains.

Perhaps the most powerful application of AtMT is 
in delivering constructs to effect gene silencing. This is 
of particular interest in basidiomycetes as the hyphae, 
which are often the starting material for transforma-
tion, are often maintained in a dikaryotic state, pre-
cluding the easy use of gene disruption (which requires 
nuclear integration of a construct) to assess gene func-
tionality. Because post-transcriptional gene silencing 
operates within the cytoplasm, it has a dominant effect 
and thereby can cause a phenotype in the mutant lines 

despite their heterokaryotic state. Effective gene silenc-
ing has been deployed in a number of basidiomycetes, 
including the important mycorrhizal symbiont L. bicolor 
[142, 143] and in A. bisporus where it has been deployed 
to identify core synthetic genes and also the proteases 
involved in nutrient acquisition [144, 145].

Transformation, however, is still often challenging. 
While some species are naturally amenable to gene tar-
geting/deletion via homologous recombination, and 
others can be made amenable by use of mutants in the 
non-homologous end joining pathway such as KU70 
mutants (e.g. C. cinerea [146]), many still have no 
reports of successful gene targeting. The recent high 
profile report of successful deployment of CRISPR/Cas 
in A. bisporus [147] may serve to overcome these issues, 
and we would expect the Cas proteins and guide RNA 
construct(s) to be deployed using Agrobacterium-vectors 
given how successful they have been in the Agaricomy-
cetes in broadening the range of species amenable for 
transformation.

The C. neoformans species complex
Cryptococcus species are major fungal pathogens of 
humans within the Agaricomycotina [104], divided into 
serotypes, varieties, two species C. neoformans and C. 
gattii, and the most recent classification splitting C. neo‑
formans into two species and C. gattii into five species 
[148]. All species cause disease in humans and animals, 
and among them, C. neoformans (sensu stricto) is the 
one most commonly isolated in clinical settings [149]. In 
immunocompromised individuals the fungus infects the 
lungs, crosses the blood–brain barrier and invades the 
cerebrospinal fluid, causing fatal meningitis if untreated 
[150]. The disease causes hundreds of thousands of 
deaths globally each year [151].

Molecular studies of C. neoformans benefit from 
effective tools for random and targeted mutagenesis, 
conditional gene expression, gene editing and protein 
localization. Moreover, approaches of functional genet-
ics were dramatically streamlined by the availability of 
genome sequences for several Cryptococcus species since 
the early 2000s (see review [152]). Electroporation and 
biolistic methods were the first transformation meth-
ods developed for C. neoformans [153, 154] and were 
employed for delivering episomal plasmids into the fun-
gus, heterologous gene expression and gene-targeted 
mutagenesis. As tools for random insertional mutagen-
esis they have been used to study several biological 
processes in C. neoformans: examples are the identifica-
tion of the essential gene CAM1 encoding calmodulin 
through fortuitous insertion of a marker in the 3′ UTR of 
the gene yielding a temperature-sensitive mutant [155], 
and an insertion in a chloride transporter required to 
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balance ions for the synthesis of the virulence factor mel-
anin [156]. Although effective as transformation tools, 
both electroporation and biolistics are characterized 
by the high rate of genetic instability of transformants 
probably due to transgenes not integrating into the host 
genome, with reports ranging from 70 to 85% of such 
transformant being unstable [149]. Therefore electropo-
ration and biolistics are mainly used for the generation 
of targeted mutants through homologous recombination 
[153, 154].

AtMT was first used for the C. neoformans/C. gat‑
tii complexes in the early 2000s [157, 158]. The selective 
markers used included those that confer resistance to 
nourseothricin, G418 and hygromycin [157, 159], which 
have been extensively used for AtMT functional genet-
ics studies. Other plasmids for AtMT of C. neoformans 
include those enabling the fusion with genes to assess 
protein localization and conditional promoters. From 
these early reports, the high potential of AtMT became 
clear when compared to electroporation and biolistic 
transformation, with the advantages of having a higher 
rate of transformation and stability of the T-DNA inser-
tion (close to 100%). One relevant limitation or feature 
of AtMT for Cryptococcus is that it has not yet been suc-
cessfully deployed for targeted gene replacement [158], 
making it different from most other fungi.

AtMT has featured in more than 30 studies on Cryp‑
tococcus species, many of which have used the T-DNA 
insertions as a mutagenic tool in forward genetics. As 
such, AtMT has been valuable for the identification of 
Cryptococcus genes that are not conserved in S. cer‑
evisiae, which represents a reference organism in fungi 
and thus a starting point for the identification of C. neo‑
formans orthologs whose specific function is in general 
assessed by targeted mutagenesis. However, some of the 
most significant discoveries in Cryptococcus species have 
been made by extending the capabilities of AtMT beyond 
just an insertional mutagenesis tool for wild type strains. 
Hence, an additional focus is placed on these species in 
the following sections.

To gain insight about C. neoformans pathogenesis, 
T-DNA mutant screens have been performed using sur-
rogate markers for virulence, such as changes in the 
production of the pathogenicity factors melanin and cap-
sule, and the ability to grow at human body temperature 
(37 °C). Screens to identify the molecular basis of mela-
nin biosynthesis exploit the presence of visible dark pig-
ments produced by C. neoformans on media containing 
l-DOPA or other phenolic precursors on which melanin-
deficient mutants are easily identified as white or pale 
colonies. This screen was performed as a proof-of-prin-
ciple in the development of C. neoformans AtMT with 
the identification of the genes LAC1 and CLC1, encoding 

the main laccase involved in melanin biosynthesis and 
a putative voltage-gated chloride channel, respectively 
[157]. In a subsequent screen the same authors identified 
three more independent lac1 mutants (Fig.  4a). Other 
mutants with melanin defects as well as mutants unable 
to grow at human body temperature were also identified 
[159, 160]. Successful identification of T-DNA mutants 
impaired in capsule production was performed by visual 
analysis of colony morphology or by selecting mutants 
unable to use heme, leading to the identification of the 
CAP60, ARF1 and VPS23 genes [89, 161].

Beside in vitro studies, a method to identify C. neofor‑
mans genes required for virulence in vivo used signature 
tags that were incorporated into the T-DNA molecules. 
Pools of signature-tagged T-DNA mutants were used for 
murine pulmonary infection experiments, and once the 
disease developed and the mice sacrificed, the reduction 
of the signature tag signal in the population of strains 
recovered from the mouse lungs indicated strains with 
possible reduction in virulence. This approach allowed 
the identification of a T-DNA mutant with reduced num-
bers of cells from the lungs. The impaired gene, ENA1, 
that encodes a putative ion transporter was then shown 
to be required for virulence in conventional virulence 
assays with an independently created gene deletion strain 
[160]. Remarkably, this application of AtMT was the first 
forward genetic screen in a eukaryotic human pathogen 
that used virulence in animals as the phenotype. In con-
trast, such loss-of-virulence/pathogenicity screens have 
been extensively exploited with plant pathogenic fungi, as 
discussed above.

The application of AtMT has also greatly contributed 
to decipher the mechanisms of light responses in C. neo‑
formans and more broadly  the fungi. While the C. neo‑
formans BWC1 gene encoding the blue light sensor was 
identified through searches of orthologs, other signaling 
components could not be identified through bioinfor-
matic searches. Thus, a haploid strain was modified to 
become self-filamentous by the introduction of a con-
struct to express the opposite mating type homedomain 
protein, and then used in a T-DNA insertional mutagen-
esis screen to find mutants with impaired sexual filamen-
tation. One strain whose filamentation was not repressed 
when exposed to either light or dark had an insertion 
in the BWC2 gene: the Bwc2 protein was then shown to 
directly interact with Bwc1 and be involved in the light 
responses during mating, and UV resistance. Further-
more, it was required for virulence [162]. The BWC2 gene 
was independently identified by other investigators in 
subsequent AtMT screens [163, 164], indicating a level 
of saturation in T-DNA mutant screens in this organ-
ism. Last, the downstream factor responsible for the UV 
sensitivity phenotype in bwcl or bwc2 mutants was also 
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identified as a UV sensitive T-DNA insertional mutant, 
in the gene encoding the Uve1 endonuclease required for 
repair of UV damage [165].

Using similar assays, AtMT has been extensively used 
to identify genes required for mating and the transition 
from the yeast to hyphal form. A forward genetic screen 
performed on a hyperfilamentous strain derived from 
Cryptococcus deneoformans (previously C. neformans 
var. neoformans) isolated seven mutants unable to pro-
duce filaments during the α–α mating reproduction pro-
cess (a homothallic mating system observed within the 
Cryptococcus clade). One mutant had a T-DNA insertion 

in the transcription factor gene MAT2, a key regulator 
of the sexual reproduction pathway essential for phero-
mone sensing, responding and cell fusion [166]. Two 
other independent screens using the same hyperfilamen-
tous strain identified a new transcription factor, Znf3, 
that governs sexual reproduction though a MAT2-inde-
pendent pathway, and Spo11 and Ubc5 proteins that are 
essential for sporulation [164], and the long non-coding 
RNA RZE1, which controls yeast-to-hypha transition 
through regulating the key morphogenesis regulator 
Znf2 [167]. Filamentation can still occur in the mat2Δ 
deletion mutant, and recently additional components 

Fig. 4 Two examples of T-DNA insertion bias into the 5′ non-coding (or flanking) regions of the genes in Cryptococcus neoformans (a basidiomycete 
yeast and human pathogen) and Pyricularia oryzae (a filamentous ascomycete and plant pathogen). a Example of a single gene in C. neoformans 
targeted by T-DNA insertion on five occasions [157, 159, 160] causing loss of pigmentation. A schematic drawing of the LAC1 gene represented by 
an arrow shows coding regions as brown boxes, introns as white boxes and upstream and downstream non-coding sequences as a grey line. T-DNA 
insertions from five independent transformation events each causing loss of pigmentation all lie within the upstream region, with none to date in 
the coding region. R and L refer to the left and right border and the relative positions of these when the T-DNA inserted; note that the same site is 
targeted by two independent insertion events in opposite orientation. The plate shows C. neoformans wild type and one of the T-DNA insertional 
mutants growing on medium containing the substrate for laccase, l-DOPA. b Example of insertional bias of T-DNA into the genome of P. oryzae 
transformants. Results and figure are modified from Ref. [40]. An analysis of the distribution of 799 insertion sites mapped into 50 bp windows illus-
trates a twofold higher insertion frequency in promoter or untranslated regions compared to coding regions. This is even more striking in that such 
regions have a higher proportion of AT nucleotides while in P. oryzae T-DNA insertions are preferentially into higher GC content DNA
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required for filamentation were identified by a screen of 
77,000 insertion mutants in a mat2Δ background [168]. 
STE50 was identified as being required for all steps of 
monokaryotic fruiting and sexual reproduction, i.e. from 
response to pheromone to production of hyphae [169]. In 
these studies many other mutants with impaired mating 
and filamentation defects have been identified, and they 
include both previously characterized genes (e.g. ZNF2, 
MAT2, STE7 and BWC2) and those of unknown function 
that at the present are subject to further studies.

AtMT has also been used for new drug target discov-
ery. In two studies AtMT insertional mutagenesis was 
used to identify genes essential for viability. In the first it 
was performed on a diploid strain derived from C. neo‑
formans, using Mendelian genetic segregation analysis on 
the haploid spores arising after meiosis [170]. In the sec-
ond, a haploid strain was mutagenized by the introduc-
tion of a regulatable promoter within the T-DNA [16]. 
The essential genes identified are potential targets for 
new antifungal drugs.

Additional important discoveries in C. neoformans 
based on AtMT include the identification of the CTR2 
gene required for evasion of macrophages [171], the 
RAM pathway components that confer altered colony 
morphology and control cell polarity [89], genes required 
for growth under hypoxic conditions [172], and the 
basidiomycetous-specific gene RRA1 involved in the 
RIM101-mediated alkaline responses [173].

Pucciniomycotina
The Pucciniales that cause rust diseases The rust-disease 
fungi represent the largest group within the Pucciniomy-
cotina with about 7000 species that are obligate pathogens 
of many crop plants and trees, and for this reason they 
represent the most economically important group in this 
clade [174]. It is extremely difficult to conduct molecu-
lar studies and functional characterizations of genes in 
Pucciniales fungi for several reasons. First, as obligate 
biotrophic pathogens they cannot be cultured on artifi-
cial media; second, most of their life stages are dikaryotic, 
including the urediniospores that are commonly used in 
laboratory experiments; third, the need of a reliable trans-
formation system that allows stable ectopic integration of 
the exogenous DNA; last, the lack of gene markers that 
force the selection of clear phenotypes only when the rust 
fungus is inoculated inside the host. Hence, the first and 
few reports on functional genetics consist of transient 
transgene expression achieved through biolistic transfor-
mation. However, transformation efficiencies were low 
and the transformants obtained were unstable, with two 
rare exceptions in Puccinia triticina [175].

The only successful and stable transformation experi-
ment was in the flax rust fungus Melamposora lini using 

AtMT [176]. The approach was exceptionally innovative. 
The genetic marker for selection was developed based 
on a previous finding that an avirulence gene of M. lini 
(AvrL567) when mutated can lead to disease in flax cul-
tivars with a specific resistance gene (L6). Lawrence et al. 
used a hairpin antisense structure to silence the AvrL567 
avirulence gene and performed AtMT of M. lini within 
the plant itself, i.e. within stems of a plant cultivar with no 
resistance genes that had been inoculated 5  days before 
with a M. lini isolate bearing homozygous copies of the 
AvrL567 gene [176]. Candidate silenced urediospores 
were collected at different time points from these plants 
and inoculated into a cultivar containing the L6 resist-
ance gene, thus allowing the transformants to be selected 
by their ability to cause lesions. M. lini isolates that were 
able to cause disease were obtained, and molecular analy-
ses confirmed stable integration of the T-DNA and robust 
silencing of the native AvrL567 gene. Despite this elegant 
strategy, functional genetics through A. tumefaciens 
transformation-mediated gene silencing has not taken 
place yet in rust fungi and the work of Lawrence and col-
leagues is still the only report published [176].

Microbotryum lychnidis‑dioicae The Pucciniomycotina 
includes other plant pathogens, such as M. lychnidis-dioi‑
cae (M. violaceum sensu lato) that causes anther smut of 
plants in the Caryophyllaceae family. M. lychnidis-dioicae 
is a dimorphic non-obligate biotrophic fungus that has 
been intensively studied both at the genomics and genet-
ics levels (see review [177]). It is considered a model sys-
tem in non-agricultural settings and ecological studies, 
offering alternatives to study host–pathogen interactions 
in diverse host environments. Further, M. lychnidis-dioi‑
cae has been used as a model for studying the evolution 
of sex chromosomes in fungi, and it was the first fungus 
in which heteromorphic mating type chromosomes were 
described [178].

The potential of the resources that have been gener-
ated has not been fully exploited at the level of gene func-
tions due to the lack of a reliable transformation system, 
despite early and apparently successful attempts. In 1989 
Bej and Perlin reported the first transformation of M. 
lychnidis-dioicae [179] where they used lithium acetate 
and PEG to deliver into both protoplasts and intact cells a 
plasmid containing the hygB gene as the selective marker. 
Transformation efficiency was high and the exogenous 
DNA was integrated stably into the nuclear genome. 
Subsequently, the same authors reported the successful 
transformation of M. lychnidis-dioicae using bacterial 
DNA conferring resistance to neomycin [180]. Despite 
the positive outcome achieved, these techniques were not 
reproducible by other researchers, and transformation 
attempts using biolistics were unsuccessful [177].
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By exploiting the newly acquired genomic and tran-
scriptomic data for M. lychnidis-dioicae, a robust trans-
formation system based on AtMT has recently been 
developed [181]. The selection markers delivered through 
AtMT consist of endogenous promoters of the most 
highly expressed genes under different phases of the fun-
gal lifecycle, as assessed by previous transcriptomic data 
[182], fused with the HYG2 gene alone or in combination 
with eGFP. Stable and random integration of the T-DNA 
in the M. lychnidis-dioicae genome was achieved, and 
also expression/over-expression of inserted genes, cor-
roborating transcriptomic data. Although this is the only 
report of stable transformation in M. lychnidis-dioicae, 
the authors showed its potential as an insertional muta-
gen, thus opening a new field of functional genetics in 
this fungus. Currently further molecular tools, such as 
the overexpression of a heterologous marker using a 
native promoter as the driver and a targeted knockout 
system, are under development [177].

