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The fungal composition of natural 
biofinishes on oil-treated wood
Elke J. van Nieuwenhuijzen1*, Jos A. M. P. Houbraken1, Peter J. Punt2,3, Guus Roeselers2,4, Olaf C. G. Adan5 
and Robert A. Samson1

Abstract 

Background: Biofinished wood is considered to be a decorative and protective material for outdoor constructions, 
showing advantages compared to traditional treated wood in terms of sustainability and self-repair. Natural dark 
wood staining fungi are essential to biofinish formation on wood. Although all sorts of outdoor situated timber are 
subjected to fungal staining, the homogenous dark staining called biofinish has only been detected on specific veg-
etable oil-treated substrates. Revealing the fungal composition of various natural biofinishes on wood is a first step to 
understand and control biofinish formation for industrial application.

Results: A culture-based survey of fungi in natural biofinishes on oil-treated wood samples showed the common 
wood stain fungus Aureobasidium and the recently described genus Superstratomyces to be predominant constitu-
ents. A culture-independent approach, based on amplification of the internal transcribed spacer regions, cloning and 
Sanger sequencing, resulted in clone libraries of two types of biofinishes. Aureobasidium was present in both biofinish 
types, but was only predominant in biofinishes on pine sapwood treated with raw linseed oil. Most cloned sequences 
of the other biofinish type (pine sapwood treated with olive oil) could not be identified. In addition, a more in-depth 
overview of the fungal composition of biofinishes was obtained with Illumina amplicon sequencing that targeted the 
internal transcribed spacer region 1. All investigated samples, that varied in wood species, (oil) treatments and expo-
sure times, contained Aureobasidium and this genus was predominant in the biofinishes on pine sapwood treated 
with raw linseed oil. Lapidomyces was the predominant genus in most of the other biofinishes and present in all other 
samples. Surprisingly, Superstratomyces, which was predominantly detected by the cultivation-based approach, could 
not be found with the Illumina sequencing approach, while Lapidomyces was not detected in the culture-based 
approach.

Conclusions: Overall, the culture-based approach and two culture-independent methods that were used in this 
study revealed that natural biofinishes were composed of multiple fungal genera always containing the common 
wood staining mould Aureobasidium. Besides Aureobasidium, the use of other fungal genera for the production of 
biofinished wood has to be considered.

Keywords: Biofilm, Metagenomics, Mould, Wood protection, Wood staining

Background
Microbial growth causing discolouration on surfaces of 
outdoor situated materials is a common phenomenon 
[1–3]. Frequently these microbial stains are referred to 
as biofilm, although not all commonly accepted biofilm 

criteria might have been investigated [4]. Dark staining of 
painted and unpainted wood is mostly attributed to fungi 
and generally considered as unwanted discolouration  
[5, 6]. In contrast, the specific dark stain formation on 
wood called biofinish is considered to be a functional 
colouration [4] (Fig. 1). The colouration of a biofinish is, 
together with its presumed protection and self-healing 
properties, an important ingredient of a sustainable 
solution for a biocide free wood finish system [4, 7]. A 
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biofinish refers to a dark pigmented layer, that covers a 
wood surface almost entirely without exposing underlying 
wood structures, contains abundant microbial mass and 
that is irreversibly attached to the surface [4]. Biofinishes 
have been detected on wood impregnated with olive oil or 
raw linseed oil [4, 8]. The study described in this paper is 
focused on the characterization of the fungal composition 
of these biofinishes.

Although several fungal species are associated with 
outdoor wood staining [6, 9], little is known to which 
extent each taxon contributes to this staining. In some 
studies the fungal populations on timber surfaces were 
quantified [10, 11]. The study by Sailer et  al. [7] pro-
vides data, particularly of interest for the biofinishes 
on wood. One specific sample, made of pine sapwood 
and impregnated with refined linseed oil dissolved in 
acetone, was used to study the fungal composition of a 
homogenous dark stained wood surface. Later, biofin-
ishes were detected on other outdoor exposed oil-treated 
wood samples, including samples made of different wood 
species treated with olive oil. Analysis of these samples 
revealed the abundancy of the wood staining fungus 
Aureobasidium, but the results also indicated that this 
genus might not always dictate the fungal population of 
dense dark stained wood samples [4, 12]. The wood spe-
cies, oil type and the geographical location could influ-
ence the fungal community composition of a biofinish. 
In order to manufacture a stable biofinish and eventually 
apply biofinished wood in practice, a detailed composi-
tion of fungi present at various stained wood surfaces is 
elucidated in this paper.

Different techniques are available to study a fungal 
community on the surface of an environmental sam-
ple such outdoor exposed wood. Each technique has its 
advantages and disadvantages. Microscopic examination 
of the surface can be an easy method to study the surface 
of a material [13]. The main disadvantage is that identifi-
cation and enumeration is difficult in case of moulds on 
oil-treated wood surfaces [4]. A common way to iden-
tify and enumerate fungi is by culturing. A swab-based 
method can be used to analyse the culturable fungi that 
are present on a sample surface [4, 14]. This includes the 
determination of the number of colony forming units 
after incubation and identification based on macroscopic, 
microscopic and/or molecular analysis. Culture-based 
analysis only allows the detection of readily culturable 
species, which is effected by the media selection and 
overestimates the presence of abundantly sporulating 
species [13]. Culture-independent methods based on 
DNA analysis are frequently used and show complemen-
tary results [15–17]. Culture-independent approaches 
that rely on Next Generation Sequencing (NGS) methods 
have become state of the art to study microbial commu-
nities [16, 18, 19]. Albeit that these NGS methods provide 
advantages compared to earlier developed techniques, 
research to control and understand the biases occurring 
in all steps of a NGS method is still ongoing [18–20].

The objective of the present study was to analyse the 
fungal composition of various biofinishes on oil-treated 
wood surfaces. A culture-based swab method and two 
non-culturing methods based on either amplicon-clon-
ing followed by Sanger sequencing or Illumina amplicon 

Fig. 1 Oil-treated pine sapwood samples with natural formed biofinish and weathered samples without biofinish. Samples in the left row: treated 
with raw linseed oil. Samples in the middle row: treated with olive oil. Samples in the right row: untreated. Scale bar 10 mm
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sequencing were selected for the analysis. Wood samples 
without oil treatment and/or biofinish were used to com-
pare the diversity and predominance of fungal genera.

Methods
Several natural biofinishes were studied with a cul-
ture-based and two DNA sequencing-based methods 
(Table  1). The biofinish containing samples varied in 
wood species, type of oil and origin. Wood samples made 
of the same wood species without a biofinish, were stud-
ied as well. The viable fungal composition was studied of 
all samples. Specific samples, which were exposed in the 
Netherlands, were selected for the culture-independent 
fungal profiling methods.

Wood samples
The different wood species tested were pine (Pinus sylves-
tris), spruce (Picea abies) and ilomba (Pycnanthus ango-
lensis). Pine samples were  made totally of sapwood (sw) 
or a mixture of sapwood and heartwood (hw). No specific 
sapwood or heartwood selection was made for spruce 
and ilomba. Wood blocks were impregnated with raw lin-
seed, stand linseed or olive oil. Sets of impregnated and 
untreated wood samples were exposed outdoors at differ-
ent locations (Table 1). The sample dimensions, oil treat-
ments, outdoor exposure and handling procedures were 
described in van Nieuwenhuijzen et  al. [4]. All samples, 
except for the samples of set 3, have been analysed with 
the biofinish assessment method. This method consists 
of observations of the dark stained surface coverage at 
macroscopic and microscopic scale, and spectrophotom-
eter measurements of the pigmentation [4]. In summary, 
a biofinish is assigned when more than 90% of the surface 
is stained and does not expose structures of the wood 
such as annual rings or wood fibres, and the pigmentation 
measurements, expressed by sRGB colour space triplets, 
meet specific criteria (R, G and B values are below 82 and 
the value difference within a single RGB triplet is below 
20). The presence of biofinishes on the wood samples of 
set 3 was only estimated with visual observations of the 
stain coverage as described in the biofinish assessment 
method, which can overestimate biofinish identification.

Culturing colonies
The concentration of colony forming units (CFU) per cm2 
wood was determined for each specimen (Table  1). For 
this, biomass collected with a cotton swab was analysed 
as described by van Nieuwenhuijzen et al. [4]. Serial dilu-
tions were plated in duplicate (set 1 and 3–5) or triplicate 
(sample set 2) on dichloran 18% glycerol agar (DG18) 
and malt extract agar (MEA) supplemented with penicil-
lin and streptomycin (P/S). The agar media was prepared 
as described by Samson et al. [13]. The total number of 

colonies and those phenotypically resembling Aureoba-
sidium was determined after seven and fourteen days of 
incubation at 25 °C [12]. Besides the Aureobasidium col-
onies, also the predominant colonies were counted. Two 
or more colonies of each predominantly present colony 
type were transferred to new MEA plates. The isolates 
were deposited in the working collection of the Applied 
and Industrial Mycology department (DTO) housed at 
the CBS-KNAW Fungal Biodiversity Centre, The Nether-
lands and subjected to molecular identification.

DNA extraction
DNA was extracted from cultures grown on MEA plates 
according to van Nieuwenhuijzen et al. [12]. With respect 
to the culture-independent methods, biomass was 
removed with a sterile scalpel from the upper surface of 
a mould stained wood sample, collected on sterile paper 
and subsequently used to extract DNA [4]. In both cases 
the Ultraclean Microbial DNA isolation kit (MoBio Lab-
oratories, USA) was used according to manufacturer’s 
instructions.

PCR and Sanger sequencing of isolates
The nuclear internal transcribed spacers including the 
5.8S rRNA gene (ITS) of fungal isolates were amplified 
with the primer pair V9G [21] and LS266 [22]. In case 
additional sequence information was needed for a proper 
identification of a strain, the LSU gene was partially 
amplified using the forward primer LROR (Reh) GTAC-
CCGCTTGAACTTAAGC [23] or LROR (VilU) ACC-
CGCTGAACTTAAGC [Vilgalys, unpublished] and the 
reverse primer LR5 or LR7 [24]. The polymerase chain 
reaction (PCR) mixtures had final concentrations of: 4% 
DNA extract, 10% PCR buffer, 3% MgCl2 (25 mM), 65.8% 
demineralised sterile water, 7.8% dNTP (1  mM), 5% 
DMSO, 2% forward primer (10  μM), 2% reverse primer 
and 0.4% Taq polymerase (5 U/mL, BioTaq, Bioline). The 
PCR program typically consisted of 1 cycle of 5 min dena-
turation at 95 °C; 35 cycles of 35 s denaturation at 95 °C, 
followed by ITS-primer annealing for 30  s at 55  °C or 
LSU-primer annealing at 54 °C for 50 s, and an extension 
for 1.5 min at 72 °C. The PCR-products were sequenced 
with the same primers as used for PCR amplification 
using the BigDye Terminator v. 3.1 Cycle Sequencing 
Kit (Applied Biosystems, USA). Sequence products were 
analysed on an ABI PRISM 3730XL genetic analyser 
(Applied Biosystems, USA) and traces were assembled 
using Seqman Pro v. 9.0.4 (DNAstar Inc.). The sequences 
were deposited in GenBank [25].

PCR, cloning and Sanger sequencing
ITS-specific clone libraries were made as described in 
van Nieuwenhuijzen et al. [12] of two types of biofinishes, 
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formed on different substrates exposed in  the Neth-
erlands (Table  1, set 1): pine sapwood treated with raw 
linseed oil (libraries PRL.1, PRL.2 and PRL.3) and pine 
sapwood treated with olive oil (PO.1, PO.2 and PO.3). 
The ITS region was amplified with the primers V9G and 
LS266 and the GoTaq Long PCR Master Mix (Progema), 
while using the PCR-program as described above. Puri-
fied PCR products (QIAquick PCR purification kit) were 
ligated and cloned (pGEM®-T Easy Vector Systems) into 
an Escherichia coli plasmid library. Amplification and 
Sanger sequencing of DNA from ITS containing com-
petent cells was performed as described in van Nieu-
wenhuijzen et al. [12]. The sequences were deposited in 
GenBank [25].