Red yeasts The red yeasts in the Pucciniomycotina are a 
polyphyletic group that included the four genera Sporobo‑
lomyces, Sporidiobolus, Rhodotorula and Rhodosporid‑
ium, but in a recent reclassification most of the Sporidi‑
obolus and Rhodosporidium teleomorphic species were 
grouped with their anamorphic counterparts Sporobo‑
lomyces and Rhodotorula, respectively, and a new genus 
(Rhodosporidiobolus) was created [183]. Compared to 
ascomycetous yeasts, whose importance in biotechnology 
has been known since ancient times for fermented bev-
erages and food, basidiomycetous red yeasts have been 
relatively understudied in terms of their potential impor-
tance in biotechnology, agriculture, food processing, and 
environmental impact. The last few decades have revealed 
that these yeasts have a multitude of unique beneficial 
attributes, which include the production of  secondary 
metabolites such as carotenoids and fragrances, sources 
of enzymes important in pharmaceutical production and 
chemical syntheses, biodegradation of pollutants and 
mycotoxins, antagonistic activity against plant pathogenic 
fungi, and high levels of lipid synthesis for biofuel produc-
tion [184].

Gene functions in red yeasts were unexplored, with 
a single report of transformation in 1985 and nothing 
afterwards until 2010 [185]. In 1985 Rhodosporidium 
toruloides was transformed with a protoplast-lithium 
acetate/PEG approach: although transformation was suc-
cessful, it yielded a very low number of transformants 
(~103/µg DNA) and the majority of which were unable to 
retain the introduced exogenous DNA. Since 2010 there 
has been a drive to generate transgenic strains by two 
methods, biolistic and Agrobacterium T-DNA delivery.

Initial AtMT attempts in red yeasts  were unsuccess-
ful due to the lack of Pucciniomycotina-specific gene 
markers and the capability of some species to become 
spontaneously resistant to the common drugs used in 
transformation protocols in the Agaricomycotina and 
Ustilagomycotina yeasts. The first successful AtMT of 
red yeasts was for Sporobolomyces sp. IAM 13481 [186], 
whose draft genome sequence and annotation had been 
released by the Joint Genome Institute (JGI). The strat-
egy employed was based on the use of the endogenous 
Sporobolomyces sp. IAM 13481 URA5 and URA3 genes 
as selective markers to restore prototrophy in ura5 or 
ura3 auxotrophs that were isolated as spontaneous 
mutants resistant to 5-fluoroorotic acid [186]. However, 
plasmids developed for Sporobolomyces were not effec-
tive for other Pucciniomycotina species, and to fill this 
gap several binary vectors were generated with other 
selective markers. These include the URA5 and URA3 
genes of Rhodotorula graminis strain WP1, the naturally 
high G+C content gene encoding nourseothricin acetyl-
transferase placed under the control of the promoter and 
terminator of the tubulin-encoding TUB2 gene [187], and 
a codon-optimized hygromycin phosphotransferase gene 
alone or fused with a codon-optimized enhanced green 
fluorescent protein gene, both placed under the control 
of endogenous promoter of the GPD1 gene. These latter 
markers were used successfully to transform R. toruloides 
[188].

The crucial factors for successful transformation of 
red yeasts were selectable markers that were native cop-
ies of genes or including native regulatory elements, 
appropriate G+C content, or recoding the DNA for
optimal expression [187, 188]. Following these key find-
ings, vectors based on other antibiotic-resistance marker 
genes (bleomycin) and/or other promoters to drive gene 
expression were also evaluated. These experiments dem-
onstrated multiple stable T-DNA integrations in the 
genome of R. toruloides [189], and showed that strong-
est heterologous expression was achieved using the con-
stitutive glucose 6-phosphate isomerase promoter [190]. 
To date AtMT is effective in transforming all the Puc-
ciniomycotina red yeasts tested, which include species 
within the genera Sporobolomyces and Rhodotorula, and 
Cystobasidium slooffiae which belongs to a different class 
(i.e. Cystobasidiomycetes) [187]. The AtMT tools have 
yielded new insights into genes required for biological 
processes in the Pucciniomycotina, as illustrated by the 
following examples.

A T-DNA forward genetic screen was developed with 
the aim to elucidate the genetic mechanisms behind the 
ability of red yeasts to resist and degrade the mycotoxin 
patulin, using Sporobolomyces sp. IAM 13481 as a model 
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[191]. Although mutants defective in patulin degrada-
tion were not identified (chemical analysis subsequently 
revealed two independent pathways for degradation 
in this strain), genes involved in resistance to diverse 
stresses were identified. The putative functions of the 
mutated genes as well as the mutant phenotypes corre-
lated with the cytotoxic effects of patulin, allowing the 
formulation of a hypothesis, which was then substanti-
ated by transcriptomic analyses [192], that Sporobolo‑
myces sp. IAM 13481 activates stress responsive genes to 
overcome the initial insult caused by the mycotoxin.

In another study, AtMT insertional mutants of 
Sporobolomyces sp. IAM 13481 were used to investi-
gate the molecular basis of the intriguing mechanism of 
ballistospore formation and dispersal that is unique to 
basidiomycete fungi. This property can be evaluated in 
the laboratory by the production of a mirror image of a 
culture from one Petri dish onto an uninoculated second 
dish [193]. The screen of more than 5000 transformants 
led to identification of 18 mirror mutants unable to shoot 
spores to produce the mirror image. One mutant bear-
ing a T-DNA insertion in gene  PHS1, which encodes 
3-hydroxyacyl-CoA dehydratase required for the third 
step in very long chain fatty acid (VLCFA) biosynthesis, 
was further subjected to molecular, phenotypic and bio-
chemical characterizations that unequivocally confirmed 
the involvement of Phs1 and VLCFAs in basidiomycete 
dispersal through a delay in ballistospore formation. 
Strikingly, PHS1 is an essential gene in other fungi, and 
its identification in a Sporobolomyces sp. mutant was 
fortuitous as the T-DNA inserted within the last intron 
of the gene and past the essential amino acid residues 
required for function, which resulted in the production 
of an altered transcript yet still viable phenotype [193].

An industrial and biotechnological application of gene 
manipulation by AtMT has been recently reported for R. 
toruloides [194]. In order to achieve a higher rate of lipid 
production, AtMT was used to generate metabolically 
engineered strains through a “push–pull” approach for 
two genes involved in triacylglycerol biosynthesis. A plas-
mid for AtMT was manipulated to overexpress simulta-
neously the ACC1 and the DGA1 genes, which encode an 
acetyl-CoA carboxylase and a diacylglycerol acyltrans-
ferase, with the glyceraldehyde-3-phosphate dehydroge-
nase and the ATP-citrate lyase promoters, respectively. 
Due to the random integration of the T-DNA into the 
genome, the transformants showed variability in the pro-
duction of lipids. However, one transformant had a 2-fold 
increase of lipids during growth on glucose, compared to 
wild type.

Beside the random integration of the T-DNA into the 
host genome, AtMT also can generate targeted gene 
replacements through homologous recombination in 

the Pucciniomycotina. This was first demonstrated using 
a strategy that exploited the change in pigmentation of 
Sporobolomyces sp. IAM 13481 from red to white when 
mutating the CAR2 gene [187]. Based on the proportion 
of white transformants obtained, at least 1000 bp of flank-
ing DNA is necessary to achieve a good percentage (~6%) 
of homologous recombination events. This percentage 
was about half of that achieved using biolistics trans-
formation, which was included as a comparison since it 
was known to be effective for target gene replacement in 
Sporobolomyces sp. IAM 13481 [186, 187]. However, one 
advantage of AtMT compared to biolistic transformation 
is that it does not require expensive equipment but the 
basic resources that are common in a molecular biology or 
microbiology laboratory. A ku70∆ mutant of R. toruloides 
was generated that showed a drastic improvement of tar-
get gene replacement efficiency through homologous 
recombination, with values ranging from 20% of deletion 
mutants obtained using just 100-bp of flanking regions to 
~91% when 1000 bp or 1500 bp were used [195].

A last point worth raising on the role of AtMT in the 
Pucciniomycotina is that Liu and colleagues used the reli-
ability of the AtMT of R. toruloides to develop an induc-
ible promoter system for red yeasts [196]. The DAO1 
gene promoter was fused to a codon-optimized luciferase 
gene, which was then inserted by AtMT at the CAR2 
locus of the R. toruloides ku70∆ strain, allowing the mon-
itoring of the luciferase expression driven by the pDAO1 
in the albino mutants. An optimized DAO1 promoter, 
which contains an intronic enhancer sequence and an 
artificially created ATG start codon, tightly induces lucif-
erase expression in the presence of d-alanine; conversely, 
its expression was repressed by l-alanine or glucose and 
ammonium sulfate. More recently, to further exploit 
the biotecnological potential of R. toruloides, the same 
authors characterized the promoters of six genes involved 
in lipid biosynthesis, and identified that the promoter of 
the perilipin/lipid droplet protein 1 gene (LDP1) displays 
4- to 11-fold stronger activity than that of the glyceral-
dehyde-3-phosphate dehydrogenase gene (GPD1), one of 
the strongest promoters known in yeasts [197].

Ustilaginomycotina
The third subphylum in the Basidiomycota with a large 
number of species is the Ustilaginomycotina. These are 
best known for the species that cause smut diseases of 
plants. Deployment of AtMT in these basidiomycetes 
has been patchy. For U. maydis and close relatives, where 
protoplast-based methods have been routine, and gene 
disruption was already easy, there was no immediate 
advantage in deploying AtMT. However Ji et  al. [198] 
used AtMT in U. maydis for efficient transformation and 
gene disruption including on previously frozen cells and 
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obviating any need for protoplasting, and Ali et  al. [20] 
used AtMT to deliver large-insert vectors into U. hordei. 
AtMT has also been used to transform Pseudozyma ant‑
arctica (Moesziomyces antarcticus), which is an extre-
mophile due to its growth under low temperatures and 
hence of interest for the potential cold-adapted enzymes 
it may produce [199].

Recently, AtMT was found to be the only transforma-
tion method effective in species of Malassezia [200, 201]. 
This genus is associated with skin and hair of animals, 
and represents the main fungal component of the human 
skin microflora [202]. Despite this high prevalence and 
links to common human skin diseases, the genus had 
been poorly studied at the level of gene functions in part 
due to challenges in culturing the species, all of which 
are fatty acid auxotrophs. Building on recently developed 
genomic resources [203], AtMT was optimized for M. 
furfur, M. sympodialis and M. pachydermatis, with co-
cultivation conditions modified to support higher levels 
of transformation. A noteworthy aspect of these experi-
ments was high frequencies of targeted gene disruptions 
(>60% of transformants being knockouts) for two genes 
in M. furfur [200].

Fungi outside the Dikarya
The Ascomycetes and Basidiomycetes form a monophyl-
etic lineage in the fungi (Fig. 2), termed the Dikarya due 
to the presence of two-nucleus cells during the sexual 
stages of their lifecycle. However, there are at least nine 
additional lineages that at one point were classified into 
two groups, the zygomycetes and chytrids, many with 
limited molecular biology. Given the promiscuity of A. 
tumefaciens—it can transform plants, fungi, oomycetes 
and human cells [23, 24]—one application of AtMT that 
is relatively limited is in the fungal species outside of the 
Dikarya lineage (Fig. 2).

The Mucoromycota are a large group of species and 
gene function has been studied through isolation of 
mutants by chemical mutagenesis screens, and through 
targeted gene disruption in a few species [204]. AtMT 
has been applied to a number of these species, and it 
was first reported in the Mucoromycotina species Rhizo‑
pus oryzae [205]. A common limitation is the loss of the 
transgenes in species such as Backusella lamprospora or 
Mucor spp. [206–209], which may reflect transient trans-
formation, gene silencing or a foreign DNA surveillance 
system, or loss over time during passaging of these spe-
cies that have coenocytic hyphae (without septa) and 
multinucleate spores. Umbelopsis isabellina is an inter-
esting case, wherein standard A. tumefaciens strains used 
to transform fungi were compared with a strain of A. 
rhizogenes, which is another Agrobacterium species able 

to transform plants [210]. In this case, the latter bacterial 
species yielded higher numbers of transformants.

To date, the most successful applications of AtMT in 
a biotechnology capacity have been on the Mortierello-
mycotina subphylum, in the species Mortierella alpina, 
which is a source of polyunsaturated fatty acids that 
may be beneficial for health. Some fatty acids derived 
from M. alpina are added to infant formula, while oth-
ers like eicosapentaenoic acid are only otherwise avail-
able from fish oil. The initial transformation approaches 
aimed to modify or increase the fatty acid composition 
of this fungus [211, 212]. Subsequent studies altered gene 
expression to change the lipid profiles by overexpressing 
an ω3-desaturase enzyme or pathways that alter NADPH 
levels [213–215].

Other than the Mucoromycota, a chytrid species in the 
Blastocladiomycota, Blastocladiella emersonii, has been 
reported as transformed using Agrobacterium [216]. The 
Glomeromycota are obligate symbionts with the roots of 
plant species, and are challenging to work with for this 
reason. For instance, use of drugs for selection would likely 
also impede growth of the host plant. Rhizophagus irregu‑
laris (previously Glomus intraradices) has also been sub-
jected to AtMT, using as a selection system the delivery of 
constructs that express a nuclear-localized GFP [217]. The 
method was inefficient, hindered by the natural levels of 
autofluoresence of the fungus, and transformation success 
could not be confirmed with other approaches.

All that shines is not silver: problems 
and limitations with the AtMT technique
The previous sections are highlights in which the use 
of AtMT has led to new and major advances in fungi. 
However, not all is perfect with the tool, and researchers 
should consider some of these limitations when design-
ing forward genetic experiments, planning to make 
targeted gene replacements, or interpreting data from 
strains generated with AtMT.

Given that generating hundreds or thousands of 
mutants is a prerequisite for functional genomic stud-
ies, several adaptations to the AtMT pipeline have been 
made to overcome significant experimental limitations 
and ensure this technique is sufficiently high-through-
put. In some instances, technical challenges cannot be 
obviated. For example, while 96-well high throughput 
protocols exist for lithium acetate or protoplast-PEG 
mediated transformation of model yeasts [218], simi-
lar experiments in 96-well format are not possible using 
AtMT. This is likely due to the technical challenges of 
miniaturising Agrobacterium cultures, which must be 
sufficiently aerated to reach an optimised growth phase 
prior to transformation. Nevertheless, much progress 
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has been made in reducing the burden of experimentally 
intensive cloning for AtMT, which relies on generation 
of Agrobacterium compatible plasmids. Such cloning is 
more challenging when compared to lithium acetate or 
PEG mediated transformation, where linear DNA cas-
settes can be assembled by simple PCR steps [219]. Inves-
tigators have generated Agrobacterium plasmids that 
are compatible with  Gateway® cloning technology from 
Invitrogen, e.g. enabling ultra-high throughput genera-
tion of Z. tritici over-expression strains [220]. Elsewhere, 
Agrobacterium compatible vector construction using 
yeast recombination in S. cerevisiae [14–16], or Golden 
Gate assembly [18], provide comparable improvements 
in high throughput vector construction. These stud-
ies highlight how some important technical challenges 
have been addressed, and their recent utilization dem-
onstrate AtMT is applicable for high throughput func-
tional genomic analyses of fungi [220]. More generally, 
they highlight that AtMT is a robust technique that will 
continue to be essential for analysis of fungi in the “big 
data” era of fungal functional genomics, as long as AtMT 
is used taking into consideration both the advantages and 
the limitations of the technique. Four points to consider 
are as follows.