Illumina ITS1 amplicon sequencing
Internal transcribed spacer 1 region (ITS1) ampli-
con libraries were made of 16 wood samples that were 
all exposed at one test site (The Netherlands), but 

variated in wood species, treatment and the presence 
or absence of a biofinish (Table  1, set 1–2). In a pre-
liminary study several ITS primer combinations and 
amplification approaches were tested for their suitabil-
ity of generic detection of fungal genera (unpublished 
results). Based on these results barcoded ITS1 ampli-
cons were generated using a two-step PCR approach. 
ITS1 regions were first amplified with the following 
primers: nex-ITS-BITS-F: TCGTCGGCAGCGT-
CACCTGCGGARGGATCA and nex-ITS-B58S3-R: 
GTCTCGTGGGCTCGGGAGATCCRTTGYTRAAA-
GTT (adapted from Bokulich and Mills [26]). Each reac-
tion contained 300× purified DNA, 1X hot start PCR 
master mix (Thermo Scientific) and nuclease free PCR 
grade water to a 50 µl final reaction volume. PCR reac-
tions consisted of an initial denaturation step of 95  °C 
for 5  min and 30 amplification cycles (95  °C for 30  s, 
annealing 52 °C for 45 s and elongation 72 °C for 1 min) 
and a final extension step (72 °C for 10 min) followed by 

Table 1 Overview of the amount and type of wood samples used per type of fungal profiling method

a Biofinish assessment by Nieuwenhuijzen, van et al. [4]
b Determination based on stain coverage

Sample 
set

Wood spe-
cies

Treatment Presence  
biofinish

Location  
(exposure time)

Number of samples

Culture method Cloning method Illumina method

1 Spruce Raw linseed oil No Utrecht, The Nether-
lands (1.5 year)

3 1

Stand linseed oil No 3 1

Olive oil Yesa 3 1

No oil No 3 1

Pine sw Raw linseed oil Yesa 3 3 2

Stand linseed oil No 3 1

Olive oil Yesa 3 3 2

No oil No 3 1

Ilomba Raw linseed oil No 3 1

Stand linseed oil No 3 1

Olive oil Yesa 3 1

No oil No 3 1

2 Pine sw Raw linseed oil Yesa Utrecht, The Nether-
lands (1.8 year)

10 2

3 Spruce Raw linseed oil No Utrecht, the Nether-
lands (1.5 year)

1

Ilomba Raw linseed oil No 1

Pine sw Raw linseed oil Yesb 1

Pine sw Olive oil Yesb 1

Pine sw No oil No 1

Pine hw Raw linseed oil Yesb 1

4 Same materials as set 3 Biofinish only on 
olive oil

Johannesburg, South 
Africa (1.7 year)

1

5 Same materials as set 3 No Dover Gardens, Aus-
tralia (1,5 year)

1

6 Same materials as set 3 Biofinish on pine 
and r. lins.

Ås, Norway (2 year) 1
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cool down (10 min at 4  °C). A negative control (blank) 
was included for each 24 PCR reactions. Reactions were 
cleaned by solid-phase reversible immobilization (SPRI) 
using AMPure XP SPRI beads (Beckman Coulter, Inc.). 
Dual barcodes (8 bp) and Illumina Sequencing adapters 
were attached using the Nextera XT Index Kit (Illumina, 
San Diego, CA) according to manufacturer’s protocols. 
Barcoded amplicons were quantified using the Caliper 
LabChip GX II system (Perkin Elmer, Hopkinton, USA), 
normalised to the same concentrations, pooled, and 
gel purified using the Qiaquick spin kit (Qiagen) and 
AMPure XP SPRI beads. Pooled amplicons were 250-
bp paired-end sequenced using the MiSeq system (Illu-
mina). Raw Illumina fastq files were deposited in the 
European Nucleotide Archive (accession PRJEB13755). 
The raw data was demultiplexed, quality filtered, and 
analysed using modules implemented in the Mothur 
software platform [27]. Quality filtering involved a min-
imal quality score of 25 in a window of 5 and removal 
of reads with a length below 100 and above 500 or 
with ambiguous bases. In addition, chimeras detected 
using UCHIME and the UNITE database (v6) [28] were 
removed. Filtered raw reads were merged into paired 
reads. Subsequently, the relative abundance of unique 
sequences were calculated for each sample by dividing 
the number of reads of a single unique sequence by the 
total number of reads of the sample. Unique sequences 
with a total sum of relative read abundancies above 0.1% 
were used for further analysis.

DNA data analysis
ITS and ITS1 sequences were subjected to nucleotide 
BLAST searches [29] using the non-redundant database 
of GenBank [25], the Q-bank Fungi database [30] and 
an internal database of the CBS-KNAW Fungal Biodi-
versity Centre (Fungal Barcoding data). Identification 
was performed on genus level. ITS sequences obtained 
from non-cultured material, which resulted in hits in 
GenBank with an identity below 97% were marked as 
‘unidentified’. Also the ITS1 sequences with query cov-
erages below 90% were marked as ‘unidentified’. For 
the identification of culturable isolates with an unclear 
identity based on only ITS sequences, LSU sequences 
were also compared with the non-redundant nucleo-
tide database of GenBank. ITS sequences of isolates that 
could not be identified on genus level were aligned with 
the sequences of the ITS cloning and ITS1 amplicon 
libraries using Nucleotide BLAST of GenBank(NCBI, 
Rockville Pike, USA).

Mathematical analysis
A Shannon’s diversity test was used to index the genus 
diversity in the Illumina amplicon data.

Results
Culturable fungal composition
After culturing biomass of 70 wood samples, the predom-
inantly colony types of 68 samples could be identified 
(Table 2). The total number CFU’s per square centimetre 
biofinish varied between 6 × 102 and 4 × 105 CFU/cm2 
and the samples without biofinish, which all contained 
dark mould stains but less than the biofinish criteria pre-
scribed, showed similar results (2 × 101 to 4 × 105 CFU/
cm2; Additional file  1: Table S1). Frequently, more than 
one predominant colony type could be determined in 
the plated biomass from a single wood sample (Table 2). 
The isolates and sequence data obtained to identify the 
predominant type of CFU are listed in Additional file 2: 
Table S2.

A recently described dark pycnidia producing coelomy-
cete named Superstratomyces was detected as the most 
commonly occurring predominant colony type in the 
biofinishes (Table 2; Fig. 2) [31]. This genus was also pre-
dominantly present on outdoor exposed samples without 
a biofinish, including samples without oil (Table 2). Inter-
estingly, the detection of Superstratomyces on wood was 
restricted to samples exposed in the Netherlands (sample 
set 1–3).

Aureobasidium was predominantly present on 8 of the 
28 samples that showed a biofinish (Table 2; Fig. 2). Also 
samples without a biofinish frequently showed this genus 
to be one of the predominant colony types (Table  2; 
Fig. 2). Aureobasidium was isolated from samples exist-
ing of all combinations of wood species and (oil) treat-
ments originating from all selected outdoor locations 
(Additional file  1: Table S1, Additional file  2: Table S2). 
The Aureobasidium contribution to the total cultured 
CFU varied largely for biofinish samples (0–97%), but the 
contribution per sample surface area only rarely (2 out 
of 28 samples) exceeded the 50% (Additional file 1: Table 
S1). The stained samples without a biofinish showed a 
similar range of percentages (0–97%), and the Aureoba-
sidium contribution exceeded the 50% regurlary (13 out 
of the 42 samples; Additional file 1: Table S1).

Other colonies types which were predominantly iso-
lated from samples with a biofinish were black yeasts 
(identfified as Exophiala, Phaeococcomyces or Knufia), 
Taphrina, Sydowia, Phacidiella and Pyrenochaeta. Black 
yeasts and Sydowia were also isolated as predominant 
colony types from the stained samples without a biofin-
ish, expended by the genera Cladosporium, Cryptococ-
cus, Pleurophoma and Cyanodermella, and a genus in the 
family Didymellaceae (Table 2).

Fungal composition of ITS clone libraries
Six ITS clone libraries were constructed from biofinish 
DNA obtained from pine sapwood samples treated with 
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either raw linseed or olive oil. Each library contained 
61–71 clones (Additional file 3: Table S3). In all libraries 
several genera were identified always including Aureoba-
sidium (Fig. 3).

Aureobasidium was predominantly present in the 
cloned DNA of biofinishes on pine sapwood treated 
with raw linseed oil. In each of the three clone libraries 
more than 50% of the clones were identified as Aureoba-
sidium. The investigated biofinishes on pine sapwood 
treated with olive oil did not show this predominance. 
Their clone libraries had a much lower Aureobasidium 
percentage, varying from 2 to 13%. Interestingly, the 
number of sequences which could not be assigned to 
the genus level was high in these samples. These diver-
gent sequences all differed from the molecular identi-
fied strains obtained with the culturing method. Many 
of them had more than one best hit with sequences 
in the database while showing identity scores of 82% 
compared to sequences in GenBank that were named 
Aureobasidium, Sarcinomyces and Rhizosphaera. The 
other divergent sequences showed identity coverages 
varying from 80 to 96% compared to the best hits, which 
represented up to five genus names for each library 
(Additional file  3: Table S3). Furthermore, analysis of 

sequences obtained from all biofinish samples revealed 
the presence of other dark pigmented fungi, with Lapi-
domyces as a major contributor (6–27% per library). The 
in general more sparsely occurring genera were Cap-
ronia, Cladosporium, Exophiala, Phaeococcomyces and 
Epicoccum.
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Fungal composition of Illumina ITS1 libraries
Application of the Illumina amplicon method to ana-
lyse the fungal biofinish community of the 16 selected 
wood samples resulted in a total of 2.17 million filtered 
ITS1 reads. The amount of reads passing the occur-
rence threshold was 2.02 million. Each wood sample 
had 6.5 × 104 up to 4.6 × 105 reads with a mean length 
of 171 nucleotides. In total 400 unique sequences were 
detected with no nucleotide variation among the reads 
of a single unique sequence (Additional file  4: Table 
S4). Most of these unique sequences could be identi-
fied to genus-level, but some sequences represented 
multiple genera or represented an unidentified genus 
(Fig. 4; Additional file 4: Table S4). The read percentage 
of this latter category varied for the biofinish samples 
between 3% till 22% of the total reads. Some of these 
sequences showed 100% similarity with the unidenti-
fied sequences obtained from the clone libraries, while 
none of these sequences were highly similar to the ITS 
sequences derived from any of the fungal isolates cul-
tured from biofinishes. The number of different iden-
tified genera for the biofinish samples ranged from 26 
to 34 and for the non-biofinish wood samples (that all 
contained dark mould stains but less than the biofin-
ish criteria prescribed) from 27 to 35. The calculated 
Shannon’s diversity indices were generally lower for the 

biofinish samples (average 0.8) compared to the samples 
without a biofinish (average 1.4; Fig. 5). 

The Illumina amplicon method revealed the presence 
of two predominant genera in the amplicon sequencing 
libraries of the eight samples that contained a biofinish: 
Aureobasidium and Lapidomyces (Fig.  4). Both genera 
were determined in the DNA extractions of all samples. 
In the amplicon sequence libraries of six biofinish con-
taining samples the predominance of Aureobasidium 
was determined, including all four pine sapwood samples 
treated with raw linseed oil. These four samples had the 
highest contribution of Aureobasidium reads per sample 
(more than 56% for each sample). However, the predomi-
nance of this genus was only determined for half of the 
olive oil-treated samples that contained a biofinish. The 
other half of the samples contained Lapidomyces as the 
predominant genus. With respect to the analysed wood 
samples without biofinish, not one sample showed the 
predominance of Aureobasidium in the amplicon library, 
while most of them had Lapidomyces as predominantly 
present genus. In line with these results the percentage 
of Aureobasidium reads was higher for the biofinish sam-
ples [average 58%, standard deviation (SD) 20%] than for 
a non-biofinish sample (average 19%, SD 12%), despite 
the variation in substrates (Fig.  4). The two types of oil 
that were used for biofinish substrates differed in the per-
centages of Aureobasidium sequences. The biofinishes on 
wood treated with olive oil showed a lower percentage 
for Aureobasidium (31–55%) than the biofinishes on raw 
linseed oil (59–89%).

Although Cladosporium was detected in all amplicon 
sequencing libraries of the biofinish samples, the results 
showed a relative low contribution (average 1%, SD 1%) 
of this genus to the total reads of a library. The contribu-
tion of Cladosporium to the amplicon sequence libraries 
of samples without a biofinish was higher (average 7%, 
SD 5%). Similar results were found for the black yeast 
Phaococcomyces (biofinishes: average 0.2%, SD 0.2%; 
non-biofinishes: average 6%, SD 7%).

Discussion
The fungal composition of biofinishes
The fungal compositions generated with the culture-
based, cloning and Illumina sequencing approach 
showed overlapping and partly complementary results. 
For example Aureobasidium was detected in biofinishes 
with all three techniques. In contrast, the genus Super-
stratomyces, detected by culturing as a predominant 
colony type, was absent in the data generated with the 
culturing-independent approaches. The monotypic genus 
Lapidomyces, represented by the rock-inhabiting spe-
cies L. hispanicus [32], was detected in high numbers in 
the cloning and Illumina libraries, while it was absent 
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in the predominantly cultured isolates. The culturing-
independent approaches generated overlapping results, 
since Aureobasidium was detected with both techniques 
as predominant genus in the biofinishes on pine treated 
with raw linseed oil from set 1, with Lapidomyces as the 
secondly abundant genus. However, the results generated 
by these two methods of the biofinishes on pine sapwood 
treated with olive oil from set 1 were more complemen-
tary. Although both methods determined the presence 
of Lapidomyces, it was only predominant in the Illumina 
amplicon libraries, while the clone libraries had a remark-
able high number of unidentified genera. In general the 
Illumina approach showed a larger diversity of genera (up 
to 30) compared to the clone approach (up to 7). Despite 
the complementary results of the three used techniques, 
each technique showed that biofinishes contain several 
genera including Aureobasidium.

The variation in the composition of the fungal com-
munity on a specific habitat with culture-dependent 
and culture-independent methods has been frequently 
reported [17, 33, 34]. Because each method is selective, 
variation in results seems inevitable. Firstly, only viable 
fungal propagules that are able to grow in specific lab con-
ditions are identified in the culturing method, while in the 
case of the methods based on direct DNA extractions also 
non-culturable fungi can be detected. This explains why 
Lapidomyces, detected as one of the predominant gen-
era in biofinishes, could only be found with the culture-
independent techniques. One of the characteristics of this 
genus is the slow growth at low temperatures, such as 6 or 

15 °C, and its inability to grow at 24 °C [32], while the incu-
bation temperature used in this study was above 24  °C. 
Secondly, although a DNA-based method seems more 
complete than a culture-based, selection may happen 
already during the DNA extraction, since there is no equal 
efficiency of DNA extraction between all fungal species 
and/or cell structures [35, 36]. Also primers and PCR pro-
grams are known to selectively influence the profile of the 
microbial community [18, 19, 26]. Besides selection dur-
ing DNA extraction and amplification, the possibility of 
variation in community composition due to low sampling 
numbers should be recognised in the case of the labour 
intensive cloning approach. Namely, the highest number 
of identified ITS-fragments represented not more than 
(71 clones/6,25 cm2 sampling area =) 11 fungal units per 
cm2 biofinish, while based on the CFU count the numbers 
in this study, only the culturable fungi can already be up to 
4 × 105 fungal units per cm2.

Fungal identification in this study was primarily based 
on ITS sequences and therefore restricted to genus level. 
The ITS locus, the formal fungal barcode [28, 37], is not 
necessarily unique for each species [38, 39] and particu-
larly when only the ITS1 region is analysed. In case of 
Aureobasidium, the ITS sequences obtained from type 
strains [12] do show differences between species, but 
not when the ITS1 sequences are compared. Besides 
limited species discrimination, the taxonomic reliability 
of ITS sequences in a database can also be questioned 
[40], especially when updates of the data based on mod-
ern taxonomic revisions within, such as proposed for 
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Aureobasidium [41], are lacking. In order to obtain more 
accurate species identifications multi-locus sequencing 
should be applied [12].