First, an ideal insertional mutagenesis protocol should 
provide the ability to “hit” any and every gene, but 
T-DNA insertions have non-random integration pat-
terns into fungal genomes. A single gene example of this 
bias is illustrated by the isolation of T-DNA insertional 
mutants into the LAC1 gene encoding laccase for mela-
nin biosynthesis in C. neoformans. Five insertions have 
been isolated within a 1  kb promoter region and none 
in the 2.8 kb coding region [157, 159, 160] (Fig. 4a). This 
single gene example is consistent with insertional bias 
from the analysis of collectively thousands of T-DNA 
insertion strains in the plant pathogenic ascomycetes (see 
examples given above, and illustrated from P. oryzae in 
Fig. 4b). This is perhaps the biggest limitation to the use 
of AtMT as a tool for creating a library of mutants with 
insertions in every gene.

Despite this limitation, the skew to insert the T-DNA 
outside of genes has been recently converted into an 
advantage for the identification of essential genes [16]. 
The regulatory sequences for the C. neoformans GAL7 
gene were cloned adjacent to the right border, and trans-
formed into the basidiomycete C. neoformans. Transfor-
mation and selection was conducted on media containing 
galactose to ensure any gene near that insertion would 
be expressed, and then strains tested for growth on glu-
cose, which represses GAL7 expression. Approximately 
1% of transformants did not grow on glucose media. 
Analysis of the positions of the T-DNA insertions in the 

C. neoformans genome revealed they were in genes with 
essential functions in ascomycete species.

Second, in ideal cases the T-DNA inserts perfectly 
from right to left border, the subsequent mutant (or set 
of mutants) with an interesting phenotype is isolated, 
followed by rapid identification of the gene of interest. 
Identification of the deleted or disrupted gene might 
be achieved by TAIL-PCR, inverse PCR, or some other 
method. However, this gene identification step can 
become a bottleneck or even end point for several rea-
sons. The T-DNA may insert in ways which make sub-
sequent mapping challenging, for example following 
signficiant cassette truncation, insertion of additional 
plasmid DNA beyond the border sequences, or with 
multiple copies either inserted in tandem or dispersed 
throughout the genome. The insertion events can be asso-
ciated with deletions and chromosomal rearrangements 
of the genome. The tendency for insertions to fall within 
intergenic regions can cause issues establishing which of 
the two genes may be affected by the T-DNA, and some-
times qPCR of both genes can help identifying which one 
is affected by the insertion. In many cases the assumption 
is that the insertion will reduce expression of the adjacent 
genes. However, there are also examples such as from L. 
maculans in which the insertion event causes an increase 
in gene expression of adjacent genes [95].

Third, AtMT may not be able to provide valuable 
insighs compared to other transformation methods in 
some species. For a number of fungi, AtMT did not 
enhance our understanding of gene function in fungi. 
This includes the first fungus transformed using A. tume‑
faciens, S. cerevisiae [2]. This makes sense given the other 
transformation techniques available for S. cerevisiae, 
the ability to use chemical mutagenesis and then clone 
by complementation, construction and access to sets of 
strains with all the genes deleted, and other genomic-
level resources. Hence, with so many tools to isolate 
mutants and identify the affected gene, or screening 
whole genome deletion sets for phenotypes, there was 
little additional benefit of having AtMT as another tool. 
As mentioned above, a similar situation exists for the fila-
mentous fungus model N. crassa: although one of the first 
filamentous species transformed with Agrobacterium [4] 
the method was not used since that time. A third example 
is Schizosaccharomyces pombe, a model used to uncover 
regulators of cell cycle control that was the topic of the 
2001 Nobel Prize in Physiology or Medicine; indeed, this 
species and it seems no member of the Taphrinomyco-
tina have been transformed with this method.

A fourth limitation with AtMT is that transforma-
tion with T-DNA will always be insertional, whereas in 
some fungi, such as U. maydis [221] or with the use of the 
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AMA1 sequence in plasmids for Aspergillus spp. [222], 
plasmids that replicate autonomously are available. Such 
plasmids can be rescued back into E. coli, easing the way 
for cloning by complementation, or for deliberate loss by 
counter-selection.

The future and further maximizing the impact 
of AtMT in fungi
AtMT is a tool that is applicable to plant and fungal 
molecular biology, but the host side of the transforma-
tion is little understood. A set of 129 A. thaliana mutants 
has been identified that are resistant to transformation 
[223]. However, the fungi surpass all other eukaryotes in 
terms of the molecular tools and resources available for 
their study at the genome-wide scale and as such could 
be ideal hosts to define the eukaryotic side of the host 
cell–bacterial cell interaction. The process of T-DNA 
transfer and integration has been recently reviewed [7]. 
Using fungi as the host could provide insights into ways 
of improving efficiency of the method and the mecha-
nisms by which the T-DNA is integrated. S. cerevisiae 
mutants have been used to identify those that have 
altered efficiency of transformation [224–229], and a dis-
covery of the role of purine concentrations and biosyn-
thesis was then also linked to transformation efficiency in 
plants [230]. Hence, testing other deletion sets, such as 
for S. pombe or the ongoing projects for N. crassa or C. 
neoformans, to find strains recalcitrant to transformation. 
The rationale for exploring the eukaryotic genes required 
for transformation in multiple species is because there 
are clear differences between fungi, e.g. gene replacement 
using AtMT is not possible in C. neoformans but it is in 
other basidiomycetes or in S. cerevisiae the influence of 
purine during transformation on efficiency is dependent 
on both genes for purine synthesis and the yeast strain 
[230]. This research direction could have wide impact, if 
that information could be transferred across to explain 
why some plant species are difficult to transform with the 
method. The other side of the transformation interaction 
is A. tumefaciens itself. There is evidence that different 
strains of A. tumefaciens behave differently. Few studies 
have investigated strains side-by-side for bias in insert 
preference or gene targeting efficiency.

AtMT can be a powerful teaching tool. “It is in human 
nature to value any novelty, however slight, in one’s own 
possession” [231]. Those who have discovered a new 
mutant or mutant phenotype will appreciate the insight 
of Charles Darwin’s comment, particularly for engaging 
students or others at many education levels with sci-
ence. It is not known how many people have used AtMT 
as a teaching tool on the philosophy underlying molecu-
lar genetics, i.e. the phenotype of a mutant reflects the 

inverse of its function in the cell. In an undergraduate 
practical class setting, it is an effective method for dem-
onstrating this principle, as well as exposing students to 
fundamental aspects of biology. The method has been 
taught at the Marine Biological Laboratory Molecular 
Mycology course (Woods Hole, MA, USA) since 2004 
where students have performed large-scale mutant 
screens as part of research projects [166, 173, 232].

Several of the authors of this review have used AtMT 
as a teaching tool for undergraduates or even high school 
students, in cases resulting in the students contributing 
to research publications [89, 159, 193, 233]. For imple-
menting AtMT as a teaching tool, it is wise to select phe-
notype screens whereby multiple genes can control that 
particular phenotype to increase the chances of students 
isolating mutants.

It is essential to make any new method or resources 
available, such as through the deposition of plasmids or 
strains. One drawback of the use of A. tumefaciens is that 
some countries classify laboratory strains of A. tumefa‑
ciens as plant pathogens and have import restrictions 
due to this classification. An invaluable role has been and 
continues to be played by public repositories, such as 
the Fungal Genetics Stock Center in the USA. However, 
lack of funding for such organizations both threatens 
these and undermines decades of research and limits the 
potential to perform experiments into the future [234]. 
In addition to the physical resources, online databases of 
genomes, T-DNA insertions and phenotypes (Fig. 3) also 
require ongoing support to avoid the loss of this hard-
gained information.

At present, the identification of T-DNA junctions can 
still be a rate-limiting step. Sequencing a genome can be 
more cost effective than PCRs or other methods to iden-
tify junctions. Indeed, next generation sequencing has 
been applied for the identification of the mutated genes. 
In the case of L. maculans, there was difficulty in identify-
ing junctions and four strains were sequenced separately 
to identify the T-DNA insertion sites [100]. Another 
approach was used for C. neoformans in which pools of 
DNA from mutants were sequenced simultaneously, and 
then the affected genes in the individual strains identi-
fied by specific PCRs [168, 232]. In future, incorporating 
signature tags, bar codes or using asymmetric restriction 
enzymes will make identification of flanking regions eas-
ier with the next-generation sequencing capabilities that 
are available.

In plants there have been many reports of using co-
transformation to introduce multiple T-DNA cassettes at 
the same time (e.g. [235]); however, this is not a common 
approach in fungi [236]. Such an approach has the poten-
tial to allow AtMT delivery of separate partial selection 
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cassettes, in a similar approach to that used very suc-
cessfully in the bipartite or split-marker approach to 
enhancing targeted gene disruption in fungi [219]. Future 
implementation may further enhance gene targeting abil-
ities in fungi [237, 238].

An exciting tool in biological research is the CRISPR/
Cas genome editing systems and likely, as AtMT did 
in the last 2  decades, this methodology could revolu-
tionize fungal biology. As with AtMT in S. cerevisiae, 
it is likely that for the well-established fungi CRISPR/
Cas will be less ground breaking than for those species 
with challenges, especially species with low frequencies 
of targeted gene replacements. It is also worth point-
ing out that for many fungi AtMT will still be an instru-
mental tool to transform in the CRISPR/Cas constructs. 
Another feature of AtMT yet to be exploited in fungi is 
transient transformation. In plants this has been a rou-
tine method for introduction of constructs such as viral 
infectious clones [239], and given the difficulty currently 
faced with manipulation of mycoviruses, it is likely that 
such deployment will occur in the future. There is also 
interest in exploiting the transient transformation sys-
tems for other purposes like CRISPR/Cas that would 
circumvent the need to have this system integrated into 
the genome and the potential that causes for off-target 
mutations. In Ascomycetes this has been achieved by 
exploiting unstable autonomous vectors delivered by 
protoplast transformation [240, 241], whilst in U. may‑
dis an unstable autonomous plasmid was successfully 
deployed into protoplasts to deliver an efficient CRISPR/
Cas system [242], but clearly there is also the possibility 
of exploiting the benefits of AtMT for such cases in the 
future, potentially by modification of some of the com-
ponents required for integration of the T-DNA into the 
fungal genome.

Concluding remarks
In closing, nearly 20 years on we have a chance to answer 
Dunn-Coleman and Wang’s question about AtMT, “a sil-
ver bullet for filamentous fungi?” This “silver bullet” con-
jures a mixture of concepts, ranging from the use of silver 
against werewolves, Paul Ehrlich’s “magische Kugel”, or 
the lesser metal status of silver over gold. The perfect 
agent to comprehensively determine gene function in 
fungi, which ultimately provide these species with their 
remarkable capabilities, is likely elusive. AtMT has, how-
ever, achieved many milestones in defining the genetic 
basic behind numerous and diverse traits, and promises 
to continue to play an important role for our understand-
ing of fungal biology.
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A framework for an organelle-based 
mathematical modeling of hyphae
Rudibert King*

Abstract 

Background: Although highly desirable, a mechanistic explanation for the outstanding protein secretion capabilities 
of fungi such as Aspergilli is missing. As a result, a rational and predictive design of strains as cell factories for protein 
production is still out of reach. The analysis of the secretion apparatus is not only hampered by open issues con-
cerning molecular cell biological processes, but as well by their spatial fragmentation and highly dynamic features. 
Whereas the former issues are addressed by many groups, an account of the space- and time-dependent processes, 
which is best done by means of mathematical models, is lacking. Up to now, mathematical models for hyphal organ-
isms mainly focus on one of two extremes. Either macroscopic morphology, such as pellet or mycelium growth, is 
addressed, or a microscopic picture is drawn predicting, for instance, the form of a hyphal tip. How intra-hyphal trans-
port and organelle distribution works, however, has not been tackled so far mathematically.

Results: The main result of this contribution is a generic modeling framework to describe the space- and time-
dependent evolution of intracellular substances and organelles. It takes intrahyphal, passive and active transport of 
substances into account and explains exponential and then linear length growth by tugor-driven uptake of water. 
Experimentally observed increasing concentration levels of organelles towards the tip can be well explained within 
the framework without resorting to complex biological regulations. It is shown that the accumulation can be partly 
explained by geometrical constraints, besides a necessary deceleration of the active transport velocity. The model is 
formulated such that more intricate intracellular processes can be included.

Conclusions: Results from steady-state experiments are easy to be interpreted. In a hyphal network, however, new 
branches are produced at an exponential rate. Moreover, passive and active transport processes give rise to a spatial 
distribution of organelles and other cytoplasmatic constituents inside hyphae. As a result, most of the data obtained 
in experiments will be from a non-steady and space dependent state. A quantitative and mechanistic explanation of 
the processes occurring will only be possible if these dependencies are taking into account while evaluating experi-
mental findings.

Keywords: Morphological model, Hypha, Vesicles

Background
The ecological and technical relevance of fungi is out-
standing. They are integrated in most ecosystems, act 
as detrimental agents for plants and humans, decom-
pose waste materials, and are exploited in the synthe-
sis of valuable products [1, 2], to name just a few areas 
in which they play a major role. Their most striking fea-
ture is polarized growth and branching which leads to 

more or less dense mycelia or pellets [3, 4]. Concomi-
tantly, Aspergilli such as A. niger, A. oryzae and A. ter-
reus have astounding capabilities to secrete interesting 
enzymes, mainly through the apical region [5]. A rational 
design to obtain modified strains as optimized cell fac-
tories, however, is still limited by the incomplete picture 
of their growth, production and secretion machinery. By 
the very nature of living cells all occurring processes are 
highly dynamic and the behavior of a cell does not only 
depend on the actual stimuli but what had happened to 
the cell in the past. For fungal organisms, interpretation 
of physiological data is even more challenging. Besides 
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the compartmentalization of biological functions in dis-
tinct organelles, space- and time-dependent distribu-
tions occur. This relates to organelles, other cytoplasmic 
compounds, and stimuli in and around a mycelium, and, 
therefore, impede the deduction of meaningful knowl-
edge and hypotheses. All of which could be addressed in 
the context of mathematical models.

So far most mathematical models for hyphal organisms 
respecting morphological features focused on macro-
scopic processes in dense mycelia and pellets. Here, the 
interplay between nutrient transport by diffusion and 
space-dependent growth was addressed, see for exam-
ple [1, 6–18] and references therein. A second group 
of models tries to predict the geometric appearance of 
rather small mycelia [19–25]. In these models, very little 
detailed biological information is needed, if used at all, to 
give rather realistic pictures. The results of simulations 
shown in Figure 1, as an example, just use the informa-
tion that the apical growth rate in three dimensions is 
constant and that septa and branches are formed when 
a critical length of a hyphal compartment is obtained. 
Including a random growth direction in the simulations 
gives a visual impression which is hard to distinguish 
from real photographs. As for the first group of models, 
these models will not help in deciphering the secretion 
apparatus. This is true as well for so-called morphologi-
cally structured models, which do not even account for 
the space-dependency, see, e.g., [7, 21, 26].

A more detailed account of microscopic features of 
individual hyphae is given by a last group of models to 
describe, for instance, the shape of a tip, or the growth 
in length. A well-known example for the first class of 
problems, which will be used in what follows, is given by 
Bartnicki-Garcia et al. in [27]. Here, the geometrical form 
of an apex is predicted with a simple model. It is based 

on a set of hypotheses how vesicles are transported bal-
listically from the Spitzenkörper to the wall. The model 
has been refined in future works to better account for 
the three-dimensional shape of a tip, the way vesicles are 
transported to the wall by diffusion, by representing the 
cell wall as a flexible membrane, or by a better account of 
vesicle fusion with the cell wall [28–32].