The wood staining fungi Aureobasidium, Lapidomyces 
and Superstratomyces mainly contributed to the fungal 
biofinish composition
Aureobasidium was frequently detected with all tree tech-
niques as predominant genus in natural biofinishes on oil-
treated wood, which indicates the importance of this genus. 
Although the culturing method also revealed Aureobasidium 
among the predominant isolates of the stained wood samples 
that did not meet the specific biofinish criteria, the results of 
the Illumina approach used in this study showed that this 
predominance is not as easily detected as it may seem. All 
eight selected samples without a visible biofinish contained 
Aureobasidium in their amplicon library, but did not reveal 
its predominance , whereas six of the eight biofinishes did 
contain Aureobasidium as predominant detected genus. A 
few other fungal quantification studies of outdoor substrates, 
concerning the surface population of grapes, leaves of grape-
vines, apples and plasticised polyvinyl chloride, also indicate 
Aureobasidium to be predominantly present [42–45]. Other 
studied substrates, such as decomposing spruce logs [46], 
Scots pine needles [47], leaves/leaf litter [48], residential sur-
faces [49], public restroom floors [50] and the oral microbi-
ome [51] contain Aureobasidium, but not as predominant 
fungus. In various substrates, even in fungal populations 
present in wood [52–55], Aureobasidium was not detected 
at all [33, 34, 56–59]. Apparently substrates and exposure 
conditions are selective and the surface of outdoor situated 
oil-treated wood samples that enables biofinish formation 
has favourable conditions for Aureobasidium.

The importance of genera other than Aureobasidium to 
outdoor biofinish formation has to be considered, espe-
cially of Superstratomyces and Lapidomyces. As expected 
from the previous results in the study by van Nieuwen-
huijzen et al. [4], Aureobasidium was not always detected 
as the predominant genus of a biofinish. The culture-
based method of the current study enabled the identifi-
cation of at least five other predominant genera (Fig. 2) 
with Superstratomyces as the most commonly occur-
ring predominant colony type isolated from biofinishes. 
The detection of Superstratomyces at outdoor exposed 
untreated wood samples showes that the presence of 
this genus is not limited to biofinishes or oil-treated 
substrates. In the clone libraries as well as the amplicon 
sequence libraries of biofinishes on pine sapwood treated 
with raw linseed oil, the predominance of Aureobasidium 
was determined. This is in line with the earlier finding 
of Aureobasidium as the only predominant genus in the 
fungal DNA extracted from a single specific sample with 
homogeneous dark staining published by Sailer et al. [7]. 

However, biofinishes on pine treated with olive oil con-
tained more Lapidomyces than Aureobasidium sequences 
in their clone and Illumina amplicon libraries. The Illu-
mina amplicon approach resulted in Lapidomyces as 
predominant genus, while sequences of an unidentified 
genus (top hits: Sarcinomyces/Aureobasidium/Rhizospha
era, maximum identity scores: 82%) were predominant in 
the clone libraries of these biofinishes.

In contrast to the potential importance of abundantly 
present genera in biofinishes, the importance of some of 
the detected genera can be questioned. For example, the 
results of the Illumina amplicon approach indicated a 
lower contribution of Cladosporium reads to the libraries 
of biofinish samples compared to the libraries of stained 
samples that did not meet the biofinish criteria(7%), but 
also a relative low abundance in total (1%). Also the black 
yeast Phaeococcomyces was far less represented in the 
libraries of samples with a biofinish than in the libraries of 
wood samples without a biofinish. These results are in line 
with the calculated Shannon’s diversity indices that indi-
cated a lower diversity in the fungal population of biofin-
ish samples than of wood samples without a biofinish.

Competitive advantage of Aureobasidium in natural 
biofinishes
The detection of the structural presence and frequent 
predominance of Aureobasidium in biofinishes analysed 
in this study, confirms the important role of Aureobasid-
ium in biofinish formation. As concluded from van Nieu-
wenhuijzen et al. [12] the development of Aureobasidium 
on oil-treated wood starts in the first few days of outdoor 
exposure. Since many parameters define the conditions 
on the surface of a material outdoors, it is likely that mul-
tiple factors are further responsible for the establishment 
of Aureobasidium in biofinishes on oil-treated wood.

In particular the production of melanin seems to be 
involved in the survival of Aureobasidum in biofinishes dur-
ing outdoor exposure. Melanin plays a role in the protection 
against UV-light and other environmental stresses [60, 61]. 
Melanin production is observed in cultures of Aureobasid-
ium [62, 63]. However, other genera are also known to pro-
duce melanins [60, 61]. Also the results in this study showed 
the presence of several other melanin producing fungi on 
weathered wood surfaces such as Cladosporium and Exo-
phiala. Correlations between the pigmentation of fungal 
genera, the type and amount of melanins and their specific 
protective functions need to be investigated to understand 
the competitive advantage of Aureobasidium.

Also the presence of oil in wood, an essential ingredi-
ent for biofinish formation, is thought to play an impor-
tant role at least due to its provision of carbon sources 
for Aureobasidium growth ([12], unpublished data). 
The results of the Illumina approach indicated that the 
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addition of oil to a specific wood species is related to an 
increase in the amount of Aureobasidium biomass on 
the wood surface. However, the use of oil or it deriva-
tives as nutrient for growth is also known for species 
of other genera such as Exophiala (unpublished data) 
and Malassezia [64, 65]. To enhance the applicability of 
biofinishes in wood protection more studies are required 
on the availability of oil (components) at the wood sur-
face and their role in fungal growth.

In addition, the water conditions on the surface of oil-
treated wood samples that enables biofinish formation 
might favour growth of Aureobasidium. At first sight, 
the surfaces of wood samples treated with oils seem to 
be dry, unless it rains. However, dew drops have been 
noticed frequently on the hydrophobic surfaces during 
outdoor exposure. Although a few fungal species includ-
ing Aureobasidium sp. and Cladosporium spp. are known 
to survive periods of low relative humidity [67, 68], fungal 
structures of Aureobasidium might benefit more than oth-
ers from the considerably wet conditions. For example, 
this genus quickly formed visible colonies after inoculation 
of the biomass on MEA plates (water activity 0.99), while 
other genera needed more time to appear (data not shown). 
A detailed study on the water conditions on oil-treated 
wood samples and the impact of different water conditions 
on growth of wood-inhabiting genera should be performed.

Conclusions
The presence of the common wood stain fungus 
Aureobasidium in biofinishes on oil-treated wood with 
both culturing- and DNA-based techniques is dem-
onstrated. Moreover, the frequent predominance of 
Aureobasidium emphasises the importance of this genus 
as biofinish component. The importance of other genera, 
such as Lapidomyces and Superstratomyces, in biofinish 
formation has to be considered, but is not recognized for 
all other detected wood inhibiting fungi.

Additional files

Additional file 1: Table S1. The total CFU concentration and the 
Aureobasidium CFU percentage of each wood sample (r. lins. oil = raw 
linseed oil, st. lins. oil = raw linseed oil, underlined numbers = estimated 
number, CFU count below 10).

Additional file 2: Table S2. Fungal isolates of each colony type with 
their culture collection numbers and GenBank accession numbers for the 
sequenced loci.

Additional file 3: Table S3. ITS specific clones inferred from biofinish 
DNA, their identification and GenBank accession number.

Additional file 4: Table S4. Illumina amplicon sequences identified by 
a BLAST search against the database of GenBank, Q-bank and CBS (type 
strains of the CBS Barcoding database were selected from data gener-
ated until September 2015). Sequences were identified to genus level 
when possible and marked as ‘unidentified genus’ when BLAST resulted 
in hits with an identity below 97%. The number of reads of each unique 
sequence is listed for each sample.
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Comparing the physiochemical parameters 
of three celluloses reveals new insights 
into substrate suitability for fungal enzyme 
production
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Abstract 

Background: The industrial applications of cellulases are mostly limited by the costs associated with their produc-
tion. Optimized production pathways are therefore desirable. Based on their enzyme inducing capacity, celluloses 
are commonly used in fermentation media. However, the influence of their physiochemical characteristics on the 
production process is not well understood. In this study, we examined how physical, structural and chemical proper-
ties of celluloses influence cellulase and hemicellulase production in an industrially-optimized and a non-engineered 
filamentous fungus: Trichoderma reesei RUT-C30 and Neurospora crassa. The performance was evaluated by quantify-
ing gene induction, protein secretion and enzymatic activities.

Results: Among the three investigated substrates, the powdered cellulose was found to be the most impure, and 
the residual hemicellulosic content was efficiently perceived by the fungi. It was furthermore found to be the least 
crystalline substrate and consequently was the most readily digested cellulose in vitro. In vivo however, only RUT-
C30 was able to take full advantage of these factors. When comparing carbon catabolite repressed and de-repressed 
strains of T. reesei and N. crassa, we found that cre1/cre-1 is at least partially responsible for this observation, but that 
the different wiring of the molecular signaling networks is also relevant.

Conclusions: Our findings indicate that crystallinity and hemicellulose content are major determinants of perfor-
mance. Moreover, the genetic background between WT and modified strains greatly affects the ability to utilize the 
cellulosic substrate. By highlighting key factors to consider when choosing the optimal cellulosic product for enzyme 
production, this study has relevance for the optimization of a critical step in the biotechnological (hemi-) cellulase 
production process.

Keywords: Microcrystalline cellulose, Powdered cellulose, Cellulase production, Cellulose crystallinity, Neurospora 
crassa, Trichoderma reesei, RUT-C30

Background
Due to their wide applicability, the demand for cellulases 
and hemicellulases is constantly increasing. Currently, 

these enzymes are used in the processing of food and ani-
mal feed, in the textile and laundry industries, for pulping 
and paper production, as well as for the biofuels industry 
[1]. The overall technical enzymes market is projected to 
reach a value of 1.27 billion USD in 2021, with the bioeth-
anol application predicted to be the fastest-growing sec-
tion [2]. The goal here is to efficiently convert sustainably 
produced lignocellulosic feedstocks to fermentable sug-
ars for the production of biofuels, but also other products 

*Correspondence:  benz@hfm.tum.de 
†Lara Hassan and Manfred J. Reppke have contributed equally to this 
work
1 HFM, TUM School of Life Sciences Weihenstephan, Technical University 
of Munich, Freising, Germany
Full list of author information is available at the end of the article

2

http://orcid.org/0000-0001-5361-4514
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40694-017-0039-9&domain=pdf


of the biorefinery. Due to the high recalcitrance of cel-
lulose, this process requires high enzyme loadings, war-
ranting research efforts aiming to increase enzyme yields 
and decrease the production costs.

Cellulose is composed of unbranched chains with 
repeating ß-1,4-linkages of only d-glucose units. Many 
parallel glucan chains form tight microfibrils held 
together by hydrogen bonds, rendering the surface of cel-
lulose highly hydrophobic and recalcitrant to enzymatic 
attack [3–6]. Traditionally, the fine structure of cellulose 
is described in a simplistic two-phase model, in which 
highly ordered regions are classified as crystalline and 
less well-ordered regions as amorphous [7]. Moreover, 
cellulose in the natural setting is embedded in a matrix of 
hemicelluloses and lignin, adding structural support and 
protection [8, 9]. The major hemicelluloses in hardwoods 
and grasses are xylans and mixed-linkage glucans, while 
(galacto)glucomannans dominate in softwoods [10–12].

Cellulases are commonly produced by fermentation of 
lignocellulosic substrates with microorganisms, such as 
bacteria or filamentous fungi. Microcrystalline celluloses 
(MCCs) have been used as excipients in the pharmaceuti-
cal industry for decades, but are also used as cellulase-
inducing substrates due to their purity, availability and 
ease of use. MCCs are usually prepared by treatment of 
cotton linters or wood pulp with dilute mineral acid to 
hydrolyze and extract the amorphous regions of cellu-
lose as well as hemicelluloses, lignin and pectin [13, 14]. 
The result is a partially depolymerized cellulose with a 
limited degree of polymerization in the form of colloidal 
crystallites that can aggregate and agglomerate to parti-
cle sizes of usually between 20 and 200 µM [15]. MCCs 
are derived from various sources, such as hardwoods 
and softwoods. Various products from the international 
market have been shown to differ in their characteristics 
regarding crystallinity, monosaccharide composition, and 
particle size [16–19]. Moreover, batch-to-batch variabil-
ity has been shown to have an equally strong impact on 
the MCC properties [20].

The filamentous ascomycete T. reesei (teleomorph 
Hypocrea jecorina) has become the preferred organism 
for the production of cellulases [21–23], one of the best 
known and publicly available strains being RUT-C30 of 
the Rutgers lineage derived from screens for hyper-cellu-
lase production after rounds of classical mutagenesis [24, 
25].

Trichoderma reesei has also been instrumental in the 
elucidation of the molecular factors underlying the per-
ception and degradation of cellulose in filamentous fungi 
[26]. The general principle of induction and repression 
governing the response is conserved as in all microorgan-
isms, but varies in its implementation between fungi (for 
a review, see [27]). In T. reesei (and species of the genus 

Aspergillus), the transcription factor (TF) XYR1/XlnR is 
the major regulator of the cellulolytic and hemicellulo-
lytic response, even though recently ACE3 was described 
in T. reesei as a novel master regulator of cellulase expres-
sion and a modulator of xylan degrading enzyme expres-
sion [28]. In other fungi, such as in the genetic model 
system N. crassa, the XYR1 homologs only modulate 
production of cellulases and are mainly required for the 
induction of hemicellulases (for recent reviews, see [29, 
30]). Instead, two other conserved TFs in tandem govern 
the response to cellulose: CLR-1 and CLR-2 [31, 32]. The 
function of CLR-2 does not seem to be strictly conserved 
in T. reesei [28], but is in other fungi such as in A. nidu-
lans [31].

Other than the induction pathways, carbon catabolite 
repression (CCR), a mechanism enabling microorgan-
isms to prefer easily metabolizable carbon sources over 
polymeric or recalcitrant substrates, seems strictly con-
served in filamentous fungi [27]. A central mediator of 
CCR is the zinc-finger TF CreA/Cre1 [33–36], which acts 
in a double-lock mechanism on both the target genes as 
well as the regulatory TFs [29]. In T. reesei RUT-C30, a 
truncated version of the cre1 gene is present [37], leading 
to a cellulase de-repressed phenotype [35].

The production of cellulases in filamentous fungi 
is furthermore dependent on the presence of specific 
inducer molecules. In case of cellulose, the relevant 
signaling molecules are short cellodextrins such as cel-
lobiose, which are released from cellulose by the action 
of cellulases, or metabolic derivatives, such as sophorose 
[38–40].

According to the aforementioned points it is clear, 
therefore, that multiple factors will affect the produc-
tion of cellulases in microorganisms: (1) the composition 
of the substrate, (2) the accessibility of the cellulose to 
enzymatic attack, (3) the overall enzymatic complement 
produced by the organism, (4) the nature and amount of 
inducer molecules being released, and (5) the wiring of 
the regulatory networks integrating the perceived signals 
in the respective production organism employed. MCCs 
as more pure substrates might appear to be less complex 
in their applicability than plant biomass, but their effec-
tiveness is subject to the same combination of physi-
cal, chemical and biological factors. A huge variety of 
sources, production methods, as well as batch-to-batch 
variations [16–18, 20] makes it highly demanding for the 
user to choose the best substrate and warrant studies to 
determine the most relevant factors. Despite a plethora 
of studies on the characteristics of cellulose and their 
effects on enzyme hydrolysis, the effects of central fac-
tors, such as crystallinity and fine structure (surface area; 
porosity), are still unclear and partly disputed [41–51]. 
However, with some notable exceptions (e.g. [48]) most 
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of these studies used isolated enzyme systems, which is 
helpful to focus, but is also simplifying, since it ignores 
the biology of the production organism. To extend our 
view, we therefore analyzed both the physiochemical 
and molecular biological aspects of cellulase production 
in two filamentous fungi when grown on different cel-
lulosic substrates. We chose three representative cellu-
loses: a hardwood- and a softwood-derived MCC as well 
as a hardwood-derived powdered cellulose, and tested 
their effectiveness as cellulase-inducing substrates on the 
hypercellulolytic T. reesei strain RUT-C30 and the labora-
tory model strain N. crassa. The physiochemical analyses 
of the substrates were done at several structural levels 
(acc. to [45]): fiber (surface area and morphology), fibril 
(composition, particle size), and microfibril (crystallin-
ity). To assess the fungal performance, cellulase produc-
tivity as well as the molecular response were recorded.

Results
Substrate characteristics: surface area and morphology
For this study, three different cellulose products were 
chosen as cellulase-inducing growth substrates: a hard-
wood-derived MCC (Emcocel HD90), a softwood-
derived MCC (Avicel PH-101) and a hardwood-derived 
purified cellulose (Alphacel) (see Methods; Table 2). The 
celluloses were initially observed by scanning electron 
microscopy (SEM) to visualize macromolecular substrate 
characteristics. In line with the manufacturer’s specifi-
cations, Emcocel contained the largest particles in com-
parison to the MCC gold standard Avicel as well as the 
purified cellulose Alphacel (Fig.  1a–c). While Alphacel 
had the most fibrous appearance (Fig. 1b), Emcocel con-
sisted mostly of particle agglomerates that could be bro-
ken up by additional ball-milling (Fig. 1c, d).

N2-BET measurements showed an inverse correla-
tion between the specific surface area of the celluloses 
and the average particle size. The specific surface area of 
Emcocel (0.80 m2/g) was only about 2/3 the area of Avi-
cel (1.28  m2/g) and less than half the area of Alphacel 
(1.64  m2/g). After additional ball-milling, however, the 
surface area of Emcocel doubled and was comparable to 
the other substrates (1.58 m2/g).

Determination of hemicellulose content of the celluloses
To determine the purity of the different MCCs regarding 
hemicellulose contaminations, we performed a compo-
sitional analysis after total acid hydrolysis. Bacterial cel-
lulose was used as a hemicellulose contamination-free 
standard for comparison. For Avicel, Alphacel and the 
bacterial cellulose, a 1 h swelling time in 72%  H2SO4 was 
sufficient to achieve an almost complete hydrolysis. For 
Emcocel however, an undissolved residual mass remained 
after the hydrolysis, indicating that the process had been 

incomplete (data not shown). For that reason, the hydrol-
ysis of Emcocel was repeated using longer swelling times 
(4  h) to give the sulfuric acid more time to completely 
react with the MCC.

As expected, the bacterial cellulose showed no trace 
of other monosaccharides other than glucose (Table  1). 
Alphacel on the other hand, was the most unpure cellu-
lose with a particularly high content of xylan. The high 
xylan:mannan ratio is indicative of its source mate-
rial being hardwood pulp (acc. to [16]). Avicel as a 
softwood-derived MCC presented a much more mod-
erate xylan:mannan ratio, but still contained consider-
able amounts of both hemicelluloses. Emcocel proved 
to be the least hemicellulose-contaminated cellulose 
in our analysis with xylan and mannan contents of less 
than 1% each. This amount was more or less constant 

a b

c d

100 µm Avicel Alphacel100 µm

100 µmEmcocel
Emcocel*

(after ball-milling)
100 µm

Fig. 1 Scanning electron micrographs of cellulose substrates 
obtained at 8.0 kV accelerating voltage and ×100 magnification (Jeol 
JSM-IT100). Images show a representative picture for each substrate 
out of several technical replicates

Table 1 Results of  sugar analysis of  the celluloses 
after sulfuric acid hydrolysis (in %)

ND none determined
a 1 h swelling
b 4 h swelling

Avicela Emcocelb Alphacela bacterial  cellulosea

d-glucan 93 ± 5.5 92 ± 0.4 84 ± 5.8 97 ± 4.2

d-xylan 3.5 ± 0.4 0.8 ± 0.08 14.7 ± 1.1 ND

d-mannan 1.8 ± 0.1 0.3 ± 0.01 1.3 ± 0.3 ND
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at all different swelling times tested (not shown), while 
the amount of detected glucose increased considerably 
at 4  h, suggesting that the cellulosic fraction of Emco-
cel is extremely densely packed and recalcitrant to the 
hydrolysis. Even after 4 h of swelling, ~ 6–7% of the mass 
remained unaccounted for. We did not detect elevated 
amounts of lignin or extractables in Emcocel however 
(data not shown), indicating that the residual mass is 
mainly undissolved cellulose.

Cellulose crystallinity
Crystallinity has been widely used to describe celluloses 
and woods, since it is a good measure of the inherent 
degree of structural order and thus may have a major 
influence on the recalcitrance of the substrate to bio-
chemical attack (e.g. [47, 52–54]). Due to the differences 
observed in bioavailability of the celluloses, we decided 
to measure also the crystallinity of all three substrates. To 
this end, samples of the celluloses were analyzed by solid-
state 13C nuclear magnetic resonance (NMR) and the 
crystallinity index (CrI) calculated by the NMR C4 peak 
separation method [47, 52, 55].

The NMR spectra displayed noticeable differences 
in height of the C4 peaks between the samples (Fig.  2). 
Alphacel showed the lowest crystallinity with 33.1% com-
pared to Avicel with 54.4% and Emcocel with 56.7%. The 
calculated CrIs therefore allowed for a clear discrimi-
nation of the MCCs and the powdered cellulose prod-
uct Alphacel. Additionally, the results demonstrate that 
Emcocel was the most crystalline cellulose product in our 
experiments.

In vitro digestibility of the cellulose substrates
Since the fungal cellulase induction will be highly 
dependent on the enzymatic digestibility for the libera-
tion of inducer molecules, we next wanted to test this in 
an in  vitro assay. To this end, N. crassa cellulases were 
incubated with the cellulose substrates. The liberated 
sugars were analyzed by HPAEC-PAD, and the residual 
cellulose harvested for SEM analysis (Fig. 3).

The chromatograms indicated that mainly glucose and 
higher cellodextrins accumulated in the assay superna-
tants after extensive digestion (8  h; Fig.  3a). The quan-
tified amounts of glucose, xylose and mannose at more 
initial time points (1 h; Fig. 3a; inset) showed that Alpha-
cel was the most readily digested substrate. Similarly, 
Emcocel was the least digested substrate again, corrobo-
rating that it is most recalcitrant of all three substrates to 
enzymatic or chemical attack.

When observed by SEM, all three celluloses showed 
a more particulate appearance after 24  h of enzymatic 
digestion. This was most prominent for the MCCs, 
which completely disintegrated into individual fibers 

(Fig. 3b–g). At higher magnifications, it became evident 
that the surfaces of all digested substrates appeared 
smoother than the controls (Fig.  3h–m). This might 
indicate that the rough top layers were formed by more 
amorphous cellulose and/or hemicelluloses. It further-
more suggests that the flat layers exposed after the digest 
might represent more recalcitrant cellulose-rich areas. 
Particularly the parallel fibrillar structures visible on the 
surface of some fibers of Emcocel after the digest (Fig. 3i; 
arrow) seem to represent relatively pure, ordered cellu-
lose fibrils, leaving little contact surface for enzymes to 
attack.

Determination of the potential to induce lignocellulolytic 
gene expression
With a molecular approach, we tested the ability of the 
cellulose substrates to induce the major cellulolytic and 
hemicellulolytic pathways on the level of gene expression. 
Moreover, this analysis was supposed to provide indirect 
insight into the early bioavailability of inducer molecules, 
and therefore to what extent fungi will be able to actu-
ally perceive the measured differences in the substrate 
composition. Since the molecular response pathways 
to cellulose and hemicellulose are more separated in N. 
crassa than in T. reesei (see background and reviewed in 
[27]), we only used N. crassa for these assays. Based on 
a survey of published transcriptomics analyses [31, 38, 
56–59], we chose three genes that served as proxies for 
the induction of the cellulolytic, xylanolytic and manna-
nolytic pathways in N. crassa, since they had been shown 
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to be robustly induced by their respective substrates and 
serve a specific function in those pathways: the cellobi-
onic acid transporter gene cbt-1/clp-1 (NCU05853), the 
d-xylulose kinase encoding gene NCU11353, and the 
putative acetylmannan esterase encoding gene ce16-1 
(NCU09416).

The initial cellulolytic response (as measured by cbt-
1/clp-1) to Avicel, Emcocel and Alphacel was simi-
lar (Fig.  4a). Emcocel, however, showed a tendency to 
respond weaker. Even though it was found to have the 
lowest cellulose content of all tested substrates, the 
response to Alphacel tended to be strongest, indicating a 
better bioavailability of the cellulose microfibrils.

The xylanolytic response (as measured by the d-xylu-
lose kinase gene expression) was clearly strongest in the 
case of Alphacel, which also had the highest content 
of xylan, and was found to be less intense in the MCC 
substrates (Fig.  4b). Interestingly however, N. crassa’s 
response to the xylan impurities in Avicel and Emcocel 
was not necessarily proportional to the overall content. 
Emcocel induced the xylanolytic pathway more strongly, 
even though the xylan content was lower than in Avicel, 
again indicating that the bioavailability is not directly 
proportional to the overall content.

In case of the mannanolytic pathway, the responses to 
the three substrates were very distinct (Fig.  4c). Avicel 
induced the acetylmannan esterase gene ce16-1 > 7-fold 
stronger than Emcocel, which roughly reflects the differ-
ence in mannan content and might be expectable, since 
Avicel is derived from softwoods and Emcocel from 
hardwoods, in which xylans are the dominating hemi-
cellulose. The fact that the strongest response was again 
detected on Alphacel, although the overall mannan con-
tent was found to be lower than in Avicel might have two 

reasons: (1) the bioavailability of the plant cell wall sugars 
in the non-microcrystalline substrate is generally higher, 
and (2) there is some evidence that the cellulolytic and 
mannanolytic pathways cross-react in N. crassa (as well 
as in Aspergillus oryzae) [32, 60]. The strong cellulolytic 
response to Alphacel might therefore also co-induce the 
mannanolytic pathway more strongly.

Cellulase production in N. crassa and T. reesei RUT‑C30
The effectiveness of the three celluloses as substrates for 
cellulase production in filamentous fungi was tested in 
100 ml shake flask cultures. We used both the industri-
ally optimized hypercellulolytic T. reesei strain RUT-C30, 
as well as the genetic model system N. crassa. The per-
formance was evaluated after 3 and 6 days of growth by 
three main analyses of the culture supernatants: total 
secreted protein concentration, endo-glucanase activity 
and endo-xylanase activity (Fig. 5). Total and not specific 
activities (normalized to fungal biomass) are presented, 
since we aimed to study overall yields on each carbon 
source. These are therefore representative for the com-
bined effects of bioavailability differences on induction, 
degradation, metabolism, secretion and growth.

Overall, the data showed that both the softwood-MCC 
(Avicel) as well as the powdered cellulose (Alphacel) out-
performed the hardwood-MCC (Emcocel HD-90) in N. 
crassa, where total secreted protein as well as endo-glu-
canase and endo-xylanase activities were consistently low-
est for Emcocel. While secreted protein, endo-glucanase 
and endo-xylanase activities were comparable on Avicel 
and Emcocel (Fig. 5), Alphacel was found to induce cellu-
lases and hemicellulases more strongly in T. reesei (Fig. 5b, 
c). Moreover, protein secretion by T. reesei RUT-C30 had 
a longer lag phase (Fig. 5a; compare day 3 vs. day 6 data).

Fig. 4 Gene expression induction of selected genes used as proxies for the fungal cellulolytic and hemicellulolytic response. Sucrose pre-grown N. 
crassa cultures were exposed to the celluloses or no carbon source for 4 h before RNA was harvested. Gene induction was measured by RT-qPCR. 
Shown is the mean fold-induction over the no carbon (No C) starvation condition derived from biological and technical triplicates. Error bars denote 
standard deviation. Letters indicate data groups that are significantly different (one-way ANOVA, p-values < 0.05 were considered significant)
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Since it seemed likely that the poor performance of 
Emcocel was at least partly due to the much smaller 
surface area of the substrate (see above), we also tested 
the performance of the ball-milled Emcocel (Emco-
cel*; N. crassa only) with an about doubled surface area 

compared to the original (Additional file 1: Fig. S1). Sur-
prisingly however, protein production was almost indis-
tinguishable from the unmilled Emcocel, indicating that 
the specific surface area was not limiting for the perfor-
mance in the fermentations.