Mathematical descriptions of the growth in length, 
as the second class of microscopic features, were given 
recently with two different approaches. In [33], the long-
range transport of material in hyphae is depicted by a 
particle transport along a single, hypothetical microtu-
bule extending over the whole length of a hypha. The 
amount of material reaching the tip of the hypha deter-
mines length growth. A changing velocity, however, is 
neither considered nor a movement of the microtubules 
with the cytoplasmatic flow. In contrast, [34] explain 
length growth of Phanerochaete velutina mathemati-
cally by a turgor driven intra-hyphal flow towards the 
tip. In all these approaches a constant length growth 
rate is considered which is not true for the germ tube. 
Moreover, new branches of a mycelium very often 
show a lower initial velocity as well. As a result, and as 
a mycelium grows exponentially by an exponential pro-
duction of new branches, a significant part of a myce-
lium will not be in a kind of quasi-steady state which 
is assumed above. In major parts of a mycelium, orga-
nelles and intracellular substances have not yet reached 
their quasi-steady state distribution, which might be 
important for a quantitative prediction of the growth of 
the mycelium. Likewise, if septa are closed and opened 
by Woronin bodies, intra-hyphal flow has to stop or will 
resume resulting in even more complex situations.

In our former works [11, 19], we explained the initially 
observed exponential and then linear growth with the 
limitation by a hypothetical intracellular compound. We 
had to resort to a hypothetical compound at that time as 
neither for fungi nor for actinomycetes details about the 
mechanism were known. Especially for fungi, this situa-
tion has changed drastically in recent years. Molecular 
methods, bioinformatics and image analysis have pro-
vided us with a whelm of information if not give rise to 
a ‘Big Data Tsunami’ [35]. More specifically, for the pro-
cesses addressed here, which are responsible for length 
growth and (product) secretion, much more is known 
today. Excellent recent reviews about growth in length 
of fungal hyphae are given, e.g., by [36, 37], and about 
secretion in [32]. The importance of turgor driven length 
extension is stretched by [38, 39] in a series of papers.

We therefore think that the time is ripe to try to con-
dense at least a small part of the available knowledge in 
a mathematical model. This can form the basis to discuss 
hypotheses and to account for the effects of space- and 

Figure 1 Simulated 3D-growth of mycelia projected to two dimen-
sions.
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time-dependencies in the interpretation of experimental 
data. The model structure derived in this contribution 
therefore serves two main purposes.

  • First of all, it represents a basic model structure, with 
which the initial exponential and then linear growth 
of a hypha can be described with a minimal amount 
of assumptions. This turgor driven evolution of the 
intra-hyphal flow forms the ‘backbone’ for all other 
processes occurring in a hyphae, and, therefore, has 
to be considered first. To be more specific, besides 
the postulation of some kinetics, no further biologi-
cal regulations will be introduced to describe the 
experimentally observed growth evolution. If this is 
possible, already simple physical transport processes 
combined with implicitly formulated regulations 
through kinetic expressions can be used to explain 
the observed behavior without resorting to complex 
biological mechanisms. This, of course, does not rule 
out such regulations which additionally may occur. If 
experimental evidence is given, these processes can 
be included readily.

  • Secondly, the model structure derived serves as a basis 
for future work when experimental data is interpreted 
and condensed in a mathematical framework. As an 
example, the distribution of vesicles in a hypha will be 
considered here which shows a distinct profile along 
the length of a hypha. Again simple physical argu-
ments, mainly with respect to the active transport 
velocity and the geometry of the tip, will be enough to 
explain experimental data where a significant increase 
in concentration is observed toward the tip.

In the long run, such kind of models might help in 
answering questions raised in the endeavor toward a 
rational strain design. Examples are [5]: How many vesi-
cles carrying proteins of interest can be used without 
interfering with vesicles for growth? Where are the bot-
tlenecks in vesicle-mediated protein secretion? How 
many proteins can be channeled through the secretory 
pathway in order to provide each protein sufficient time 
to become correctly folded? Extending this list of ques-
tions will naturally occur when a model is at hand.

The rest of the paper is organized as follows. After 
a problem statement in the next section, the model of 
Bartnicki-Garcia et  al. is revisited to determine the vol-
ume and surface area in the tip region. This will then be 
used to correct experimental data. The general model is 
formulated next. As a first application, length growth by 
turgor driven water uptake is described. Extending the 
model with vesicles allows for a comparison with experi-
mental data in the last section before the paper finishes 
with some conclusions.

Problem statement
What will be described below, will neither encompass 
the process of sporulation nor branching. An attempt 
to model germination can be found, e.g., in [40]. It is 
assumed that a very short part of a tip already exists, pre-
sumably from a mother hypha. In the simulations shown, 
depending on the boundary conditions, the mother 
hypha will either have no influence on the developing 
branch or it will supply material for growth. After some 
time, say t = tt, the retrograd end of the new hypha will 
posses a final radius of rt(tt) = R and the length of the tip 
will be Lt(tt) = Ltmax. For t > tt, the hypha will consist of 
this constant tip part with fixed length Ltmax and a seem-
ingly growing distal region of length Ld(t), i.e., the overall 
length of the hypha will then be given by

Consequently, it will be assumed that, after tip comple-
tion, its geometrical form and size stay constant. Both 
assumptions together simplify the mathematical treat-
ment significantly as apparent growth is associated to a 
subapical region where the cell wall becomes rigidified, 
probably by the action of cross-linking enzymes [37]. 
With this assumption, the complex processes involved in 
plasma membrane and cell wall synthesis actually occur-
ring in the tip region are approximated. A more detailed 
model is given by [32]. A constant form and size of the tip 
region, on the other side, necessitates a constant radius 
of the distal part. This is in contrast to the model intro-
duced in [34] where the authors correlate high internal 
volume flows Q with large diameters of hyphae. This will 
not be considered here for simplicity although the gen-
eral model could account for it.

For a simpler numerical implementation, the tip and 
the distal part will be modeled separately with appropri-
ate conditions to account for the connection between 
them, see Figure 2. In what follows, the variables related 
to the tip will be denoted by an index t whereas those 
related to the distal part with a d.

The general model will be obtained by a formulation of 
balance equations applied to an infinitesimal intra-hyphal 
balancing volume of length dx, see the space between 
shaded areas in Figure 2. Terms of production, consump-
tion and transport via the cell membrane, the conse-
quences of an intra-hyphal flow, and, finally, due to active 
translocation will be considered. Space-dependent uptake 
of nutrients could be included readily, but is not done here. 
Most importantly, a constant physiological and functional 
state is assumed along a hypha. If this is not the case, the 
model developed in this contribution has to be combined 
with approaches proposed, e.g., by Nielsen and Villadsen 
[18].  As the transport from and to the environment will be 
proportional to the local surface area and production and 

(1)L(t) = Ld(t)+ Ltmax.
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consumption rates will be given based on the local volume, 
these quantities have be determined first.

Geometrical model of the tip
For simplicity, the 2D-model proposed in [27] describing 
the form of a hyphal tip is used to derive expressions for 
the local surface area A(xt) and volume V (xt). Although 
the initial conjecture that the actual 3D-form of a hypha 
can be produced by a rotation of the solution of the 
2D-model was corrected in [28], see as well [29], the sim-
pler approach is used here. This is motivated by the fact 
that the actual differences in the forms obtained are small 
while the calculation of the 3D-form is rather involved.

In [27] it is proposed that: (1) the cell surface expands 
from materials discharged by wall-destined vesicles, 
(2) vesicles are released from a postulated vesicle sup-
ply center (VSC), (3) vesicles move from the VSC to the 
surface in any random direction. Based on these proposi-
tions, they derive the following model.

If the VSC is located in the origin of an (xh, yh)-coordi-
nate system, as used by Bartnicki-Garcia et al. [27], where 
the cartesian coordinate yh equals the radius rt in Fig-
ure 2, i.e., yh = rt, the 2D-geometry reads

In this coordinate system, the hypha extends to nega-
tive xh-values. The foremost point of the tip is at xh = D. 
With xt = xh + Lt − D, see Figure 2, the geometry of the 
tip is given by

in the coordinates used in this work.
For the calculation of the volume V (xt) and surface area 

A(xt), rt(xt) is locally approximated by a straight line of 
length lt connecting rt(xt) and rt(xt + dx). Rotating this 
line defines the area and the enclosed volume.

Neglecting higher order terms, the infinitesimal surface 
area of such a truncated cone is given by

(2)xh = rt cot
rt

D
.

(3)xt = rt cot
rt

D
+ Lt − D

and the infinitesimal balancing volume is approximated by

The derivative needed in the former expression can 
be obtained from Eq.  3 by implicit differentiation, see 
Appendix A.

For a stationary observer, see Figure 3, the balance vol-
ume increases when the tip grows out of a considered 
section [xt , xt + dx].

As it is assumed that the form of the tip stays constant, 
every point of the surface moves with the extension rate 
L̇ of the hypha, hence,

A negative sign is included as for a stationary observer 
the volume increases while drt/dxt is negative.

The tip and the distal part must be connected without a 
step in radius, i.e., rt(xt = 0) = R. As a result, D cannot be 
chosen independently when Ltmax is fixed. From a biologi-
cal point of view, fixing D might be a better alternative. 
This, however, would lead to a very long tip region which 
is ruled out here for numerical reasons. From Eq. 3, when 
Ltmax is prescribed, an implicit expression is given for D

For small Ltmax, this value of D is an approximation of the 
real distance of the VSC from the apex. Figure 4 gives an 
impression of the obtained form of the tip, where some 
distal part is shown as well. The calculations were done 
with R = 3.5 μm, D = 1.2 μm, and Ltmax = 15.6 μm.

Experimental data
Although the main goal of this contribution lays in the 
derivation of a generic model structure, some compari-
sons with experimental data will be done.

(4)A(xt) ≈ 2π

√

1+
( drt

dxt

)2

rt(xt)dx,

(5)V (xt) ≈ πr2t (xt)dx.

(6)V̇t = 2πrt
drt

dxt

dxt

dt
dx = 2πrt

drt

dxt
(−L̇)dx.

(7)0 = R cot
R

D
+ Ltmax − D.

xt

rt

xd

R

0 xd + dx xt + dx

Ld

0

Lt

xh0 DD − Lt

xd xt

Figure 2 Sketch of the distal part (d) with a constant radius R, and 
the tip (t) of a hypha.

xt
xt xt + dx

L̇dt

L̇dt

Figure 3 The balance volume for time instant t is depicted by a box 
with broken lines and for t + dt with solid lines. As the tip moves to the 
right, the volume increases for a stationary observer.
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Unpublished experimental data with vesicle meas-
urements from Aspergillus niger is kindly supplied by 
F. Spanhoff, A. Ram and V. Meyer. They visualized the 
secretory vesicle concentration of individual hyphae by 
the intensity of the fluorescent R-SNARE protein SynA 
using a Zeiss confocal microscope. Pictures were taken 
at an equidistant spacing of 0.2 μm along the length of 
a hypha for typically 10–12 layers (z-stacks) across the 
diameter. Hyphae were obtained from the periphery of a 
fungal colony. Uncalibrated fluorescence data is obtained 
by adding up all intensity values for each z-stack to 
obtain I. The mean value for 7 different hyphae is shown 
in Figure  5 as a function of the distance to the apex. 
The origin of the x-coordinate system used here is cho-
sen D = 1.2 μm behind the apex, which coincides with 
the VSC used later. As the scanned volume in the apical 
dome is smaller than in subapical regions, the data is cor-
rected here for this geometrical effect. Again the model 
of [27] is used to calculate a local volume, and, hence, 
from the intensity data, a local normalized measured 

concentration Vm. As absolute information about the 
number of vesicles is missing, the data is additionally 
normalized by an arbitrary scaling factor of 35 to com-
pare against simulation results later. The scaling factor 
is chosen such that in the subapical region a normal-
ized concentration of approximately 1 is obtained. The 
corrected data is shown in Figure 6. Observe the higher 
ratio of maximal to subapical values in the corrected data 
compared to the given intensity values in Figure 5. 

In the experiments described above, hyphal length was 
not measured for A. niger as a function of time for newly 
developing branches. Typically, an initial exponential 
growth will be observed followed by a linear one. As the 
model will be able to describe this, another set of data is 
used here for comparison. Experimental results from [41] 
are exploited. This rather old set of data was already used 
by us in [11]. In this former work, a much simpler model 
was proposed to describe length evolution. Using the data 
again, both approaches can be compared. Fiddy and Trince 
[41] measured the evolution of a primary branch of Geotri-
chum candidum extending out of an intercalary compart-
ment just behind a septum. They observed a correlation of 
the decreasing length extension rate of this branch with 
septation occurring after some time in this branch. How-
ever, the extension rate of the primary branch continued to 
increase, despite septation, until a length of about 700 μm 
was reached. From Figure  3b in [41], a maximal exten-
sion rate of 2.5 μm/min can be estimated. The data will be 
given later together with the results of a simulation.

Generic model
To derive a generic model, a substance Si, i = d, t is bal-
anced in a segment extending from xi to xi + dx, see 
Figure  2. In what follows, St represents vesicles (Vt), 
Spitzenkörper (Kt), osmolytes (Ot), etc. in the tip, i.e., 
St = {Vt ,Kt ,Ot , . . .}. Accordingly, Sd = {Vd ,Kd ,Od , . . .} 
will denote variables in the distal part. A radial 
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Figure 6 Corrected and normalized vesicle concentration Vm.

Handbook of Mycology204



distribution inside the hypha and diffusion in all direc-
tions are neglected. Diffusion in the x-direction could 
be included readily without complicating the numerical 
solution much. It would, however, make less sense for 
organelles. See [39] for a discussion of diffusion coeffi-
cients of different cellular components compared against 
the intra-hyphal flow velocity.

The volumetric mass concentration of a substance Si is 
represented here by the very same symbol in the equa-
tions, i.e., Si is used to denote the concentration of the 
generic compound. Hence,

Balancing the mass mSi of substance Si in a segment of 
volume V (xi) with surface area A(xi) and infinitesimal 
length dx leads to

with production (...p) and consumption (...c) rates µSip and 
µSic, respectively. Transport (...t) from or to the surround-
ings is modeled by µSit. Whereas the former reaction 
rates are given as a temporal change of mass per volume 
Vi = V (xi), the latter is based on the local external sur-
face area Ai = A(xi) of the segment.

The last two terms in Eq.  9 represent intra-hyphal 
flow in and out of the balance volume, i.e., flow 
through the shaded areas in Figure  2. As due to tur-
gor pressure hyphae take up water from the surround-
ings, and as only the apical region can extend in the 
real hypha, an intra-hyphal flow is set up. Hence, the 
volumetric flow rate Qi(xi, t) is both a function of space 
xi and time t.

Intra-hyphal flow of a substance can be the result of the 
flow of the cytoplasm (cyt) transporting Si. For other sub-
stances, long-distance transport is realized via an active 
(act) dislocation along microtubules. In the latter case, 
microtubules can be transported as well with the flowing 
cytoplasma, see [42, 43], resulting in a superposition of 
flow and dislocation velocities for Si,

Alternatively, it can be assumed that microtubules 
stay fixed with respect to the cell wall and that all of Si 
is attached to them. Then, Qi,cyt = 0 for this specific 
substance.

The splitting up of Qi will now be used for a volume 
balance which is only affected by the cytoplasmic flow. As 
the cytoplasm is incompressible,

(8)Si(xi, t) =
mSi(xi, t)

V (xi)
.

(9)

∂mSi

∂t
=

(

µSip − µSic

)

V (xi)+ µSi tA(xi)

+ Qi(xi , t)Si(xi , t)− Qi(xi + dx, t)Si(xi + dx, t)

(10)Qi(xi, t) = Qi,cyt(xi, t)+ Qi,act(xi, t).

where µVip represents the volume production, e.g., 
through turgor-driven uptake of water from the environ-
ment through the local surface Ai = A(xi).

To finally set up the generic model structure based 
on the balances given above, several steps are necessary 
which are detailed in the Appendix B:

1. The last term of Eq.  9 and the second term of the 
right-hand side of Eq.  11 are expanded in a Taylor 
series, neglecting all terms in (dx)n, n ≥ 2.

2. All equations are combined.
This leads to

with

Initial and boundary conditions, and Qi will be specified 
below.