WT versus industrially optimized strains
Combining the physiochemical properties of the cellu-
loses with the fungal performance data, it appears like 
hypersecreting systems such as the industrially utilized T. 
reesei RUT-C30 strain are less sensitive to small increases 
at high crystallinities than non-engineered organisms 
such as N. crassa and are able to take full advantage of the 
much less crystalline PCs such as Alphacel. We hypoth-
esized that differences in the genetic configuration in 
these fungi may play a decisive role to this end. Since one 
of the major modifications from WT to industrial strain 
is the reduction or removal of CCR, we tested the effect 
of this by comparing protein production on the three cel-
luloses of the de-repressed T. reesei RUT-C30 strain to its 
WT strain QM6a as well as by comparing the N. crassa 
WT to a deletion strain of cre-1, encoding the major TF 
mediating CCR (Fig. 6). To limit the effect of differences 
in germination speed between the genotypes as much as 
possible [22, 61], we modified our experimental setup for 
these assays and shifted identical amounts of fungal bio-
mass to cellulose cultures after pre-growth on sucrose/
glucose (see Material and Methods). Since the starting 
material was mycelia in this experiment, we shortened 
the incubation time to two and three days for N. crassa 
and T. reesei, respectively.

Two observations could be made: First, the carbon cat-
abolite de-repressed strains (T. reesei RUT-C30 with a 
truncated cre1 gene [37] and N. crassa with a cre-1 dele-
tion) displayed strongly elevated protein levels in com-
parison to the respective WT strains (Fig. 6) which is in 
line to what was previously shown in both fungi [36, 62, 
63], indicating that CCR has a repressing effect even on 
highly recalcitrant substrates with low glucose fluxes 
such as Emcocel (even though the effect there was small-
est). And second, also the T. reesei WT strain (QM6a) 
was not able to take full advantage of the low-crystallinity 
substrates such as Alphacel (Fig.  6b, light blue), just as 
we had found for N. crassa (cf. Figure 5). However, while 
protein production of T. reesei RUT-C30 was roughly 
inversely proportional to the substrate crystallinities 
again (Fig. 6b, dark blue), the deletion of cre-1 in N. crassa 
was not sufficient to phenocopy this, and protein produc-
tion on the PC Alphacel was only marginally stronger 
than on the MCC Avicel (Fig.  6a, darkorange), mainly 
due to stronger xylanase expression (Fig.  7b) while cel-
lulase expression was similar on the two aforementioned 
substrates. These observations indicate that other genetic 
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determinants are present in addition to the absence of a 
fully functional CRE-1 that allows T. reesei RUT-C30 to 
utilize the PC Alphacel better than the other substrates.

Discussion
In our study, we compared three commercial cellulose 
powders that might be used as substrates for fungal fer-
mentations regarding their effectiveness as inducers 
for the production of cellulases and hemicellulases. We 
chose representative substrates that differed either in 
their source material (i.e. softwood vs. hardwood) or 
their production process (i.e. hydrolytically degraded 
MCC vs. mechanically processed powdered cellulose). 
Analytical comparisons have shown that powdered cellu-
loses have an overall higher hemicellulose content, lower 
crystallinity and a broader molecular weight distribu-
tion than MCCs [16]. The nature of the source material, 
on the other hand, can influence properties such as the 
hemicellulose composition [10, 12, 64]. Depending on 
the application, one or more of these properties become 
more relevant than others (e.g. [15, 16]). Consequently, 
all of these properties might have a strong influence on 

the performance of the cellulose products in cellulase fer-
mentations. While these points are not well understood 
and were to be tested here, batch-wise variations were 
not considered since all chosen substrates were used 
from a single batch.

The hemicellulosic content of the cellulose products 
was found to be relevant in the context of the cellulase 
fermentations. The fungi are able to perceive their pres-
ence early on, as demonstrated by their effect on gene 
expression in N. crassa after only 4  h of induction. In 
agreement and extension of what was proposed by Baehr 
et  al. [16], even the relatively “pure” MCCs can thus be 
considered to represent heterogeneous systems in which 
the non-cellulosic parts affect both structure (and thus 
enzymatic kinetics/accessibility) as well as the fungal 
response.

The powdered cellulose (Alphacel) was found to be the 
most readily digested substrate. In agreement with earlier 
studies, the analytical results confirmed that the crystal-
linity of the powdered cellulose was substantially lower 
than that of the MCCs, and that it was furthermore much 
less pure, with a hemicellulose content of  ~  15% [16]. 
Also among the MCCs, the softwood-derived product 
(Avicel) outperformed the hardwood-derived one (Emco-
cel) when N. crassa was used and was found to have a 
lower crystallinity as well as a higher hemicellulose con-
tent. These two factors therefore stand out and appear to 
be dominant for the effectiveness in our study. Crystal-
linity and hemicellulose-content might also be linked, 
since the non-removed hemicelluloses are likely tightly 
associated with the cellulose by intercalation between 
the cellulose strands [65], thereby lowering the overall 
crystallinity.

Intriguingly, enzyme production was inversely pro-
portional to the differences in substrate crystallinity for 
T. reesei RUT-C30, but not for N. crassa, where produc-
tion on Avicel and Alphacel were similar, despite this 
difference. We hypothesized that in absence of a fully 
functional CRE-1/Cre1 [24], the higher flux of signal-
ing molecules derived from the more readily digested 
Alphacel would be directly turned into stronger expres-
sion. Indeed, the T. reesei WT strain QM6a (with func-
tional CCR) was not able to utilize Alphacel equally well 
as inducing substrate. However, only xylanase produc-
tion was found to benefit substantially by deletion of the 
CCR-mediating TF cre-1 in N. crassa, indicating that 
particularly the XLR-1-dependent hemicellulase produc-
tion is carbon catabolite repressed in the WT. In the de-
repressed mutants, the effect of higher inducing sugar 
concentrations is then dependent on the regulatory net-
works present in the fungi [27]. In T. reesei, the dominant 
XYR1 system regulates both cellulase and hemicellulase 
induction, which might explain why both cellulase and 
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Fig. 7 Cellulase and hemicellulase production by N. crassa (WT and Δcre-1) and T. reesei (QM6a and RUT-C30) on the cellulose substrates. Perfor-
mance was measured by analysis of culture supernatant aliquots taken after 2 and 3 days, respectively. Endo-glucanase activity was measured by 
Azo-CMC assay and endo-xylanase activity by Azo-Xylanase assay as described in Methods. Values are the mean of biological triplicates. Error bars 
show standard deviation. Letters indicate data groups that are significantly different (separately for each strain; one-way ANOVA, p-values < 0.05 
were considered significant). ND indicates that no values could be determined

Table 2 Major physical characteristics of the used substrates (manufacturer’s information)

* By Malvern d50

** Avg. fiber length

Avicel™ PH‑101 EMCOCEL® HD90 Alphacel

Brand Fluka JRS Pharma GmbH & Co. KG ICN Biomedicals, Inc.

Type Softwood MCC Hardwood MCC Hardwood PC

Average particle size (µm) ~ 50 124* 35**

Bulk density (g/cm3) 0.26–0.31 0.41 0.44–0.50
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xylanase production are benefiting from the availability 
of abundant inducing molecules on Alphacel. In N. crassa 
on the other hand, these pathways are much less linked 
and their regulation is decoupled in a way that CLR-1 and 
CLR-2 are responsible for the major cellulolytic response 
while the ortholog of XYR1, XLR-1, is responsible for the 
xylanolytic response and only modulates the expression 
of some genes in the cellulose degradation pathway (cf. 
[31, 58, 66] and reviewed in: [27]). The cross-induction 
of cellulases by xylan is therefore comparably weak. It is 
thus feasible that in N. crassa the high amount of avail-
able xylan in Alphacel will only hyperinduce the XLR-
1-dependent hemicellulases, but the inducing effect of 
the low-crystallinity cellulose is compensated by the 
lower overall cellulose abundance in Alphacel.

It was also interesting to note that the slightly higher 
crystallinity of Emcocel compared to Avicel does not seem 
to allow continuous maximal production capacity despite 
the similarly strong gene induction measured at 4 h. This 
seems to indicate that even small differences in measured 
crystallinity in celluloses manifest themselves in substan-
tial performance differences over time due to a positive 
feedback loop between substrate bioavailability, metabo-
lism and fungal growth—a fact that has to be considered 
when choosing a substrate for enzyme fermentations.

Besides the cellular systems, the activity of the enzymes 
on the substrate for the release of inducer molecules and 
products will be a bottleneck step. Factors that have been 
described to affect enzyme activity include: reversible 
and irreversible adsorption (to cellulose or lignin, respec-
tively), end product inhibition, synergism and others (e.g. 
[46, 67, 68]). Many studies have looked at the interac-
tion of cellulose structure and enzymatic hydrolysis, and 
particularly structural characteristics such as crystallin-
ity and surface area have been shown to be determin-
ing factors (e.g. [41–46, 48, 49, 51]). It has been pointed 
out, however, that the effects of crystallinity and surface 
area are difficult to be evaluated individually, since they 
are often highly interrelated (at least when celluloses are 
mechanically (pre-) treated) [45]. In our experiments, 
surface area did not appear to be limiting, since the per-
formance of Emcocel could not be improved by further 
ball-milling. This observation is in line with other studies 
that did not detect any impact of particle size on the rate 
and extent of sugar release or enzyme binding [42, 45, 
69]. However, depending on the fermentation condition 
and molecular crowding, this might change [68].

Overall, crystallinity seemed to be a major deter-
minant of the effectivity of the celluloses in our study. 
Digestibility was found to be lower for more crystalline 
substrates in almost all assays (particularly visible for 
enzyme production in T. reesei). Many previous stud-
ies have found that crystallinity critically impacts the 

enzymatic cellulose hydrolysis (e.g. [41, 43, 44, 49, 51]). 
We are aware of only one study that was not able to sup-
port this finding [50]. Nevertheless, Park et al. cautioned 
to correlate small differences in CrI, as found between 
Avicel and Emcocel, with changes in cellulose digest-
ibility, since many other factors might play a role as well, 
such as for example the distribution of crystalline, para-
crystalline and “amorphous” regions in the particles and 
in relation to the surface area [47]. Still, the resistance of 
Emcocel towards acid hydrolysis, which was considerably 
stronger than found for Avicel, confirmed that this prod-
uct is substantially more recalcitrant and suggests that 
small differences in CrI might have a strong effect at high 
crystallinities. The CrI of MCCs might therefore not nec-
essarily correlate linearly with digestibility as previously 
shown [42] and other variables need to be considered. 
More studies are needed to determine this in more detail.

Conclusions
We found that both the inherent cellulose crystallinity and 
the hemicellulose content are major factors determining 
the suitability of celluloses as substrates for the expression 
of cellulases in filamentous fungi as production hosts. 
Crystallinity restricts the enzymatic digestibility and thus 
also the release of inducer molecules. Moreover, even in 
MCCs, that are considered relatively “pure”, the residual 
hemicellulose content is efficiently perceived by the fungi 
and—depending on the molecular signaling pathways—
translated into a corresponding cellulolytic and hemicel-
lulolytic response, which is not necessarily analogous to 
the overall composition, indicating differences in bioavail-
ability which cannot be resolved analytically.

The cellulolytic response profiles of N. crassa and T. 
reesei were similar, but showed also important differ-
ences. For example, only T. reesei RUT-C30 was able to 
take full advantage of the most amorphous cellulose sub-
strate. This effect was not solely due to carbon catabolite 
de-repression, but is dependent on the species-specific 
regulatory network. The application of N. crassa as an 
indicator of the activated response pathways therefore 
seems promising, due to a rapid response time, and since 
the cellulolytic and hemicellulolytic pathways show a 
much more limited cross-talk than in T. reesei and can 
thus be individually evaluated.

In conclusion, the presented results provide a set of cri-
teria that can theoretically be applied to broader ranges 
of substrates and thereby aid in the rational decision for 
cellulose substrates to be used in enzyme fermentations. 
Understanding the factors for the performance of cel-
lulose substrates will help to optimize the manufactur-
ing process of lignocellulolytic enzymes from fungi for 
a number of biotechnological applications, such as for 
food, feed, textile and biorefinery.
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Methods
Substrates
Each used substrate is from a single batch preparation. 
The major physical characteristics of these substrates 
as indicated by the manufacturers are summarized in 
Table 2.

Strains and growth conditions
N. crassa wild type (FGSC #2489) and the ∆cre-1 strain 
(kind gift of N. L. Glass, UC Berkeley, USA) were grown 
on 2% sucrose Vogel’s minimal medium slants in the 
dark at 30 °C for 2 days, and transferred to constant light 
conditions at 25  °C for conidiation. T. reesei QM6a and 
RUT-C30 strains (kind gift of M. Schmoll, AIT, Austria) 
were propagated on malt extract agar plates in the dark 
at 28 °C and then switched to 25 °C in constant light for 
conidiation. The first set of growth experiments (Fig.  5) 
was performed in flasks containing 100 ml 1% (w/v) cel-
lulose with 1× Vogel’s (at 25 °C and in constant light) or 
1× Mandels-Andreotti medium (at 30 °C and in constant 
light) and at 200 rpm for N. crassa and T. reesei, respec-
tively [70, 71]. The second set of growth experiments 
(Figs.  6, 7) was carried out through a two-step cultiva-
tion procedure. N. crassa and T. reesei strains were first 
grown in 50  ml 2% (w/v) sucrose with 1× Vogel’s for 
20  h (at 25  °C and in constant light) or 50  ml 2% (w/v) 
glucose with 1× Mandels-Andreotti medium for 3  days 
(at 30 °C and in constant light), respectively. The cultures 
were collected through vacuum filtration and 0.5 g of N. 
crassa mycelia or 0.42 g of T. reesei mycelia were added 
to 100 ml 1% (w/v) cellulose with 1× Vogel’s or 1× Man-
dels-Andreotti medium and the cultures were incubated 
at 25 °C and 200 rpm for 2 days (N. crassa) or at 30 °C and 
200 rpm for 3 days (T. reesei), respectively.

For inoculation, generally a respective volume of conid-
ial suspension was added after optical density measure-
ments in order to achieve a starting concentration of  106 
conidia/ml. All assays were done with biological tripli-
cates for each strain per each condition.

Compositional analyses
Initially, the dried cellulose samples (~ 5 mg) were swol-
len in 50 µl of 72%  H2SO4 for 1 h (Avicel, Alphacel, bac-
terial cellulose) or 4 h (ball-milled Emcocel) at RT. After 
addition of 1.45 ml water, the material was autoclaved for 
1 h at 121 °C. Potential residual solids were subsequently 
removed by centrifugation, and the supernatant ana-
lyzed after appropriate dilution using an ICS-3000 liq-
uid chromatography system (Dionex, Thermo Scientific) 
equipped with a pulsed amperometric detector. The col-
umns used were a  CarboPac® PA20 3 × 150 mm (Dionex, 
Thermo Scientific) and a  CarboPac® PA200 3 × 250 mm 
(Dionex, Thermo Scientific), with column temperature 

of 30  °C and a flow rate of 0.4  mL/min. Mobile phase 
for detection of monosaccharides (PA20) was 5  mM 
NaOH isocratic for 15 min. For detection of cellodextrins 
(PA200), mobile phases were 0.1 M NaOH (A) and 0.1 M 
NaOH/1  M NaAc (B). Gradient used was: 2  min 0% B, 
10 min 0–10% B and 3 min 0% B. The analyses were done 
with technical triplicates for each substrate.

Solid state nuclear magnetic resonance spectroscopy
Solid-state 13C NMR spectra were obtained on a Bruker 
Avance™ III 200 spectrometer (Bruker BioSpin GmbH, 
Karlsruhe, Germany). Cross-polarization magic angle 
spinning (CPMAS) was applied with a 13C-resonance 
frequency of 50.32 MHz and a spinning speed of 5 kHz. 
Contact time was 1 ms and recycle delay was 2 s. Approx-
imately 5000 scans were accumulated and no line broad-
ening was applied. For calibration of the 13C chemical 
shifts, tetramethylsilane was used and set to 0 ppm. Spec-
tral analysis were performed using the spectrometer soft-
ware. The crystallinity index (CrI) was then calculated by 
the NMR C4 peak separation method, that assigns peaks 
at about 87 and 82  ppm in the NMR spectra to the C4 
carbons in ordered cellulose structures (“crystalline”; 
C4c) and non-crystalline domains (“amorphous”; C4a), 
respectively [47, 52, 55].

We would like to note that the CrI might have been 
underestimated for Alphacel, since we used a simple dry-
ing process instead of solvent-exchange drying, which 
might have given numbers more representative of the 
swollen state in the liquid broth. However, the meas-
ured differences have found to be less of an issue at high 
CrIs [41]. The CrIs of the MCCs were thus probably less 
affected, and that of Avicel was well in line with previ-
ously reported values [58].

Surface area measurements
The specific surface area of the substrates was deter-
mined by multi-point BET [72] with an Autosorb-1 ana-
lyzer (Quantachrome, Syosset, USA) using nitrogen gas 
as adsorbate at 77 K. The samples were outgassed before 
analysis in vacuum under helium flow at 60 °C for 12 h.

Scanning electron microscopy
All substrates were dried over immobilized on metal 
stubs using a double sided sticky tape and then sputter 
coated with gold. The scanning electron micrographs 
were taken with a JSM-IT100 (JEOL, Freising, Germany) 
at 8 kV accelerating voltage. The substrates were visual-
ized in triplicates.

Enzymatic assays
Azo-CMCase and Azo-xylanase activity assays were car-
ried out according to the protocols of the manufacturer 
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(Megazyme, Ireland) (S-ACMC and S-AXBL), slightly 
modified, since the reaction mixture was reduced to a 
quarter of the original volume. Assays were done with 
biological triplicates for each substrate per each strain.

RNA‑extraction and RT‑qPCR
Quantification of gene expression was done by quan-
titative real-time PCR (RT-qPCR) performed on RNA 
samples that were harvested after a 4 h induction phase 
on the respective celluloses as described in Benz et  al. 
[49]. The RNA extraction was performed according to 
the TRIzol Reagent protocol (Fisher Scientific, Schw-
erte, Germany). RNA was then treated with DNase I 
(RNase-Free) according to manufacturer’s recommenda-
tions (New England Biolabs, Frankfurt am Main, Ger-
many) and subsequently cleaned up with the GeneJET 
RNA Purification Kit (Fisher Scientific, Schwerte, Ger-
many). A 96-well plate reader (Infinite 200 PRO, Tecan) 
was used to check RNA purity and concentration. cDNA 
was obtained following instructions of the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems; 
Fisher Scientific, Schwerte, Germany). Finally, RT-qPCR 
was performed with the sensiFAST SYBR No-ROX Kit 
(Bioline, Luckenwalde, Germany) on a Mastercycler ep 
 realplex2 (Eppendorf, Wesseling-Berzdorf, Germany) 
and analyzed using the realplex 2.2 software. Actin gene 
(NCU04173) was used as a reference gene. Primers used 
are shown in Table 3. Expression analyses were done with 
biological and technical triplicates for each condition.

Statistical analyses
Statistical analyses were done by applying analysis of var-
iance (ANOVA) followed by a Tukey test using the statis-
tical computing software R [73].
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ATNT: an enhanced system for expression 
of polycistronic secondary metabolite gene 
clusters in Aspergillus niger
Elena Geib and Matthias Brock* 

Abstract 

Background: Fungi are treasure chests for yet unexplored natural products. However, exploitation of their real poten-
tial remains difficult as a significant proportion of biosynthetic gene clusters appears silent under standard laboratory 
conditions. Therefore, elucidation of novel products requires gene activation or heterologous expression. For heter-
ologous gene expression, we previously developed an expression platform in Aspergillus niger that is based on the 
transcriptional regulator TerR and its target promoter PterA.

Results: In this study, we extended this system by regulating expression of terR by the doxycycline inducible Tet-on 
system. Reporter genes cloned under the control of the target promoter PterA remained silent in the absence of doxy-
cycline, but were strongly expressed when doxycycline was added. Reporter quantification revealed that the coupled 
system results in about five times higher expression rates compared to gene expression under direct control of the 
Tet-on system. As production of secondary metabolites generally requires the expression of several biosynthetic 
genes, the suitability of the self-cleaving viral peptide sequence P2A was tested in this optimised expression system. 
P2A allowed polycistronic expression of genes required for Asp-melanin formation in combination with the gene 
coding for the red fluorescent protein tdTomato. Gene expression and Asp-melanin formation was prevented in the 
absence of doxycycline and strongly induced by addition of doxycycline. Fluorescence studies confirmed the correct 
subcellular localisation of the respective enzymes.

Conclusion: This tightly regulated but strongly inducible expression system enables high level production of sec-
ondary metabolites most likely even those with toxic potential. Furthermore, this system is compatible with polycis-
tronic gene expression and, thus, suitable for the discovery of novel natural products.

Keywords: Asp-melanin, P2A, Polycistronic mRNA, Tet-on system, Doxycycline, Terrein biosynthetic gene cluster

Background
Genome mining has revealed that fungal genomes con-
tain a large number of yet unexplored secondary metabo-
lite biosynthetic gene clusters [1]. Due to next generation 
sequencing approaches the number of available fungal 
genomes is steadily increasing as can be seen from the 
growing number of genomes in the 1000 fungal genomes 
project [2]. Interestingly, even highly related fungal spe-
cies contain at least a few unique secondary metabolite 

biosynthetic gene clusters [3] and it has frequently been 
observed that more than one metabolite is produced 
from a single biosynthetic gene cluster [4]. Therefore, 
the potential of producing metabolites with interesting 
pharmaceutical characteristics appears nearly unlim-
ited. However, as secondary metabolites are frequently 
produced in response to distinct biotic or abiotic stress 
factors [5], a large number of the respective biosynthetic 
gene clusters remains silent under laboratory conditions 
and, thus, their products unexplored. To exploit the full 
potential of fungal secondary metabolite production dif-
ferent strategies have been applied [6, 7].

*Correspondence:  Matthias.brock@nottingham.ac.uk 
Fungal Genetics and Biology, School of Life Sciences, University 
of Nottingham, University Park, Nottingham NG7 2RD, UK

3

http://orcid.org/0000-0003-2774-1856
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40694-017-0042-1&domain=pdf


One approach that can be directly applied to cultivable 
fungal species is the addition of epigenetic modifiers [8] 
or co-cultivation with other microbes, which may result 
in the specific induction of biosynthetic gene clusters [9]. 
However, while this strategy may lead to the production 
of novel metabolites, a direct correlation between bio-
synthetic gene cluster and metabolite product remains 
difficult. Another strategy is the overexpression of a 
transcriptional regulator controlling a specific biosyn-
thetic gene cluster [10]. Unfortunately, not all secondary 
metabolite biosynthetic gene clusters contain a transcrip-
tional activator in direct proximity to their biosynthetic 
genes [11], which may hamper this approach. In addition, 
global transcriptional regulators may overrule the activa-
tion from a cluster specific transcription factor as shown 
for the dihydroisoflavipucine biosynthesis in Aspergillus 
terreus [12]. While this biosynthetic gene cluster contains 
a specific transcriptional activator that is indispensable 
for its activation, the activating effect is overruled in the 
presence of glucose through the carbon catabolite repres-
sor CreA [12].

The strategy of targeted activation of cluster specific 
transcription factors additionally requires the ability for 
genetic modification of the natural producer strain and 
may not be suitable for many fungal species. Therefore, 
recent approaches used the generation of fungal artificial 
chromosomes (FAC) to clone and transfer whole fungal 
gene clusters into genetically amenable fungal expression 
platform strains [13]. In a previous study, 56 gene cluster 
containing FACs with yet uncharacterised biosynthetic 
genes from Aspergillus wentii, Aspergillus aculeatus 
and A. terreus were transferred to Aspergillus nidulans, 
which resulted in the identification of 17 novel metabo-
lites from 15 different FACs [13]. However, not all gene 
clusters were successfully activated in the recombinant 
host, which may be due to the lack of transcriptional acti-
vators, repressing conditions or the lack of the correct 
starter metabolites in the heterologous host.

It has also been shown that induction of secondary 
metabolite biosynthetic gene clusters in a heterologous 
host can be achieved by regulating the expression of the 
global regulator of secondary metabolism LaeA in Asper-
gillus species [14]. In this respect, a transfer of the bio-
synthetic gene clusters for monacolin K from Monascus 
pilosus and terrequinone A from A. nidulans resulted 
in successful product formation after overexpression of 
leaA in Aspergillus oryzae [15]. However, induction of 
several biosynthetic gene clusters appears independent 
from LaeA control and a specific transcriptional activator 
in direct proximity to the biosynthetic gene cluster may 
be lacking. Therefore, a different strategy for gene acti-
vation was successfully applied to A. nidulans, in which 
a serial promoter exchange of each individual gene of a 

biosynthetic gene cluster was performed. This strategy 
resulted in the identification of the proteasome inhibi-
tor fellutamide B and its resistance conferring gene inpE 
[16]. Although successful, this strategy required several 
rounds of metabolite screening, marker regeneration and 
subsequent transformation and appears prohibitively 
time consuming for routine applications.

Due to these challenges it remains difficult to recom-
mend an expression system that allows for high through-
put screening for all yet uncharacterised secondary 
metabolite biosynthetic gene clusters. Heterologous 
gene expression generally aims for high product yields to 
elucidate the structure of the metabolite and to analyse 
its biological activity. A prerequisite for this is the high 
level expression of target genes, which can be achieved 
by generating multiple copy integrations, selection of 
strong promoters or a combination of both [17, 18]. 
Recently, we introduced a heterologous expression sys-
tem that uses an Aspergillus niger strain as expression 
platform that contains regulatory elements from A. ter-
reus [18]. These regulatory elements consist of the ter-
rein biosynthetic gene cluster specific transcriptional 
activator TerR and its target promoter PterA. When 
expression of terR is controlled by the A. oryzae amylase 
promoter and a reporter gene is expressed under PterA 
control the induction level of the amylase promoter gets 
amplified through this coupled system [18]. In addi-
tion, a SM-Xpress vector has been constructed that 
allows easy generation of expression plasmids by in vitro 
recombination with the target gene. This expression sys-
tem had been successfully applied for the identification 
of lecanoric acid as product from the A. nidulans orsA 
gene [18], has enabled the heterologous in  vivo recon-
struction of the A. terreus Asp-melanin biosynthetic 
pathway in A. niger [19] and was recently successfully 
used for identification of basidioferrin, which is a novel 
siderophore produced from a non-ribosomal peptide 
synthetase (NRPS) that is widely distributed among 
basidiomycetes [20].