Generic model of the constant, distal part
For simplicity, it is assumed that the active translocation 
velocity along microtubules in the distal part, if it exists 
at all, is constant, i.e., for its gradient

Only at the tip, a deceleration will be considered later. 
Furthermore, after setting i = d, and Ad = 2πRdx, 
Vd = πR2dx, Eq. 12 reads

with

The fourth term on the right hand side can be interpreted 
as a dilution term due to intra-hyphal flow. From Eq. 31, 
see Appendix, with V̇d = 0, an expression can be given 
describing the spatial evolution of the intra-hyphal flow

(11)

∂Vi

∂t
= V̇i = Qi,cyt(xi , t)− Qi,cyt(xi + dx, t)+ µVipA(xi)

(12)

∂Si

∂t
= µSip − µSic + ρi1µSit − ρi1µVipSi

− ρi2Si
∂Qi,act

∂xi
− ρi2Qi

∂Si

∂xi

(13)ρi1 =
Ai

Vi
, ρi2 =

dx

Vi
.

∂Qd,act

∂xd
= 0.

(14)

∂Sd

∂t
= µSdp − µSdc + ρd1µSdt − ρd1µVdpSd

− ρd2Qd
∂Sd

∂xd

(15)ρd1 =
2

R
, ρd2 =

1

πR2
.

(16)
∂Qd,cyt

∂xd
= 2πRµVdp.
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As long as the volume production µVdp �= 0, Eq. 16 gives 
rise to a monotone increase of Qd with xd, i.e., more and 
more fluid will be transported toward the tip.

The boundary conditions, Qd(0, t) = Qdx0(t) and 
Sd(0, t) = Sdx0(t), describe the information coming 
from a spore or from a branching site of a mother hypha. 
Whereas a mathematically ‘convenient’ boundary condition 
Qdx0(t) = const. would make sense, as it describes an active 
transport, which can be zero as well, Sd(0, t) = Sdx0(t) = 
const. would be more difficult to justify biologically. This 
would mean that the mother hypha or spore would not 
change its value of S irrespective of what is going on in the 
new hypha. This could only be explained by a source of S of 
infinite strength. If the spore or the mother hyphae are not 
determined by a separate model,

is a better choice, at least from a numerical point of view. 
An initial condition for Sd must not be specified as the 
simulation will start without a distal region.

Before specifying the individual production and con-
sumption rates this generic model equation will be 
adapted to the non-constant-area and non-constant-vol-
ume case seen in the tip.

Generic model of the tip
Due to the non-constant surface area At and volume Vt of 
the balancing volume the expressions get more involved. 
With Eqs. 4, 6 and 31 the resulting cytoplasm flow reads

∂Sd(xd , t)

∂xd

∣

∣

∣

∣

xd=0

= 0

(17)

∂Qt,cyt

∂xt
= 2π

√

1+
( drt

dxt

)2

rt(xt)µVtp + 2πrt
drt

dxt
L̇.

The first term on the right hand side increases the flow 
due to turgor driven volume production µVtp. The second 
term, however, as drt/dxt is negative, decreases the flow 
to account for the volume needed for length growth in 
the tip region.

Using Eq. 12,

with

results. A plot of these ρt-terms is given in Figure 7. In the 
distal part, the corresponding terms are constant, see Eq. 15.

Besides an initial condition St(xt , 0) = Stt0(xt), a 
boundary condition has to be specified. If a distal part is 
not yet formed,

is applied. If, on the other side, a distal compartment 
already exists,

Model of length growth
As the radius of the distal part and the form of the tip 
stay constant, L̇ is given by the overall volume produced 
divided by the area of the growing end. If the tip is still 
developing, this area is πr2t . Hence,

(18)

∂St

∂t
= µSt p − µSt c + ρt1µSt t − ρt1µVtpSt

− ρt2St
∂Qt,act

∂xt
− ρt2Qt

∂St

∂xt

(19)
ρt1(xt) =

2

√

1+
( drt

dxt

)2

rt(xt)
, ρt2(xt) =

1

πr2t (xt)

∂St

∂xt

∣

∣

∣

∣

xt=0

= 0

(20)St |xt=0 = Sd |xd=Ld
.
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Figure 7 ρi’s for R = 3.5 μm, D = 1.2 μm, and Lt = 15.6 μm.
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When the tip is finished, with Lt = Ltmax, it is assumed 
that length growth is realized by extension of the right 
hand side of the distal part with area πR2, see Figure 2. 
For a tip with constant geometry, this translates into a 
growth in length of the hypha of

Here, a hypothetical flow rate Qtp(Lt , t) at the tip xt = Lt 
has to be used. It is determined by the gross increase of 
the volume flow rate in the tip region

with a proper boundary condition for xt = 0. Actu-
ally, the real flow rate in the tip region has to decrease 
towards the tip as it is ‘consumed’ everywhere in the 
tip to fill up the new volume formed due to tip growth. 
In the model, however, length increase is attributed to 
an increase in the distal part or left hand end of the 
tip before it is fully developed. Therefore, as volume 
is taken up in the tip region as well, the gross increase 
of the volume flow rate has to be known to determine 
L̇(t). To distinguish this hypothetical from the real flow 
rate, it is denoted by Qtp, instead of Qt,cyt. The boundary 
condition at the left hand side of the tip, see Figure 2, is 
Qtp(0, t) = Qd(Ld , t) or 0 when only the tip exists.

Complete generic model
In summary, after specifying the individual production, 
consumption and transport rates, µj, and the change 
in active transport in the tip, ∂Qt,act/∂xt, the follow-
ing equations have to be solved in the generic model 
assuming that the tip has already reached its maximal 
extension:

1. Integration of Eq.  16 determines the intra-hyphal 
flow rate at xd = Ld which sets the boundary condi-
tion for Eq. 23.

2. Integration of latter equation leads to the hypotheti-
cal flow rate at the tip, Qtp(Lt , t),

3. and, with Eq. 22, to the actual extension rate L̇.
4. In a moving boundary framework, as L(t) grows, 

Eqs. 14 and 18 are solved to determine Si, i = d, t.

Initially, only the tip region exists. Hence, Eqs. 16 and 
18 are not needed.

(21)
dL(t)

dt
=

1

πr2t
Qtp(Lt , t).

(22)
dL(t)

dt
=

1

πR2
Qtp(Lt , t).

(23)
∂Qtp(xt , t)

∂xt
= 2π

√

1+
( drt

dxt

)2

rt(xt)µVtp,

Modeling pressure regulation via osmolytes
We consider osmolytes which are responsible for main-
taining a certain pressure and pressure gradient inside 
hyphae, see [38]. It is assumed that osmolytes are pro-
duced until a certain pressure is obtained for which intra-
cellular sensors must exist. For the MAPK pathway, OS-1 
is discussed as a sensor in [39]. For simplicity, an intracel-
lular substance called osmolyte Oi, i = d, t, is introduced, 
which represents both the osmolyte, and, indirectly, the 
pressure. To obtain a mass flow toward the apex, its con-
centration must be higher in subapical parts. Using the 
equations derived above, Si is now replaced by Oi.

To start with the most simple model, it is assumed that 
osmolytes are not transported actively, Qi,act = 0, and are 
not consumed or degraded, i.e.,

Furthermore, they are not transported over the cell wall, 
hence,

For the production of Oi, as a first approach, a logistic 
law-like expression is used

with a maximal osmolyte concentration Omax. It has to 
be pointed out that these assumptions can be changed 
easily.

In the long run, for all osmolytes produced, water has 
to be taken up. If this process is fast, it can be assumed 
that, in a kind of quasi-steady-state point of view, water 
is taken up proportional to the synthesis rate of the 
osmolytes. As the first one is formulated based on the 
surface and the latter based on the volume,

leads to an expression for the volume production rate 
µVip in part i of the hypha

With Eq. 24, for the distal part,

and for the tip

µOic = 0.

µOit = 0.

(24)µOip = k1(Omax −Oi), i = d, t,

µVipAi ∼ µOipVi

µVip ∼ µOip
Vi

Ai
.

(25)

µVdp = k2(Omax −Od)
Vd

Ad
= k2(Omax −Od)

1

ρd1

(26)

µVtp = k3(Omax −Ot)
Vt

At
= k3(Omax −Ot)

1

ρt1
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follows. Different constants, k2 and k3, are introduced to 
possibly account for the fact that most water is taken up 
in the tip region, as hypothesized by [39]. This difference 
in water uptake velocity might be the result of the plastic-
ity of the wall in the tip region. As the maximal extend 
of the tip, Ltmax, considered here is fixed arbitrarily, this 
has to be observed during parameter identification and 
analysis of the simulation results.

With these kinetics and the generic equations derived 
in the last section, the models of the distal part and the 
tip can be formulated. They are omitted here for brevity. 
Furthermore, to reduce the number of kinetic param-
eters and to ease parameter identification, a normaliza-
tion is done with oi = Oi/Omax and qi = Qi,cyt/Qmax, and 
oi, qi ∈ [0, 1] for i = d, t, L̇max = Qmax/(πR

2) = Qmaxρd2, 
θ1 = k1, θ2 = k2Omax, θ3 = k3Omax.

For the numerical solution of the partial differential 
equations, the spatial coordinate is discretized equidis-
tantly with a step size of �x = 0.2 μm. The method of 
lines is applied for the equation describing the evolution 
of the osmolytes approximating the spatial derivatives by 
a first-order backward difference operator. In the begin-
ning, when only the tip exists, the left most discretiza-
tion segment of the tip, see Figure 2, is allowed to grow in 

length according to L̇ until it exceeds a length of 0.3 μm. 
After the distal part is formed, its right most discretiza-
tion segment takes over this task and grows accordingly 
until it exceeds a length of 0.3 μm. Then, this segment is 
split up into a segment of constant length (0.2 μm) and a 
growing one with an initial length <0.2 μm and the calcu-
lations are continued as before. The normalized flow rate 
qi is obtained accordingly from Eqs. 16 and 23 exploiting 
the trapezoidal rule. Parameters θi have to be chosen such 
that qi ≤ 1 is guaranteed.

As this work concentrates on the formulation of the 
generic model and not on a parameter fit or selection of 
appropriate kinetic expressions to describe a very specific 
problem, a simple approach was chosen to find kinetic 
parameters for simulation studies. Measurements per-
formed by Spanhoff et al. were done with hyphae growing 
with approximately L̇max = 3µm/min. The parameters 
θ1,2,3 are determined such that L(t) shows an initial expo-
nential increase followed, after a transition, by a phase of 
constant growth velocity of approximately L̇max = 3µm/
min. To this end, an optimization problem was formulated. 
In lack of real data for this first study, a ’desired’ evolution 
Ldes(t) was determined to allow for an adaption of the θi’s.

Simulation results are shown in Figures 8 and 9. Param-
eters used are θ1 = 0.3079, θ2 = 0.2619, and θ3 = 0.5032 
with vanishing flow from the mother hypha or spore. 
The initial tip starts with four discretization segments, 
i.e., a length of 0.8 μm, with exponentially decaying val-
ues of the initial, normalized osmolyte concentration 
ot,k = [0.750, 0.7351, 0.7206, 0.7063].

In the simulations given in Figure 8, growth is followed 
up to a length of about 170  μm, i.e., in the end more 
than 850 discretization segments are used. Due to pro-
duction and consumption of the osmolyte, and due to 
length growth, the osmolyte profiles change dynamically 
over time. These osmolyte profiles, on the other hand, 
determine the overall volume production, see Figure  9, 
and, hence, length increase. As a result, all processes are 
highly interwoven.

0 50 100 150 200

0.7

0.8

0.9

1

x [µm]

o(
x
,t
)
[-]

0 20 40 60 80
0

50

100

150

200

L
[µ
m
]

t [min]
Figure 8 Left evolution of the normalized osmolyte concentration for different time instants with �t = 1 min. Right length of the hypha.
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as in Figure 8.
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When the rate of osmolyte production is increased by 
choosing higher values of k1 = θ1, slower growth results, 
see left part of Figure 10. Here, as in the right part of this 
figure, the other parameters are as in Figure  8. Lower-
ing θ2 = k2Omax has the similar, though less pronounced 
effect. An explanation of this feature can be seen in Fig-
ure 11 where the evolutions of the osmolyte and the nor-
malized flow rate are shown for an increased value of 
θ1 = 0.3079+ 0.05 compared to the case of Figure  8. A 
larger osmolyte production rate leads to higher values 
of o(x, t), and, hence, to a lower volume production rate 
ki(Omax −O), i = 2, 3.

Using the same volume production parameters 
θ2 = θ3 = 0.2616 in the distal and tip region results in 
a much too slow growth corroborating different uptake 
rates. These simple studies show that an intricate relation 
exists between parameters and the processes described 
by the model. Predicting the outcome of parameter or 
kinetic variations is difficult. Therefore, numerical studies 
are indispensable.

In the first simulation study shown above, which 
will be used again in the next section, linear growth 
already starts at a length of approximately L = 30 μm. 
By another choice of parameters, the exponential phase 

can be elongated. In Figure  12, as an example, param-
eters are chosen such that experimental data obtained 
by [41] can be described by the model. In this case, an 
elongated exponential phase can be observed. Truly lin-
ear growth does not start before 700 μm as pointed out 
by the authors. As the primary branch considered in 
[41] originates from a parent compartment, the normal-
ized flow rate coming from this compartment was fitted 
as a parameter as well. For simplicity, a constant value 
qi(0, t) was assumed. A more detailed study should be 
performed, though, based on the general model intro-
duced above, to better account for a variable influence of 
the mother compartment. Likewise, septation could be 
included. This would lead to a leveling out of the profiles 
inside the mother compartment and a variable supply of 
the new branch. Such a detailed study, however, is out-
side the scope of this contribution and has to be post-
poned to future work.

Modeling of vesicle distribution
As a first example of an organelle, vesicles are considered 
which have been already used above to get an idea of the 
form of the tip. They are, beside other functions, respon-
sible for material transport to the growing tip. According 
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Figure 10 Left length evolution for θ1 = 0.3079(top)/0.3579/0.4079. Right Length evolution for θ2 = 0.2619(top)/0.2119/0.1619.
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Figure 11 Normalized osmolyte concentration and flow rate for θ1 = 0.3579. The remaining parameters are as in Figure 8.
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to the model of [27], vesicles are used up in the apical 
part of a hypha. Therefore, the consumption rate in the 
tip will be µVt c �= 0, while µVdc = 0 is assumed in the dis-
tal region.

As vesicles are produced inside hyphae, the transfer 
rate to the surroundings is zero in both parts, i.e., µVit, 
i = d, t. For vesicle production µVip, again a logistic-like 
expression is chosen. However, as vesicles are accumu-
lated in the tip region, the expression is modified describ-
ing a production only as along as Vi < Vmax and no 
production otherwise

Active transport is modeled by microtubules. It is 
assumed that all vesicles are bound immediately to 
microtubules. Therefore, the vesicle concentration can 
be calculated as the product of the local microtubules 
concentration, mMT /V , times the loading of the micro-
tubules, mVi/mMT

Due to the discrete nature of microtubules, this is a rough 
approximation. Still, if the local microtubules concentra-
tion stays constant up to the apex, the active volume flow 
is simply given by

where u(xi, t) and ri represent the local transport velocity 
and hyphal radius, respectively. With this expression, the 
volume flow at the apex is zero which does make sense as 
rt(Ltmax) = 0. The change in flow rate over the length of a 
hypha is given by

(27)µVip = max

{

k4(Vmax − Vi), 0

}

.

Vi =
mMT

V

mVi

mMT
=

mVi

V
.

Qi,act = πr2i u(xi, t),

∂Qi,act

∂xi
= 2πrtu(xi, t)

dri

dxi
+ πr2i

du

dxi
.

In the distal part, with ri = R = const.,

For a constant velocity u,

as assumed above. For the tip,

When the second term in the last equation is neglected, 
an increase in vesicle concentration, as seen in Fig-
ure  6, can only be observed directly behind the tip due 
to the decelerated transport coming from the geometri-
cal influence (drt/dxt < 0). This does not coincide with 
experimental findings. For this reason, as a first trial, 
it is assumed that u stays constant in most of the distal 
part at u = umax. From umax it decreases linearly to zero 
in the foremost 15    μm. For the following simulation, 
umax = 35.62 μm/min is chosen. Typical literature values 
for kinesin-1 are in the range of 24–54 μm/min. For kine-
sin 7 in A. nidulans, [44] report 10 μm/min compared to 
the conventional kinesin of this strain with 120 μm/min.