Another challenge in heterologous expression of sec-
ondary metabolite biosynthetic gene clusters derives 
from possible toxicity of resulting metabolites. There-
fore, a tight regulation of gene expression is favoured as it 
allows for the formation of fungal biomass prior to induc-
tion of the expression of target genes. In this respect 
a tuneable Tet-on/Tet-off expression system has been 
adapted for use in Aspergillus species [21, 22]. The Tet-on 
system uses a reverse tetracycline-controlled transactiva-
tor that enables titratable induction of gene expression 
by the addition of the tetracycline derivative doxycycline. 
In the absence of doxycycline gene expression remains 
at low background levels, but expression gets strongly 
induced by addition of doxycycline [21, 22].
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As most secondary metabolites are produced from 
biosynthetic gene clusters, production of the final 
metabolite generally requires the heterologous expres-
sion of more than only one single gene. While a strat-
egy of subsequent transformations with isolated genes 
accompanied by a marker recycling technique works for 
clusters comprising only a small number of genes, this 
procedure is extremely time consuming and probably 
not suitable for larger clusters containing five or more 
genes. Therefore, another strategy is the use of self-
splicing viral peptide sequences such as the 2A peptide 
that separates proteins from a polycistronic messenger 
in different viruses such as the porcine teschovirus-1 
(P2A). P2A and similar sequences have been successfully 
used to separate individual proteins in a range of differ-
ent eukaryotic organisms [23, 24] among them yeasts 
such as Saccharomyces cerevisiae [25, 26] and Pichia 
pastoris [27]. A recent study also used a 2A peptide in 
Trichoderma reesei, in which the gene coding for the 
cellobiohydrolase Cel7A from Penicillium funiculosum 
was combined in a single transcript with the eGFP cod-
ing gene to ease screening of cellobiohydrolase positive 
transformants [28]. Importantly, this technique has also 
been applied for heterologous production of penicillin 
in the filamentous fungus A. nidulans by genetic engi-
neering of a synthetic Penicillium chrysogenum penicil-
lin biosynthetic gene cluster [29]. Despite low yields, 
penicillin K was successfully produced by A. nidulans 
transformants expressing the polycistronic penicillin 
biosynthetic gene cluster [29], indicating that this strat-
egy is suitable for use in fungal secondary metabolite 
biosynthesis. The suitability of P2A was further con-
firmed in a recent study on enniatin biosynthesis in A. 
niger, in which two genes required for enniatin biosyn-
thesis and a luciferase were separated by P2A sequences 
[30]. While a positioning effect in dependence of the 
gene order in the polycistronic messenger was observed, 
all strains produced enniatin and displayed light emis-
sion from luciferase activity. Positioning effects were 
also observed in the cellobiohydrolase expression in T. 
reesei [28] and murine cells [31], indicating that despite 
polycistronic gene expression the amount of individual 
proteins may vary depending on the gene order in the 
expression construct.

Here, we aimed to generate an optimised fungal heter-
ologous expression system by combining the three latter 
aspects of heterologous secondary metabolite production 
in A. niger: (1) using the expression amplification sys-
tem of TerR/PterA under (2) fine-tuneable control of the 
Tet-on system for expression of (3) polycistronic mRNA 
of the Asp-melanin biosynthetic genes combined with a 
fluorescent reporter to study correct subcellular localisa-
tion of enzymes.

Results
Integration of Tet‑on control into the coupled TerR/PterA 
expression system
We previously developed a heterologous expression sys-
tem in A. niger that bases on the transcriptional activa-
tor TerR from the A. terreus terrein biosynthetic pathway 
and its terA (PterA) target promoter [18]. In this com-
bination the induction level of PterA directly depends 
on the transcriptional level of the terR gene [18]. Fur-
thermore, the activity of the promoter controlling terR 
expression gets amplified at the target promoter PterA 
as reporter expression in the coupled system was sig-
nificantly higher than direct expression of reporter genes 
[18]. In this first version of the expression system, we 
controlled terR expression by either the glyceraldehyde-
3-phosphate dehydrogenase promoter PgpdA or the 
amylase promoter PamyB. As both of these promoters 
derive from primary metabolism, their use may interfere 
with fungal metabolic physiology. In addition, both pro-
moters are difficult to silence and PamyB shows signifi-
cant background activity even when A. niger is grown on 
casamino acids in the absence of any sugars. As this back-
ground promoter activity may hamper the production 
of toxic metabolites, we replaced PamyB in the control 
of terR by the reverse tetracycline-controlled transac-
tivator (Fig.  1a) containing the fraA promoter sequence 
for improved cassette stability. The fraA gene encodes a 
putative ribosomal subunit and had been identified from 
microarray analyses showing a similar expression pattern 
as the glyceraldehyde-3-phosphate dehydrogenase and 
is assumed to be constitutively expressed [22]. The Tet-
on:terR construct was used for transformation of the A. 
niger A1144 strain (Fungal Genetics Stock Center, Kan-
sas, USA) and resulting transformants were analysed for 
full length single copy integration into the genome (Addi-
tional file  1). The resulting expression platform strain 
ATNT16 (ATNT = A1144 Tet-on:terR) was analysed for 
its performance in gene expression.

Analysis of β‑galactosidase reporter gene expression
To elucidate the performance of the new Tet-on-con-
trolled expression system in A. niger ATNT16, we gen-
erated β-galactosidase reporter strains. Two different 
constructs were made that both contained the lacZ gene 
from Escherichia coli as reporter. The first construct con-
tained a fusion of PterA with the lacZ gene (PterA:lacZ) 
for transformation of the ATNT16 strain (Fig.  1a). The 
second construct contained a fusion of the Tet-on pro-
moter system directly with the lacZ gene (Tet-on:lacZ) 
for transformation of the parental A. niger strain A1144 
(Fig.  1b). This enabled the comparison of doxycycline 
dependent gene activation in the coupled amplification 
system of TerR/PterA under control of Tet-on against 
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the direct reporter gene induction by the Tet-on system. 
After transformation of the respective A. niger strains, 
transformants with a single copy integration of the 
respective reporter construct were identified by South-
ern blot analysis (Additional file 2) and three independ-
ent transformants from each construct were selected for 
downstream investigation of reporter activities. In addi-
tion, three reporter strains from the original PamyB:terR 
expression platform (P2 strain; terR gene under control 
of the amylase promoter) with single copy integration of 
the lacZ gene under control of PterA [18] were included 
(Fig. 1c). This allowed comparison of expression proper-
ties of the new ATNT16 expression platform with that 
of the previous platform strain P2. All strains were cul-
tivated for 24 h on 100 mM glucose containing minimal 
media with 20 mM glutamine as nitrogen source and 1% 
talc to avoid the formation of cell pellets [32]. For the 
Tet-on-containing strains parallel cultures were supple-
mented with various amounts of doxycycline in a range 
between 0 and 30  µg/ml. All strains were cultivated in 
two biological replicates and β-galactosidase activity was 
determined from cell-free extracts in technical duplicates 
(Fig. 1d). The average specific β-galactosidase activity of 

the P2 reporter strain on this glucose containing medium 
was about 6 U/mg, which was in agreement with previ-
ous determinations under this growth condition [18]. 
Both, the ATNT16 reporter strains as well as the Tet-
on:lacZ strains only revealed very low background activ-
ity when cultivated in the absence of doxycycline (< 0.05 
U/mg). Addition of doxycycline to the Tet-on:lacZ strains 
resulted in a titratable induction of reporter activity, 
reaching a maximum of 3.4 U/mg at 30  µg/ml of doxy-
cycline. The ATNT16 strain with the PterA:lacZ reporter 
construct showed significant reporter activity of 2.5 U/
mg already at 0.75  µg/ml, which further increased to 
17.3 U/mg at 30 µg/ml of doxycycline. This latter activ-
ity is about five times higher than the maximum activ-
ity obtained from the uncoupled system at 30  µg/ml in 
which Tet-on directly induces the expression of the tar-
get gene. Thus, the ATNT16 expression platform with 
the terR gene under Tet-on control is tightly regulated in 
the absence of doxycycline and strongly induced by its 
addition. However, accompanied with high reporter gene 
expression, biomass formation in the presence of 30 µg/
ml doxycycline in the ATNT16 reporter strains was sig-
nificantly reduced. This may be due to the high reporter 

Fig. 1 Analysis of β-galactosidase reporter activity from different expression systems. a–c Schematic representation of expression systems. a The 
ATNT system, in which expression of the transcriptional regulator terR is controlled by Tet-on. The reverse transactivator is constitutively expressed 
from the fraA promoter and transcription is terminated by the ergA terminator (T). In the presence of doxycycline the reverse transactivator binds 
to the tet-on responsive element (1), which leads to transcription of terR from the minimal gpdA promoter (2). TerR specifically recognises its PterA 
target promoter, which results in transcription of the β-galactosidase gene lacZ. b Direct control of lacZ expression by the Tet-on promoter system. 
c The P2 expression system. The amyB promoter controls expression of terR and is activated in the presence of sugars. TerR controls expression of 
lacZ by binding to the PterA promoter. d β-Galactosidase activity from expression systems shown in a–c. ATNT and Tet-on lacZ strains were grown 
in the presence of different doxycycline concentrations, whereas the P2 lacZ strain was cultivated without doxycycline. The positions of activities 
derived from parental strains are highlighted by arrows. Three individual transformants from each expression system were measured in biological 
and technical duplicates. Bars represent mean values of all measurements and standard deviations are indicated by error bars. Multiple t-tests using 
the Holm-Sidak method were applied, which confirmed significantly different expression levels in all groups in dependence of the doxycycline 
concentration. (****p < 0.0001; n. d. not determined)
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protein production during initiation of germination and 
seems independent from high levels of activated trans-
activator protein as the ATNT16 strain without lacZ 
reporter construct showed no growth defects in the pres-
ence of 30  µg/ml doxycycline and β-galactosidase back-
ground activity in the ATNT16 strain did not increase by 
the addition of different doxycycline concentrations (not 
shown).

Production of aspulvinone E in the ATNT16 expression 
platform
Our reporter gene analyses indicated that the Tet-on-
controlled TerR/PterA system is tightly regulated and 
allows high level gene expression in the presence of doxy-
cycline. To test whether this also transfers to secondary 
metabolite production, we used the melA gene, which 
encodes the aspulvinone E synthetase from A. terreus 
[19] under control of PterA and transferred this construct 
into the Tet-on:terR strain ATNT16. After selection for 
single copy integration (Additional file  3), strains were 
cultivated for 48  h in glucose minimal medium either 
in the absence or presence of 15  µg/ml doxycycline. In 
accordance with a light yellow colour of aspulvinone E, 
the cultures grown in the presence of doxycycline turned 
yellow (Fig. 2a) and the main proportion of the coloured 
substance solved in the ethyl acetate phase during extrac-
tion of culture filtrates (Fig. 2b). In contrast, no obvious 
yellow colouration of the culture or the ethyl acetate 
phase was observed in the control cultures without dox-
ycycline (Fig. 2a, b). To confirm that aspulvinone E was 
produced only under inducing conditions samples were 
analysed by HPLC using reversed phase chromatogra-
phy on a  C18 column. As shown in Fig.  2c the induced 
culture revealed a strong signal for aspulvinone E and a 
minor signal of its stereoisomer isoaspulvinone E [19]. 
By contrast, only extremely weak background signals 
were detected in the control culture. These results are in 
agreement with the β-galactosidase reporter studies and 
confirm that (1) metabolite production is suppressed in 
the absence of doxycycline and (2) high yields of metabo-
lites can be achieved under inducing conditions even in 
strains only carrying a single copy integration of the gene 
of interest.

Model gene cluster expression from polycistronic mRNA 
using the P2A peptide
In the next step we aimed in the expression of multiple 
genes in the Tet-on-controlled TerR/PterA system by 
engineering polycistronic mRNAs. For a proof-of-con-
cept, the Asp-melanin pathway combined with a fluores-
cent reporter was used [19]. Asp-melanin is the conidial 
pigment produced by A. terreus and is distinct from the 
dihydroxynaphtalene melanin found in conidia of other 

Aspergillus species. This melanin pigment does not 
derive from a naphtopyrone precursor that is produced 
by a polyketide synthase rather than an aspulvinone E 
synthetase, which is a non-ribosomal peptide synthetase-
like (NRPS-like) protein [19]. This pigment biosynthesis 
pathway appeared most suitable as: (1) Asp-melanin is 
produced from only two proteins, which are the aspul-
vinone E synthetase MelA and the tyrosinase TyrP; (2) 
co-expression of individually controlled genes in the A. 
niger P2 strain resulted in brown mycelium due to the 
formation of Asp-melanin, which is easy to visualise; (3) 
Asp-melanin formation requires the correct subcellular 
localisation of both enzymes as MelA requires the reduc-
ing environment of the cytoplasm and TyrP the oxidis-
ing environment of Golgi or ER (4) protein localisation 
and cleavage efficiency can be visualised by using the red 
fluorescent protein tdTomato as a reporter.

For the separation of individual proteins during ribo-
somal translation, the 22 amino acid 2A peptide (P2A, 
GSGATNFSLLKQAGDVEENPGP) sequence from 
porcine teschovirus-1 was used [24], whereby codon 
sequences of individual P2A peptides were varied on 
DNA level to allow directed in vitro recombination into 

Fig. 2 Heterologous expression of the aspulvinone E synthetase 
gene melA in the ATNT system. a Cultures of an ATNT16 melAOE strain 
cultivated with or without 15 µg/ml doxycycline and b ethyl acetate 
extraction of these cultures (top phase is ethyl acetate). c Extracts 
from (b) were dried and solved in 1 ml of methanol and 10 µl were 
subjected to HPLC analysis. The doxycycline induced culture confirms 
the biosynthesis of aspulvinone E (1) and its stereoisomer isoaspulvi-
none (2) as deduced from authentic standards
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the SM-Xpress expression vector that contains the terA 
promoter, the trpC terminator sequence and a resistance 
gene for selection of transformants [18]. Two different 
polycistronic constructs consisting of the melA gene, the 
tyrP gene and the gene coding for tdTomato were gen-
erated to test the efficiency of P2A cleavage and protein 
localisation in the ATNT16 expression platform (Fig. 3a). 
For the first construct all three genes were separated by 
a P2A coding sequence (P2A_P2A construct), which was 
assumed to result in three individual functional proteins 
under inducing conditions that lead to brown myce-
lium and a cytoplasmic localisation of tdTomato as this 
reporter does not contain a subcellular localisation sig-
nal. The second construct only contained a single P2A 
sequence (P2A construct) separating the melA and tyrP 
genes, whereby the gene coding for tdTomato was fused 

in frame with the tyrP gene [19]. Here, we expected the 
formation of brown mycelium under inducing condi-
tions, but a fluorescence localisation in subcellular orga-
nelles of ER and Golgi, which would confirm the correct 
targeting of TyrP. ATNT16 was transformed with the 
respective constructs and resulting transformants were 
analysed by Southern blot analysis (Additional file 4) for 
single copy integration. For analysis of selected transfor-
mants split plates were prepared with glucose minimal 
medium containing 0 or 10  µg/ml of doxycycline. On 
these plates the control strain ATNT16 as well as strains 
containing either the P2A or the P2A_P2A construct 
were spotted and pictures taken after 72 h of incubation. 
As shown in Fig.  3b, all strains showed similar growth 
and conidia formation in the top view of plates. How-
ever, the bottom view shows that mycelium of strains 