The equations are normalized again with vi = Vi/Vmax 
and θ4 = k4.

Consumption of vesicles is assumed to be proportional 
to the actual length growth rate for which it is used, and 
proportional to the local vesicle concentration vt

As the volume corrected measurements by Spanhoff 
et al. indicate a falling vesicle concentration only for the 
last three segments with a width of �x = 0.2 μm, for the 
rest of the hypha µVt c = 0 is used.

A comparison of simulated data against the measure-
ments introduced above is given in Figure 13. Additional 
parameters used are θ4 = 0.0407, and θ5 = 2.2701. The 
remaining parameters θi, i = 1, 2, 3, are as in Figure 8.

With these parameters the experimentally observed 
accumulation profile of vesicles can be reproduced. A 
key-enabler is the model assumption that the transport 
velocity must decrease towards the tip. This could be 
tested in future experiments.

Conclusions
As constantly new branches and septa are produced in a 
mycelium and a flow of cytoplasma towards the different 
apices occurs, quasi-steady state concentration profiles 
of intracellular substances and organelles hardly estab-
lish. Moreover, due to these processes and due to active 
and cytoplasmatic flows intracellular components are 

∂Qd,act

∂xd
= πR2 du

dxd
=

1

ρd2

du

dxd
.

∂Qd,act

∂xd
= 0,

∂Qt,act

∂xt
= 2πrtu(xt , t)

drt

dxt
+ πr2t

du

dxt
.

(28)µVt c = θ5L̇vt .
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Figure 12 Length of a hypha. Simulation (solid line) done with 
θ1 = 0.4792, θ2 = 0.4811, θ3 = 0.5282, and qi(0, t) = 0.0357. Experi-
mental data obtained by [41] are marked with asterisk.
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not only a function of time but as well a function of space 
inside a hypha. A comprehensive and quantitative inter-
pretation of experimental data of individual hyphae will 
therefore only be possible when these space- and time-
dependent processes are taken into account. To this end, 
a generic mathematical model is proposed here which 
first of all describes turgor driven length extension. By 
this, an initially accelerated and then linear growth can 
be predicted as seen in microscopic experiments. A much 
simpler model, see [11], could be used to predict the 
length evolution though. That model, however, cannot to 
be extended so easily to describe other constituents of a 
hypha as it is done here. The turgor driven length exten-
sions forms the ‘backbone’ of a generic model to study, 
for instance, the time-dependent distribution of orga-
nelles and other compounds. These may be transported 
actively or passively towards the tip. Diffusion is not con-
sidered yet, but can be included readily. For a complete 
specification of the model, kinetic expressions have to be 
stated. In this contribution, very little effort is invested 
to study the effect of different kinetics and parameters, 
e.g., with respect to osmolyte or vesicle production and 
consumption. The emphasis is rather on the formula-
tion of a generic model. Effects of different kinetics will 
be tackled in future works when more experimental data 
is available. However, even with simple kinetics cho-
sen here it can be shown, for example, that the experi-
mentally observed accumulation of vesicles near the tip 
can be explained. A crucial assumption to be able to do 
this is the postulation of a decreasing active transport 
velocity in the tip region. Without this, the experimen-
tally observed apical accumulation of vesicles cannot be 
described in the chosen setting. The model structure can 
be readily extended to study the effect of different orga-
nelles and cytoplasmatic compounds. Before doing so, 
however, the numerical solution of the partial differential 

equations with a moving boundary should be revisited 
to hopefully decrease the computational burden. This 
was not done yet, as septation and branching have to be 
included in future works.

Acknowledgements
The author would like to thank Frederik Spanhoff, Arthur Ram and Vera Meyer 
for supplying unpublished vesicle measurements and VM who inspired this 
work.

Competing interests
The author declares that he has no competing interests.

Appendix A: Gradient of the radius
From Eq. 3,

Implicit differentiation leads to

Appendix B: Derivation of the generic model
Expanding the last term in Eq.  9 into a Taylor series 
results in

This yields upon substitution and neglect of terms in 
(dx)n, n ≥ 2

In the distal part, the balancing volume V (xd) = Vd stays 
constant, i.e., V̇ (xd) = V̇d = 0. In the tip region, however, 
a stationary observer sees a growing volume V̇ (xt) = V̇t 
as the apex moves away and the local radius increases. 
Hence, generally, with mSi = ViSi

or
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Figure 13 Comparison of a measured (asterisk) and simulated (solid 
line) evolution of normalized vesicle concentration as a function of 
the coordinate x, given for t = 60 min. Only the foremost part of the 
hypha is given neglecting the retrograd part with constant v.
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The surface area Ai and volume Vi will differ depending 
on the part considered.

Taylor series of the volume balance, see Eq. 11, which is 
only affected by the cytoplasmic flow, leads to

Rearrangement gives

and

Combining it with Eq. 29 leads to the generic model
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Production of cyathane type secondary 
metabolites by submerged cultures 
of Hericium erinaceus and evaluation of their 
antibacterial activity by direct bioautography
T. Shen1, G. Morlock2 and H. Zorn1*

Abstract 

Background: Fungi of the phylum Basidiomycota are well-known to form a broad spectrum of biologically active 
secondary metabolites, especially low molecular weight compounds such as terpenoids. Hericium erinaceus produces 
various cyathane type diterpenoids including erinacines. However, no quantitative data and production kinetics have 
been reported on the biosynthesis of the erinacines C and P in submerged cultures. In the present study, the pro-
duction of erinacine C was optimized, and the product formation kinetics as well as the antimicrobial activity were 
studied by high-performance liquid chromatography (HPLC), high-performance thin-layer chromatography (HPTLC) 
and direct bioautography.

Results: Oatmeal and Edamin® K were identified to be crucial media components for an efficient production of 
erinacine C. The highest concentrations of erinacine C were obtained in the optimized culture medium on the 9th 
culture day (approximately 260 mg L−1). The production of erinacine P was strongly time dependent. The maximum 
concentration of erinacine P of 184 mg L−1 was observed on the third culture day. Afterwards, the concentrations of 
erinacine P decreased while the concentrations of erinacine C steadily increased. Comparable results were obtained 
by HPTLC with UV detection and HPLC with diode-array detection (DAD) analyses. Direct bioautography allowed for 
an additional analysis of the antimicrobial activity of the secondary metabolites.

Conclusions: The C and N sources oatmeal and Edamin® K induced the formation of erinacine C. Detailed product 
formation kinetics of the erinacines C and P have been reported for the first time. HPTLC combined with the Aliivibrio 
fischeri bioassay allowed for an instant detection of cyathane diterpenoids in crude extracts and for an evaluation of 
the antimicrobial activity of the secondary metabolites directly on the plate.

Keywords: Hericium erinaceus, Cyathane type diterpenoids, Erinacine C, Erinacine P, HPTLC, TLC-MS interface, Aliivibrio 
fischeri

Background
Basidiomycetes are the highest developed fungi. Many of 
them, if not all, synthesize biologically active compounds 
with medicinal properties in their fruiting bodies and 
mycelia. Hericium erinaceus is an edible mushroom that 
belongs to the family Hericiaceae and has been used for 

the treatment of, e.g., digestive diseases in traditional 
Chinese medicine for more than 1000  years. Various 
compounds isolated from H. erinaceus, high molecu-
lar weight compounds as well as small molecules, have 
shown a variety of beneficial functions, such as antican-
cer, anti-inflammatory, and immunomodulatory prop-
erties [1–5]. Hericenones and erinacines are the major 
bioactive low molecular weight compounds formed by 
fruiting bodies and submerged cultures of H. erinaceus, 
respectively. Several of these compounds have been 
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shown to significantly induce nerve growth factor (NGF) 
synthesis and to protect neuronal cells against endoplas-
mic reticulum (ER) stress- or oxidative stress-induced 
cell death. Therefore, the consumption of H. erinaceus, 
and of dietary supplements derived thereof, has been 
suggested for the prevention and treatment of dementia, 
and especially of Alzheimer’s disease [1, 6–12].

The erinacines A to I, P, and Q are diterpenoid com-
pounds with a cyathane skeleton consisting of five-, six-, 
and seven-membered rings. Among the erinacines A to 
G, erinacine C (Fig. 1) showed the strongest induction of 
NGF synthesis [1]. Various strategies have been reported 
for the chemical synthesis of cyathane type diterpenoids, 
e.g., the total synthesis of allocyathin B2, erinacine A, and 
erinacine E [13–17]. However, all of the chemical synthe-
ses are complex multistep processes and suffer from low 
yields. Watanabe and Nakada [15] described the total syn-
thesis of erinacine E in 39 steps with a total yield of 0.9 %. 
Snider [17] reported the total synthesis of erinacine A in 
19 steps with a yield of 1 %. Therefore, the biotechnological 
production of erinacine C was investigated in submerged 
cultures of H. erinaceus in the present study. The culture 
substrates were optimized and the production kinetics 
of erinacine C and of its supposed precursor erinacine P 
(Fig. 1) were recorded by HPLC–DAD analysis. Addition-
ally, the combination of high-performance thin-layer chro-
matography (HPTLC) with a bioassay allowed for a fast 
evaluation of the antimicrobial activity of the erinacines.

Results
Optimization of erinacine C production
The concentrations of erinacine C formed in the mycelia 
and supernatants of the cultures grown in media 1–7 were 
different (Fig. 2). The presence of oatmeal was crucial for 
the biosynthesis of erinacine C, as erinacine C was not 
detected in medium 3 (without oatmeal). Besides, the use 
of Edamin® K increased the formation of erinacine C sub-
stantially. The concentration of erinacine C in medium 7, 
in which Edamin® K was used instead of Edamin® S, was 
about 8.5 times higher than in the reference medium 1.

Based on these results, the effect of oatmeal on eri-
nacine C production was rechecked in medium 7 (with 
oatmeal) versus medium 8 (without oatmeal). Erinacine 
C was produced in medium 8 in spite of the missing oat-
meal, but the production of erinacine C was higher in 
medium 7 (Fig. 3). Approximately 257 mg L−1 erinacine 
C was detected in the supernatants in medium 7 on the 
9th culture day, compared to ~85 mg L−1 in the superna-
tants of medium 8. Therefore, medium 7 was chosen for 
the following experiments.

The concentrations of erinacine P and C were both 
found to be time-dependent (Fig. 4). The concentrations 
of erinacine P increased during the first three culture 
days and decreased thereafter. With the decreasing con-
centrations of erinacine P, the concentrations of erinacine 
C increased steadily. A maximum concentration of erina-
cine P of ~184 mg L−1 was observed on the third culture 
day, while the maximum concentration of erinacine C 
was 257 mg L−1 on the 9th culture day.

HPTLC‑UV/vis/FLD‑Aliivibrio fischeri analysis
HPLC has been mainly applied for the analysis of natu-
ral products from complex matrices. However, the use 
of HPTLC for natural product analysis provides a num-
ber of advantages. It allows, e.g., for a screening for bio-
activity directly on the plate, for quantification, and by 
coupling to mass spectrometers also for compound con-
firmation or structure suggestions.

The compound zones at hRF 34 (erinacine P) and hRF 
49 clearly showed antibacterial activity (Fig.  5). Erina-
cine P was also detectable by inspection of the chro-
matogram at UV 254 nm, while the substance at hRF 49 
was fluorescent at UV 366 nm. The results obtained by 
HPLC–DAD were clearly confirmed by HPTLC-UV/
FLD analysis followed by bioautography. Also here, the 
concentrations of erinacine P increased during the first 3 
cultivation days and decreased thereafter. It was evident 
that the unknown bioactive compound zones at hRF 49 
clearly increased, similarly to erinacine C as discussed 
before.

Fig. 1 Structures of erinacine C and P
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HPTLC‑mass spectrometry
Extracts of mycelia from submerged cultures of H. erina-
ceus on day 4 and the reference compound erinacine  P 
were both applied on the same HPTLC plate. The MS 
spectra of the substance zone at hRF 34 showed m/z val-
ues of 515.2 [M+Na]+ and 455.1 [M+Na–CH3COOH]+ 
in the ESI+ mode, which were identical with those of the 
reference compound erinacine P (Fig. 6).

Discussion
The production of erinacine C strongly depended on 
the medium composition. Oatmeal and Edamin® K 
supported the formation of erinacine C. Oatmeal as a 
complex substrate provided protein, fat, carbohydrates, 
dietary fiber, and mineral nutrients. It might act as a car-
bon source as well as a nitrogen source. Edamin® K rep-
resents a high quality source of peptides and amino acids 
produced by enzymatic digestion of lactalbumin, which 
acted in the medium as a nitrogen source.

The comparison of medium 7 to medium  1 proved 
the essential role of Edamin® K for the production of 
erinacine C. The maximum concentration of erina-
cine P of 184 mg L−1 was observed after 3 culture days 
(Fig.  4). Afterwards, the concentrations of erinacine P 
decreased while the concentrations of erinacine C stead-
ily increased. These data are in good agreement with the 
results of Kenmoku et  al. [12] who suggested erinacine 
P as a precursor of erinacine C. Erinacine P is supposed 
to be an early metabolite of the cyathane xylosides fam-
ily as, e.g., the erinacines A and B were formed from 
erinacine P. The biosynthetic relationship between eri-
nacine Q, erinacine P, and erinacine C was elucidated by 
a 1′-13C-d-glucose labeling experiment. Based on NMR 
data, 1′-13C-erinacine Q was converted into 1′-13C-eri-
nacine C via 1′-13C-erinacine P [11]. The erinacines Q 
and P may be the common biosynthetic intermediates of 
cyathane xylosides such as the erinacines A, B, C and H 
in H. erinaceus, the erinacines E, F and G in H. romosum, 
and the striatals and striatins in Cyathus spp. However, 
detailed product formation kinetics of erinacine P and 
erinacine C have been reported in the present study for 
the first time. The product formation kinetics suggested 
an optimum harvest time of 3  days for erinacine P, and 
of 9  days for erinacine C. The product concentrations 
of >250 mg L−1 for erinacine C could form a basis for a 
profitable industrial fermentation process.

The production of erinacine C could be further opti-
mized by, e.g., variation of the concentration of Edamin® 
K, regulation of the culture pH, adjustment of an ideal 
C/N ratio or addition of certain mineral elements. Krzy-
cykowski et al. [18] reported on the effects of the carbon 
and nitrogen sources, mineral elements, and of the initial 
pH of the culture medium on the growth of H. erinaceus 

Fig. 2 Effect of medium components on the production of erinacine 
C (means and standard deviations). The cultivation was stopped on 
day 27

Fig. 3 Production of erinacine C (means and standard deviations) in 
medium 7 (with oatmeal) versus medium 8 (without oatmeal)

Fig. 4 Production of erinacines C and P (means and standard devia-
tions) in the culture supernatants of H. erinaceus (HPLC–DAD analysis 
at 210 nm, duplicate cultures)
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and the production of erinacine A. A more acidic pH of 
the culture medium (i.e. pH 4.5) positively affected both 
mycelial growth and erinacine A production. Likewise, 
the addition of ZnSO4 and NaCl improved the synthesis 

of erinacine A. Considering the role of erinacine P as a 
precursor of cyathane xylosides, it may be necessary to 
optimize the yields of erinacine P to achieve higher prod-
uct concentration of erinacine C.

Fig. 5 Direct bioautography (HPTLC-Aliivibrio fischeri) of secondary metabolites from submerged cultures of H. erinaceus from culture days 1–9 
(applied in duplicate): a bioluminescent bioautogram documented as grey scale image after 30 min and after 3 min compared to detection at b UV 
254 nm and c UV 366 nm

Fig. 6 HPTLC-MS analysis. a Chromatogram and full scan MS spectra of the substance zone at hRF 34 from crude mycelial extracts of culture day 4 
in comparison to and b those of the reference erinacine P
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HPTLC is commonly used in food analysis to detect, 
e.g., dyes, sugars, antioxidants, or artificial sweeteners. 
However, HPTLC is also broadly applied for the analysis 
of natural products. Recently, isolated sesquiterpenoids 
from Cyperus rotundus have been screened for their 
antioxidative potential [19]. The authors described a vali-
dated HPTLC method for the identification and quantifi-
cation of solavetivone, aristolone and nootkatone, which 
showed no significant variation to the common HPLC 
method. The combination of HPTLC and bioassays (bio-
autography) or HPTLC and MS/NMR indicated that 
HPTLC might be considered as a fast and highly reliable 
method for compound identification or zone confirma-
tion [20–24].

In the present study, HPTLC-UV/vis/FLD-bioassay 
was used in addition to HPLC–DAD for the analysis 
of secondary metabolites from submerged cultures of 
H.  erinaceus. While erinacine C remained at the start 
line under the chromatographic conditions applied, 
the substance at hRF 34 was confirmed to be erinacine 
P. This was substantiated by mass spectrometric data, 
UV/vis spectra, and comparison to the authentic ref-
erence compound. Comparable product formation 
kinetics for erinacine P were obtained by HPLC–DAD 
and HPTLC analyses (Additional file  1: Figures  S1, 
S2). Different from HPLC–DAD, HPTLC allowed for 
visualization of antibacterial compounds directly on 
the plate. The antimicrobial activity of erinacine P has 
been described previously in [26]. Apart from erina-
cine P, a second compound with strong activity against 
Aliivibrio fischeri bacteria (hRF 49) was detected in the 
supernatants of H. erinaceus. HPTLC-MS analyses did 
not allow for an unambiguous identification of this 
compound and of at least two further metabolites with 
antibacterial activity. Further HPTLC-high-resolution 
MS studies will be necessary to elucidate the structures 
of these metabolites.

Conclusions
Oatmeal and Edamin® K were found to be essential 
medium components for the production of erinacine C. 
The maximum concentration of erinacine P was observed 
after 3 culture days, while thereafter the concentration 
of erinacine C steadily increased. The proposed HPTLC-
UV/vis/FLD-bioassay method allowed for an efficient 
detection and also quantification of erinacine P. Bioac-
tive secondary metabolites from submerged cultures of 
H. erinaceus were observed instantly via direct bioau-
tography (HPTLC-Aliivibrio fischeri). The direct link 
to antimicrobial compounds and confirmation by mass 
spectrometry was considered as streamlined tool for nat-
ural product analysis.

Methods
Fungal strain and reference compounds
Hericium erinaceus (FU70034, isolated from basidiocarp 
tissue) was obtained from InterMed Discovery (IMD) 
Natural Solutions, Dortmund, Germany. The fungus was 
maintained on a solid medium containing 20 g L−1 malt 
extract (Fluka, Neu-Ulm, Germany) and 15 g L−1 agar–
agar (Roth, Karlsruhe, Germany). The identity of the 
strain was confirmed by comparison of its ITS nrDNA 
sequences with reference data in NCBI BLAST® (for 
sequence data cf. Additional file 1: Figure S3). The strain 
FU70034 showed 95  % identity to Hericium erinaceus 
from different geographic origins (Additional file 1: Table 
S1 with references).

Reference substances of erinacine C and erinacine P 
were isolated from extracts of H. erinaceus cultures by 
preparative HPLC and identified by MS and NMR analy-
ses as described previously [25].

Medium composition and cultivation
Yeast malt medium consisted of d-(+)-glucose monohy-
drate 4.0 g L−1, malt extract 10.0 g L−1, and yeast extract 
4.0 g L−1 (all Roth). The pH was adjusted to 6.3, and the 
medium was autoclaved at 121  °C for 20  min prior to 
use. Various main culture media were tested (data not 
shown), and the production of erinacine C was con-
firmed only in sugar molasses medium (medium 1). The 
optimization of erinacine C production was thus based 
on medium 1. One of the carbon sources was omitted 
in the media 2–7, respectively, and the nitrogen source 
Edamin® S was changed to Edamin® K in media 7 and 8 
(Table  1). Molasses was obtained from Südzucker, Off-
stein, Germany and oatmeal was from Dr. Oetker, Düs-
seldorf, Germany. Sucrose and ammonium sulfate were 
purchased from Roth, and d-Mannitol, Edamin® S, 
Edamin® K, and calcium carbonate were purchased from 
Sigma, Taufkirchen, Germany. The media were auto-
claved at 121 °C for 20 min prior to use.

Pre-cultures of H. erinaceus were grown submerged 
in 250  mL Erlenmeyer flasks containing 100  mL yeast 
malt medium at 24  °C and 150  rpm for 7  days. After-
wards, 40 mL homogenized mycelia were inoculated into 
400  mL main culture medium in 1000  mL Erlenmeyer 
flasks and incubated at 24  °C and 150  rpm for further 
9  days. All samples for HPTLC analysis were obtained 
from cultures in medium 7.

Sample preparation
Twenty mL culture supernatant were extracted with 
20  mL ethyl acetate (≥99.5  %, Ph. Eur., Roth). The 
ethyl acetate phase was dried over sodium sulfate 
(water free,  >99  %, Roth) and 15  mL of the extract was 
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evaporated to dryness. The residue was dissolved in 1 mL 
acetonitrile (Chromasolv, gradient grade, Sigma) for 
HPLC and HPTLC analyses.

Additionally, the concentrations of erinacine C in the 
mycelia were analyzed by HPLC–DAD. Therefore, the 
mycelia were separated from the culture supernatants by 
centrifugation (2880×g, 4 °C, and 10 min) and washed 3 
times with water. Afterwards, the mycelia were extracted 
with 20 mL ethyl acetate twice. The combined ethyl ace-
tate phases were dried over sodium sulfate, and 30 mL of 
the extract was evaporated to dryness. The residue was 
dissolved in 1 mL acetonitrile for analysis.

Mycelia from culture day 4 were used for HPTLC-MS 
analyses. The mycelia were prepared as described before, 
except that 20 mL of the extract was evaporated to dry-
ness. All experiments were performed in duplicate.

HPLC–DAD analysis
The HPLC system consisted of pump L-7100, autosa-
mpler L-7200, interface D-7000, and diode array detec-
tor L-7455 (Merck Hitachi, Darmstadt, Germany). A 
reversed phase Nucleosil® 100-5 C18, CC 125/3 mm with 
a respective guard column (CC 8/3 mm) was used (Mach-
erey–Nagel, Düren, Germany). A mixture of acetonitrile 
(A) (HPLC gradient grade, Sigma) and bidistilled water 
(B) served as eluent. Gradient: 30 % A (0 min)—50 % A 
(15 min)—50 % A (16 min)—100 % A (23 min)—100 % A 
(38 min)—30 % A (43 min)—30 % A (47 min). The flow 
rate was 0.6 mL min−1.

HPTLC‑UV/vis/FLD analysis
HPTLC plates silica gel 60 F254, 20  cm ×  10  cm, were 
obtained from Merck, Darmstadt, Germany. Prior to 
use, the plates were pre-washed with methanol—water 
(4:1, v/v) and dried (110 °C, 15 min). The sample extracts 
were applied as 8 mm bands onto the HPTLC plate using 
the Automatic TLC Sampler ATS 4 (CAMAG, Muttenz, 
Switzerland). The track distance was 10 mm. In the Twin 
Trough Chamber 20 ×  10 cm (CAMAG), the plate was 

developed with 9  mL n-hexane–ethyl acetate–methanol 
(6:11:1, v/v/v). For an acidic plate conditioning, 1 mL ace-
tic acid was filled in the opposite chamber trough. After 
development, the plate was dried at room temperature 
and documented at UV 254 nm, UV 366 nm, and white 
light illumination using the TLC Visualizer (CAMAG). 
The recording of spectra (200–700 nm) and densitomet-
ric absorbance measurement at 210 nm were performed 
by TLC Scanner 4 (CAMAG). All data were processed 
and evaluated by winCATS version 1.4.7.2018 (CAMAG).

Bioautography
For bioautography, the HPTLC plate was automatically 
immersed into the bioluminescent Aliivibrio fischeri 
bacteria suspension prepared according to DIN EN ISO 
11348-1, Sect.  “Methods”. The immersion speed was 
4  cm/s and the immersion time 1  s using the Chroma-
togram Immersion Device (CAMAG). The bioautogram 
was documented as greyscale image with an image accu-
mulation time of 50 s using the BioLuminizer (CAMAG). 
Changes were monitored by capturing an image every 
3 min over a 30-min period. Aliivibrio fischeri bioactive 
zones were instantly visible as darkened or enlightened 
zones on the luminescent background.

HPTLC‑mass spectrometry
On the chromatogram, the target zone erinacine P (hRF 
34) was marked at UV 254  nm with a soft pencil. The 
TLC-MS Interface equipped with the oval elution head 
of 4 mm × 2 mm (CAMAG) was coupled to the electro-
spray interface of a single quadrupole mass spectrometer 
(CMS, Advion, Ithaca, NY, USA). The target zone was 
eluted with methanol at a flow rate of 0.1 mL min−1. The 
total ion current (TIC) full scan mass spectra (m/z 100–
1000) were recorded in the positive ionization mode. A 
plate/system background spectrum was recorded at a 
comparable migration distance and subtracted from the 
analyte spectrum. The elution head was flushed with elu-
ent and dried after each measurement.

Table 1 Main culture media 1–8 for optimization of erinacine C production

Medium concentration (g L−1) 1 2 3 4 5 6 7 8

Molasses 5 – 5 5 5 5 5 5

Oatmeal 5 5 – 5 5 5 5 –

d-(+)-glucose monohydrate 1.5 1.5 1.5 – 1.5 1.5 1.5 1.5

Sucrose 4 4 4 4 – 4 4 4

d-mannitol 4 4 4 4 4 – 4 4

Edamin® S or K 0.5 S 0.5 S 0.5 S 0.5 S 0.5 S 0.5 S 0.5 K 0.5 K

Ammonium sulfate 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Calcium carbonate 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
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Multiple genotypes within aecial clusters 
in Puccinia graminis and Puccinia coronata: 
improved understanding of the biology 
of cereal rust fungi
Anna Berlin* , Berit Samils and Björn Andersson

Abstract 

Background: Cereal rust fungi (Puccinia spp.) are among the most economically important plant pathogens. These 
fungi have a complex life cycle, including five spore stages and two hosts. They infect one grass host on which they 
reproduce clonally and cause the cereal rust diseases, while the alternate host is required for sexual reproduction. 
Although previous studies clearly demonstrate the importance of the alternate host in creating genetic diversity in 
cereal rust fungi, little is known about the amount of novel genotypes created in each successful completion of a 
sexual reproduction event.

Results: In this study, single sequence repeat markers were used to study the genotypic diversity within aecial 
clusters by genotyping individual aecial cups. Two common cereal rusts, Puccinia graminis causing stem rust and 
Puccinia coronata the causal agent of crown rust were investigated. We showed that under natural conditions, a single 
aecial cluster usually include several genotypes, either because a single pycnial cluster is fertilized by several different 
pycniospores, or because aecia within the cluster are derived from more than one fertilized adjoining pycnial cluster, 
or a combination of both.

Conclusion: Our results imply that although sexual events in cereal rust fungi in most regions of the world are 
relatively rare, the events that occur may still significantly contribute to the genetic variation within the pathogen 
populations.

Keywords: Stem rust, Crown rust, Cereal rusts, Life cycle

Background
Cereal rust fungi (Puccinia spp.) are among the most 
studied plant disease-causing agents, as they affect cere-
als and grasses in all parts of the world, potentially caus-
ing devastating yield losses. Some of the most important 
cereal rust diseases are stem rust (caused by P. graminis), 
stripe rust (P. striiformis), leaf rust on wheat (P. triticina) 
leaf rust on rye (P. recondita), barley leaf rust (P. hordei) 
and crown rust on oats (P. coronata) [1, 2]. Cereal rust 
species can be subdivided based on their host specificity 

[3], and all cereal rusts may infect a wide variety of wild 
grass species [4]. The different specializations are referred 
to as formae speciales (f. sp.), i.e. the wheat-infecting P. 
graminis is referred to as P. graminis f. sp. tritici and the 
oat-infecting type as P. graminis f.sp. avenae [3].

Cereal rust fungi are obligate biotrophs that have mac-
rocyclic and heteroecious life cycles, including five spore 
stages and two hosts. The gramineous hosts enable effi-
cient clonal reproduction while the alternate hosts are 
necessary for sexual reproduction, which constitutes 
an important source of genetic diversity [5]. The spore 
stage causing disease on cereals and other grasses is the 
uredinial stage, where clonally propagated dikaryotic 
urediniospores re-infect the gramineous hosts in several 
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infection cycles. The urediniospores are thick-walled 
and withstand solar irradiation [6], which enable rusts 
to potentially spread with winds over large distances [7]. 
As the gramineous host matures, the fungus initate teli-
ospore production. The teliospores of P. graminis appear 
in the same pustules (or sori) as the urediniospores, while 
teliospores of P. coronata create a characteristic blackish 
ring around the pustule of urediniospores [8]. In temper-
ate climates, the teliospores are the overwintering spores. 
Puccinia graminis and P. coronata undergo karyogamy 
in autumn, whereupon meiosis starts and is completed 
in spring when the teliospores germinate and haploid 
basidiospores develop [9, 10]. The basidiospores can only 
disperse in the range of hundreds of meters [11] before 
infecting young tissue of the alternate hosts, where pyc-
nia and pycniospores (syn. spermogonia and spermatia) 
develop. One infection originating from a single basidio-
spore usually gives rise to multiple pycnia in a tight group 
(pycnial cluster) on the upper side of the host leaf [12]. 
The pycniospores are produced in a sugary nectar that 
attracts insects that act as vectors and transfer the spores 
between pycnia [10, 13]. Pycniospores can also disperse 
by splashing raindrops. When a pycniospore from one 
pycnial cluster successfully fertilizes the receptive hyphae 
of a pycnial cluster of the opposite mating type, a dikary-
otic mycelium is formed which grows towards the lower 
side of the leaf where an aecium develops, and dikaryotic 
aeciospores are formed. The aecium has a cup-like form 
and usually appears close together with other aecia in an 
aecial cluster (or cup cluster), opposite the pycnial cluster 
[13]. It has been suggested that spores within an aecium 
are genetically identical [8, 14]. The aeciospores are 
released from the aecia and infect the gramineous hosts, 
where new uredinia and urediniospores are produced.

The role of the alternate hosts of rust fungi on cereals 
has regained attention after the emergence of the virulent 
P. graminis race Ug99 [15] and the discovery of barberry 
as the aecial host of the stripe rust fungus P. striiformis 
[16]. The life cycle of P. graminis has been known for cen-
turies [17], and both P. striiformis and P. graminis have 
the shrub barberry (Berberis spp.) and Mahonia (Maho-
nia spp.) as their alternate hosts [16, 17]. The alternate 
hosts for P. coronata, the fungus causing crown rust on 
oats and other grasses, are Rhamnus spp. and Frangula 
alnus. However, the literature reports that the forma 
specialis infecting oats only produce aecia on Rhamnus 
cathartica [4, 8].

Jin et al. [18] showed that the presence of the alternate 
hosts Berberis vulgaris, Mahonia repens and M. aquifo-
lium in North Western United States of America main-
tained the diversity within the P. graminis population, 
whereas it has declined to a single clonal linage on the 
west side of the Rocky Mountains where barberry has 

been successfully eradicated. Other studies also show that 
the genetic diversity within the pathogen populations on 
the gramineous hosts are high in regions where the grow-
ing seasons are clearly separated and the alternate host 
are needed for the rusts survival [19–21]. In areas where 
the fungus can survive year-round in the clonal, uredin-
ial, stage on its gramineous host, the genetic diversity 
originating from sexual reproduction is suggested to be 
limited. One example of this is the Ug99 race lineage of P. 
graminis. This race was first detected in Uganda in 1999 
[15] and fifteen years later it dominated the P. graminis 
population in East Africa [22].

Traditionally, the studies of variation within cereal 
rust fungi have been based on race analysis where vir-
ulence against known resistance genes is tested. Many 
rust resistance genes have been identified and charac-
terized [23]. The race identification is performed by 
inoculating urediniospore isolates on a set of differen-
tial host lines, each carrying different resistance genes. 
Specific virulence phenotypes (races or pathotypes) are 
defined by the phenotypic reactions on the differential 
host lines, giving a specific resistance pattern for each 
fungal isolate [24, 25]. Earlier studies, using race analy-
sis of uredinial offspring, show that phenotypically dif-
ferent individuals can be produced from a single aecial 
cluster [26, 27]. Although virulence phenotyping is use-
ful for its purpose, it will not identify overall genetic 
variation or separate among individual genotypes effi-
ciently. By applying molecular methods and DNA-based 
markers, genetic relationships among fungal isolates 
can be determined based on neutral markers and with 
higher resolution [28].

In our study, we aimed to determine the genotypic 
diversity after a single completion of the sexual part 
of the life cycle of cereal rust fungi under natural con-
ditions. Aecial clusters from natural infections of P. 
graminis, collected on B. vulgaris, and P. coronata, col-
lected on R. cathartica and F. aluns, were analyzed. The 
genotypic diversity among cups within single aecial clus-
ters on the alternate hosts of these fungi was investigated 
using single sequence repeat (SSR) markers.

Results
In total, the eight SSR markers used to analyze the aecial 
collections of P. graminis identified 46 alleles, and the ten 
SSR markers used in the aecial collections of P. coronata 
identified 40 alleles (Table  1). For P. coronata, the allele 
distribution showed a clear population differentiation 
between the two aecial hosts F. alnus and R. cathartica. 
Only one of the identified alleles (locus PcaSSR B02, allele 
167) was shared between samples collected from the two 
hosts. One SSR marker (PcaSSR A66) completely failed 
to amplify in the samples collected from F. alnus, and 
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one (PcaSSR B25) only amplified two out of 18 samples 
(Additional file 1: Table S1).

In total 22 aecial clusters were analyzed; 12 represent-
ing P. coronata, where 7 were excised from R. cathar-
tica and 5 from F. alnus, and 10 representing P. graminis 
which were all excised from B. vulgaris (Table  2, Addi-
tional file 1: Table S1 and Additional file 2: Table S2). The 
number of aecial cups analyzed for each cluster reflects 
the size of the particular cluster, and ranged between 2 
and 21 cups genotyped (N), with an overall average of 8.4 
cups genotyped per cluster.

The multilocus genotype (MLG) for each individual 
aecial cup (aecium) was determined by the combination 
of the alleles from all individual SSR markers for that 
particular sample. Multiple genotypes were detected in 
all but one aecial cluster, with an average of 4.1 MLGs 
for P. coronata and 4.9 MLGs per cluster for P. graminis 
(Table  2). It should be noted that in particular for P. 
coronata, the high number of non-detected alleles for 
samples collected from F. alnus could lead to an under-
estimation of the number of MLGs. Within each aecial 
cluster, in most cases, one of the two alleles for each 
SSR locus is invariant among aecial cups whereas the 
other allele may differ (Figs.  1, 2). A few exceptions to 
this pattern were detected in three of the 10 clusters in 
P. graminis, where one or a few aecial cups did not share 
the common allele with other cups in the same cluster 

(cluster cups 1603 D-H; 1613 A-D; 1617 A, Additional 
file 2: Table S2).

Discussion
The present study aimed at determining the fine-scale 
genotypic diversity in the aecial stage of cereal rust fungi. 
Our results showed that under natural conditions, dif-
ferent genotypes are usually produced within each aecial 
cluster on the alternate host of both P. graminis and P. 
coronata. This implicates that a single mating event will 
contribute substantially to the genetic variation in a 
cereal rust fungal population. Multiple genotypes within 
aecial clusters have previously been indicated by viru-
lence phenotyping [26, 27]. After artificial fertilization of 
one pycnial cluster, aeciospores from a single aecial cup 
(or aecium) produced one virulence phenotype, while 
other cups within the same aecial cluster produced off-
spring with a different phenotype. Here we used molec-
ular markers to demonstrate that multiple genotypes 
within aecial clusters are common in nature, and as many 
as ten different multilocus genotypes were detected 
within a single cluster.

Multiple genotypes within an aecial cluster suggest 
multiple fertilization events within a pycnial cluster. 
We showed that the aecial cups within a cluster usually 
shared one allele for each SSR loci, while the second allele 
in many cases differed between the cups. This pattern 

Table 1 Allele sizes of SSR loci for Puccinia coronata and Puccinia graminis

* Allele shared between hosts

Source of SSR markers: a Dambroski et al. [29], b Berlin et al. [20], c Szabo [30], d Zhong et al. [31], e Jin et al. [32]

Puccinia coronata Rhamnus cathartica Frangula alnus Berberis vulgaris

PcaSSRA59a 137, 140, 143 134

PcaSSRA66a 175, 185, 187

PcaSSRA67a 189, 191 172

PcaSSRA73a 150 156, 160

PcaSSRB02a 159, 161, 164, 167* 167*, 172

PcaSSRB09a 142, 151 125

PcaSSRB25a 197, 201, 203, 205

PcaSSRB33a 182, 186, 188, 196 166

PcaSSRC52a 192, 200, 202 190

PcaSSRC76a 143 137, 139, 141, 152

Puccinia graminis
Pgestssr021b 231, 237, 240, 243, 246, 249, 252

PgtSSR21c 167, 169, 171, 173, 175

Pgestssr024b 121, 130, 133, 156, 159

Pgestssr109d 159, 162, 168, 171, 174

Pgestssr255b 228, 231, 234, 237, 240, 243, 246

Pgestssr279d 169, 175, 178, 181, 184

Pgestssr368d 229, 232, 235, 238, 241, 245, 248

PgtCAA53e 176, 185, 202, 211, 214
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indicates that one pycnial cluster (consisting of pycnia 
with identical genotypes) are fertilized by genotypically 
different pycniospores, i.e. coming from different pycnial 
clusters. The shared allele would thus originate from the 
resident pycnial cluster, and the second allele would orig-
inate from the fertilizing pycniospores. This pattern was 
observed for both P. graminis and P. coronata, indicat-
ing that it may be consistent across different cereal rust 
species. A similar allelic pattern has been observed in the 
blister rust fungus of Scots pine, Cronatium flaccidum, 
where one allele was shared within aecial lesions, indicat-
ing multiple mating’s between the spermogonium (syn. 
pycnium) and fertilizing spermatia (syn. pycniospores) 
[33]. In nature, multiple fertilizations are supported by 
insects who are attracted by the pycnispore-containing 
nectar in the pycnia and travel from leaf to leaf and trans-
fer pycniospores among pycnia. It is also possible that 
closely located pycnial clusters may contribute to the 

same aecial cluster, and in such case both alleles of the 
SSR loci might differ between some aecial cups. Such a 
pattern was not common in the present study, but was 
detected in a few cases for P. graminis (Additional file 2: 
Table S2).

As a result of meiosis taking place in the teliospore, the 
offspring produced from a selfing of a clonal linage of a 
rust fungus will be genetically diverse. This was demon-
strated by two recent studies [14, 34]. For example, Tian 
et  al. [34] selfed a P. striiformis isolate, resulting in 118 
viable offspring’s determined as 82 multilocus genotypes 
and 24 virulence phenotypes. When diversity is described 
by virulence phenotyping, the true genotypic diversity 
will be underestimated, since only variation caused by a 
limited number of virulence genes is assessed, and addi-
tionally, virulence genes are usually recessive und can 
thus be hidden in the avirulent phenotypes. The study by 
Tian et al. [34] clearly shows this discrepancy and it also 
illustrates the level of overall genetic variation originating 
from sexual recombination within a single clonal linage. 
These results, in combination with our findings, imply 
that there will be large amounts of genetic and genotypic 
variation in the aeciospore inoculum reaching and infect-
ing the grass hosts.

Our results on host specific allele sizes of SSR loci 
confirm the usefulness of SSR markers to distinguish 
between formae speciales of P. coronata, as they agree 
with the previously described DNA sequence based 
genetic differentiation of the two formae speciales [35] 
and their ability to only infect specific alternate hosts 
[4].

A practical implication of our results for population 
genetic studies as well as virulence phenotyping is the 
scale of sampling required and interpretations of viru-
lence tests. Algorithms in population genetic analyses 
are often based on single isolates (i.e. single individuals) 
and thus sampling in the aecial stage of cereal rust fungi 
should be done on individual aecial cups, rather than 
entire aecial clusters. If sampling and analyses are done 
on genotypic mixtures it may give confusing and errone-
ous results. The same is also applicable for virulence phe-
notyping. If mixtures of aeciospore genotypes are tested, 
the results could imply complex virulence races where 
in reality simple virulence races were mixed together. 
Additionally, there is some inconsistency in terminology 
of aecial morphology, which could lead to misinterpreta-
tions. According to many textbooks and other literature 
[14, 36, 37], a single cup in an aecial cluster of P. graminis 
represents an aecium. However in some studies, the 
whole aecial cluster (with several aecial cups) is denoted 
as an aecium [38, 39]. In other studies, it may be unclear 
whether an aecium refers to a single aecial cup or a cup 
cluster.

Table 2 Number of  aecial cups genotyped (N) and  num-
ber of identified multilocus genotypes (MLGs) within each 
aecial cluster of  Puccinia coronata and  Puccinia graminis 
respectively, collected on  Rhamnus cathartica, Frangula 
alnus and Berberis vulgaris

Host N MLG

P. coronata

 1604 Rhamnus cathartica 5 4

 1605 Rhamnus cathartica 21 10

 1606 Rhamnus cathartica 6 6

 1607 Rhamnus cathartica 6 4

 1608 Rhamnus cathartica 4 3

 1609 A–G Rhamnus cathartica 7 6

 1609 H–J Rhamnus cathartica 3 2

 1611 A–C Fragula aluns 3 1

 1611 D–F Fragula aluns 3 2

 1611 G–M Fragula aluns 7 6

 1611 N–O Fragula aluns 2 2

 1611 P–R Fragula aluns 3 3

Total 70 49

P. graminis

 1601 Berberis vulgaris 13 4

 1603 Berberis vulgaris 16 9

 1612 A–F Berberis vulgaris 6 3

 1612 G–I Berberis vulgaris 3 2

 1612 J–O Berberis vulgaris 6 2

 1613 Berberis vulgaris 14 7

 1614 Berberis vulgaris 17 5

 1615 Berberis vulgaris 15 6

 1616 Berberis vulgaris 7 4

 1617 Berberis vulgaris 18 8

 Total 115 49
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Conclusions
The genetic diversity of the uredinial, clonal stage of both 
P. graminis and P. coronata on the cereal hosts, has been 
extensively studied in several areas of the world. In the 
present study, we emphasise the importance of the aecial 
stage on the alternate host in creating genotypic diversity, 
where one successful completion of the sexual cycle in 
natural condition may result in aecial clusters containing 
several novel genotypes. This means that genetic diver-
sity is introduced to the cereal rust fungal populations 
more efficiently than previously acknowledged. The main 
conclusion of our result is that although sexual events of 
cereal rust fungi in most regions of the world are rela-
tively rare, the events that do occur may still contribute 
significantly to the genetic variation within the pathogen 
populations.

Methods
Collections of natural infected leaves showing clear 
symptoms of cluster cup rust were performed at two 
locations (Hågadalen N59°49′16″ E17°36′4″ and Skerike 
N59°37′40″ E16°30′13″) in late June. Both locations were 
located approximately 500  m from the closest cereal 
fields. Samples of Berberis vulgaris and F. alunus leaves 

were collected in Hågadalen and R. cathartica leaves in 
Skerike. The leaf samples were put in a plant press before 
returning to the laboratory.

The aecia were photographed and single aecial cups 
were carefully cut to enable genotyping of the individ-
ual cups within an aecial cluster. Sample identities were 
indicated on the photo for later correlation between 
sample position within an aecial cluster and genotype. 
Aecia on B. vulgaris and R. cathartica were commonly 
found and were excised from both the same and differ-
ent leaves. However, aecial clusters on F. alnus were 
scarce and all were excised from the same leaf. For P. cor-
onata, 7 aecial cluster were sampled from R. cathartica 
and 5 from F. alnus, and 3–21 and 2–7 individual cups 
per cluster, respectively, were successfully genotyped. For 
P. graminis, 10 aecial clusters were sampled, and 3–18 
aecial cups were successfully genotyped. An average of 7 
cups per cluster was sampled, the differences in number 
of samples largely reflect the actual number of aecial cups 
within the sampled cluster.

For each of the sampled aecial cups, DNA was 
extracted using the OmniPrep Kit (G-Biosciences) for 
fungal tissues, with the adjustment of the amounts of 
reagents to half to adjust for small sample sizes. Eight 

Sample ID
1614 A 169 171 133 133 175 175 229 235
1614 B 169 169 133 133 175 175 229 235
1614 C 169 169 133 133 175 175 229 235
1614 D 169 169 133 133 175 175 229 235
1614 E 169 169 175 175 229 235
1614 F 169 169 133 133 175 175 229 235
1614 G 169 169 133 133 175 175 229 235
1614 H 169 169 133 133 175 175 229 235
1614 I 169 169 133 133 175 175 229 235
1614 J 169 169 133 130 175 175 229 235
1614 K 169 169 133 133 175 175 229 235
1614 L 169 169 133 130 175 175 229 235
1614 M 169 169 133 133 175 175 229 235
1614 N 169 169 133 133 175 175 229 235
1614 O 169 169 133 133 175 175 229 235
1614 P 169 169 133 133 175 175 229 235
1614 Q 169 169 133 133 175 175 229 235
1615 A 171 171 175 178 241 232
1615 B 171 171 133 133 175 178 241 232
1615 C 171 171 133 133 175 178 241 232
1615 D 171 171 133 133 175 178 241 232
1615 E 171 171 133 133 175 175 241 241
1615 F 171 171 133 133 175 178 241 232
1615 G 171 171 133 133 175 178 241 232
1615 H 171 171 133 133 175 178 241 232
1615 I 171 171 133 133 175 178 241 232
1615 J 171 171 133 133 175 178 241 232
1615 K 171 171 133 130 175 178 241 232
1615 L 171 171 133 133 175 178 241 232
1615 M 171 171 133 133 175 178 241 232
1615 N 171 171 133 133 175 178 241 232
1615 O 171 171 133 133 175 178 241 232
1616 A 171 171 133 133 175 175 235 229
1616 B 171 171 133 130 175 175 235 232
1616 C 171 171 133 133 175 175 235 229
1616 D 171 171 133 133 175 175 235 229
1616 E 133 133 175 175 235 229
1616 F 171 171 133 133 175 175 235 229
1616 G 171 171 133 130 175 175 235 229

PgtSSR21 Pgestssr024 Pgestssr279 Pgestssr368

133 133

n. d.

n. d.

n. d.

n. d.

Fig. 1 Puccinia graminis aecial clusters and SSR allele sizes of selected markers. Bar 1 mm
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single sequence repeat (SSR) markers developed for 
P. graminis [20, 30–32] and 10 SSR markers developed 
for P. coronata [29] were applied on the different fungal 
samples to study the genetic diversity within the aecial 
clusters (Table 1). The PCR reaction was performed in a 
14 μl reaction with the final concentration of 14 ng DNA, 
0.4 μM of the each forward and reverse primers respec-
tively, 3.5  mM  MgCl2, 0.02  mM of each of the dNTP, 
0.05  U/μl of DreamTaq DNA polymerase and Dream 
Taq buffer according to manufacturer’s recommendation 
(Thermo Fischer Scientific). PCR conditions were initial 
denaturation at 94 °C, followed by 35 cycles of denatur-
ation at 94  °C for 30  s, annealing at 55  °C for 30  s and 
extension at 72 °C for 30 s, and a final extension of 72 °C 
for 10 min. The length of the amplicons was determined 
using ABI 3730xl DNA Analyzer (SciLifeLab, Uppsala, 
Sweden) and was scored using the software GeneMarker 
(Softgenetics). To calculate the number of genotypes 
within each aecial cluster, the R add-in software PoppR 
was used [40].
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