Fig. 3 Asp-melanin formation and subcellular protein localisation from polycistronic gene expression in the ATNT system. a Schematic presenta-
tion of polycistronic expression constructs separated by P2A sequences. tyrP:tdTom denotes an in frame fusion of the tyrP gene with the gene cod-
ing for the red fluorescent protein tdTomato. b Colonies in top and bottom view of the parental strain ATNT16 and strains carrying the expression 
construct with one or two P2A separations grown in the absence and presence of doxycycline. Addition of doxycycline induces the formation of 
Asp-melanin, which is indicated by brown colouration of mycelium in the bottom view. c Liquid cultures of ATNT16 strains carrying the expression 
construct with one or two P2A sequences. Mycelium was harvested after 24 h of incubation. Cultures were grown without doxycycline (Doxy 0 h) or 
were induced with doxycycline for the last 6 h of total incubation time (Doxy 6 h) or for the whole 24 h (Doxy 24 h). A stronger colouration of myce-
lium is observed when TyrP and tdTomato are separated by an additional P2A peptide. d Scheme of the polycistronic P2A_P2A mRNA. Localisation 
of the individual gene sequences are indicated above and localisation and size of PCR products for verification of transcription are shown below 
the transcript. e Semiquantitative RT-PCR on cDNA derived from cultures in c. The actin gene was used for normalisation of cDNA. Amplification 
from genomic DNA (gDNA) is shown as a control with a decrease in fragment size of the actin gene due to intron splicing. Full length-transcription 
of the polycistronic messenger is confirmed by PCR products from all genes when grown in the presence of doxycycline. f Fluorescence analysis 
for subcellular localisation of proteins produced from the two polycistronic expression constructs. Nuclei are shown in blue by DAPI staining. Red 
fluorescence indicates localisation of tdTomato. In the P2A construct the fusion of TyrP with tdTomato reflects a punctuated fluorescence consistent 
with ER and Golgi. When tdTomato is separated by P2A in the P2A_P2A construct, tdTomato localises to the cytoplasm
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with the P2A and the P2A_P2A construct turned dark 
brown. Similarly, liquid cultures inoculated with conidia 
of the respective transformants were incubated for a total 
of 24  h in absence (Doxy 0  h) or presence of 15  µg/ml 
doxycycline. Thereby, the inducer doxycycline was added 
either directly at the start of cultivation (Doxy 24  h) or 
after a pre-cultivation for 18 h to allow for conidia germi-
nation and hyphae formation prior to induction resulting 
in an induction time of 6 h (Doxy 6 h). In the absence of 
doxycycline mycelia of cultures containing either of the 
two different constructs remained uncoloured, whereas 
mycelia turned brown under inducing conditions even 
when induced for only 6 h (Fig. 3c). Therefore, both con-
structs produce functional proteins that produce Asp-
melanin and regulation of gene expression is active on 
solid and in liquid media.

Expression of full length polycistronic mRNAs
To confirm that all genes from the polycistronic mRNA 
were expressed with high efficiency only under inducing 
conditions, we aimed in semiquantitative RT-PCR analy-
ses on the P2A_P2A transcript. Total RNA was isolated 
from liquid cultures containing the ATNT strain with the 
P2A_P2A construct. The cultures were grown for 24  h 
either without doxycycline or were induced for 6 or 24 h. 
cDNAs were generated with anchored oligo(dT) primers 
and cDNA levels from the different cultivation conditions 
were normalised against the A. niger actin gene. Oligonu-
cleotides were deduced that amplify regions of the three 
individual genes that are contained in the polycistronic 
transcript (Fig. 3d). As shown in Fig. 3e, in the absence of 
doxycycline (Doxy 0 h) no amplification was observed on 
the 5′ and middle region of the polycistronic transcript 
encoding MelA and TyrP and only a weak band was 
detected for the gene sequence coding for tdTomato. This 
is in agreement with the low basal expression observed 
in lacZ reporter assays and in analysis of aspulvinone E 
metabolite production. However, strong induction was 
observed from both induced cultures (Doxy 6 h and Doxy 
24 h) with PCR products on all three gene regions from 
the polycistronic messenger. This indicates that the full-
length mRNA is efficiently transcribed only under doxy-
cycline inducing conditions.

Subcellular localisation of proteins
Colouration of the mycelium indicated functional pro-
duction and separation of MelA and TyrP and transcript 
analyses showed that all three genes encoded on the 
single transcript were efficiently transcribed. However, 
these analyses did not confirm the correct separation 
of proteins from the second P2A peptide, which should 
result in a cytoplasmic localisation of tdTomato, nor 
confirmed the correct subcellular localisation of any of 

the proteins. Therefore, fluorescence microscopy analy-
ses were performed. While the supplementation of liq-
uid media with talc avoids pellet formation, it hampers 
microscopic analyses of hyphae due to the attached talc 
particles. On the other hand, individual hyphae are dif-
ficult to visualise once fungal pellets are formed. As our 
analyses showed that Asp-melanin is formed either on 
liquid or solid media, strains were grown on glucose 
minimal media containing agar plates and coverslips 
coated with doxycycline containing glucose minimal 
media were placed around the colonies. Once hyphae 
grew on the edges of the coverslips they were removed, 
embedded in a DAPI-containing mounting solution and 
analysed by fluorescence microscopy. As shown in Fig. 3f 
hyphae of the strain containing the single P2A separa-
tor, which means a fusion of the tyrP gene with the gene 
coding for the red fluorescent protein tdTomato, exclu-
sively showed red fluorescence in subcellular organelles 
most likely resembling Golgi and ER [19]. This indicates 
that TyrP is quantitatively transported into the correct 
subcellular compartment after P2A cleavage from MelA 
and a functional TyrP-tdTomato fusion protein is pro-
duced. In contrast, hyphae of the strain containing the 
P2A_P2A construct showed very strong cytoplasmic red 
fluorescence, indicating that both P2A cleavage sites were 
correctly recognised and full length tdTomato had been 
produced. Observation of colonies grown in the absence 
of doxycycline only revealed DAPI staining of nuclei but 
no red fluorescence signal (not shown).

Discussion
The aim of this study was the generation of an optimised 
fine-tuneable expression system in A. niger that produces 
high expression rates when fully induced and which is 
suitable to express polycistronic genes for recombinant 
expression of fungal secondary metabolite biosynthetic 
gene clusters. Previous studies investigated the suitability 
of A. niger as expression platform for the production of 
secondary metabolites such as the non-ribosomal pep-
tide enniatin [33]. Thereby, the use of the Tet-on expres-
sion system combined with optimised fermentation 
conditions resulted in 4.5  g/l enniatin confirming both, 
the suitability of the Tet-on system to induce secondary 
metabolite production and the suitability of A. niger as 
expression platform. Similarly, we have previously shown 
that a range of different metabolites such as polyketides 
[18], non-ribosomal peptides [20] and products from 
NRPS-like enzymes [19] can be successfully produced in 
A. niger.

The combination of our TerR/PterA-system with the 
Tet-on-system resulted in an expression system with 
exceptionally high transcription rates which are still 
titratable. The coupling of Tet-on with the highly specific 
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transcription factor TerR resulted in an amplification of 
gene expression by more than 5 times compared to direct 
gene expression from Tet-on. Therefore, even single 
copy integrations result in high transcript levels, which 
makes a selection for multi copy integration strains dis-
pensable [17] and reduces adverse effects on growth and 
physiology caused by multiple random genome integra-
tion events. However, as our approach did not target a 
specific gene locus, some positioning effect from inde-
pendent single copy integration strains was observed, 
which is resembled in the standard deviations from 
β-galactosidase activity determinations.

Another advantage of using the coupled Tet-on con-
trolled TerR/PterA expression system compared to direct 
expression from the Tet-on promoter system is the low 
concentration of doxycycline required for induction of 
gene expression. Significant expression rates were already 
observed at 0.75  μg/ml doxycycline. This activity from 
the coupled system was similar to that obtained from 
the direct Tet-on controlled gene expression at 15 µg/ml. 
Low amounts of doxycycline reduce the risk of co-extrac-
tion of the inducer when aiming for purification of sec-
ondary metabolites. However, as highest expression rates 
were observed at 15 to 30  µg doxycycline, these should 
be used especially when producing toxic metabolites that 
require significant biomass production prior to high level 
induction of gene expression. As a proof-of-concept we 
showed that Asp-melanin is efficiently produced when 
strains were pre-grown for 18 h and induced by doxycy-
cline for only 6 h.

The tight regulation of the Tet-on controlled TerR/
PterA expression system combined with its high induc-
tion rate makes it also superior to our original PamyB 
controlled TerR/PterA expression system, which is con-
stitutively active on sugar containing media [18]. As 
glucose containing medium is generally used in the 
regeneration of protoplasts in fungal transformations, 
the production of toxic natural products may prevent 
growth of positive transformants. In contrast, regenera-
tion of protoplasts of ATNT16 strain in the absence of 
doxycycline prevents expression of heterologous genes. 
In this respect, when we expressed the aspulvinone E 
synthetase  gene melA in the A. niger P2 strain (PamyB 
control of terR expression) we suffered from the reduced 
ability of fungal colonies to produce conidia [19]. In this 
study, ATNT16 melAOE strains grown in the absence of 
doxycycline were indistinguishable from the parental 
control strain, unless induced by doxycycline.

Importantly, the P2A polycistronic gene expression 
was compatible with our high level expression system. 
Asp-melanin was efficiently produced from both, the 
single P2A construct that contained the fusion of TyrP 
with tdTomato as well as the construct in which all three 

proteins were separated by P2A sequences. While we 
were not able to quantify the production of the insolu-
ble pigment Asp-melanin, the brown colouration of the 
mycelium in the single P2A construct appeared less pro-
nounced compared to the P2A_P2A construct (Fig.  3b, 
c). Positioning effects due to the order of genes in the 
polycistronic messenger as described previously [28, 
30] that may in part be due to a drop-off of the ribo-
some after the translational skipping event [31] cannot 
account for this difference as the position of the tyrP 
gene was identical in both constructs. Therefore, it is 
likely that the fusion of TyrP with tdTomato affects activ-
ity of the tyrosinase. Nevertheless, this fusion unam-
biguously showed that the TyrP protein is correctly and 
quantitatively targeted to the ER and Golgi as (1) TyrP 
is inactive in the reducing environment of the cytoplasm 
[19] and therefore needs to be transported to the oxida-
tive environment of Golgi and ER and (2) no cytoplasmic 
background fluorescence from tdTomato remaining in 
the cytoplasm was observed. Therefore, the recognition 
of the N-terminal subcellular localisation sequence has 
not been affected by the proline residue added to TyrP 
from the P2A peptide [24] when cleaved from the Aspul-
vinone E synthetase MelA. Whether C-terminal localisa-
tion sequences such as the peroxisomal PTS1 tripeptide 
import sequence SKL or AKL, as found in proteins of 
fungal siderophore biosynthesis [34], may be masked by 
the C-terminal addition of a P2A sequence needs to be 
tested in future studies.

This study also showed that the second P2A sequence 
in the P2A_P2A construct is efficiently cleaved as this 
construct showed extremely bright red fluorescence from 
the cytoplasm. However, due to the extremely bright 
fluorescence from this construct, which even leads to a 
reddish appearance of the edges of colonies on plates, we 
cannot exclude that some uncleaved protein may still be 
transported into the ER and Golgi. Nevertheless, due to 
the high fluorescence intensity from the cytoplasm com-
bined with the high activity of the tyrosinase from the 
P2A_P2A construct, the majority of P2A peptides has 
efficiently been cleaved.

Conclusion
The combination of tightly controlled Tet-on induction 
with the highly specific TerR/PterA expression system 
resulted in a well-regulated fine-tuneable and very strong 
gene expression. Therefore, the system appears suitable 
for high-level production of metabolites, even those with 
antifungal properties. In addition, the system is compat-
ible with the use of self-cleaving peptides such as P2A. 
Cleavage sites are efficiently recognised and at least 
N-terminal secretion signals seem to remain unaffected. 
Therefore, this system can be used for the discovery 
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of metabolites from yet unexplored fungal secondary 
metabolite biosynthetic gene clusters.

Methods
Media, fungal cultivation and transformation
Conidia suspensions were obtained by growing Asper-
gillus niger strains in slope cultures containing Asper-
gillus minimal medium with 50  mM glucose as carbon 
and 10  mM glutamine as nitrogen source [19] denoted 
as GG10 medium. For solid media 2% agar was added. 
Slopes were incubate for 4 days at 28 °C and overlaid with 
6  ml phosphate-buffered saline (PBS) containing 0.01% 
Tween 20. Conidia were scraped into suspension using 
sterile cotton swaps. Suspensions were filtered over a 
40 µm cell strainer (Greiner BioOne) to remove hyphae 
and clumps of conidia. After centrifugation the superna-
tant was discarded, conidia suspended in PBS and conidia 
concentrations determined using an improved Neubauer 
chamber. If not indicated otherwise, GG10 liquid cul-
tures were inoculated with 1 ×  106 conidia/ml with or 
without the addition of doxycycline (final concentration 
0–30  µg/ml) and incubated at 28  °C on a rotary shaker 
at 150 rpm. Mycelia and culture supernatants were sepa-
rated by filtration over Miracloth filter gauze (Merck, 
Calbiochem). Mycelia were pressed dry between tissue 
paper and frozen in liquid nitrogen for subsequent analy-
ses. Fungal transformation was performed as described 
previously [20] with some minor modifications. Mycelia 
for protoplast formation were generated by inoculating 
YEPD medium (20 g peptone, 10 g yeast extract, 5 g glu-
cose per litre) with spores of the A. niger wild-type strain 
A1144 (Fungal Genetics Stock Center, Kansas, USA) 
or the expression platform strain ATNT16. After 22  h 
mycelia were washed and incubated for 60 min in 90 mM 
citrate–phosphate buffer pH 7.3 containing 10  mM 
dithiothreitol. Protoplasts were generated by using 
1.3  g/20  ml sterile filtered VinoTaste  Pro (Novozymes) 
in osmotic medium with 0.6 M KCl as osmotic stabiliser. 
After transformation protoplasts were regenerated on 
solid GG10 media containing 1.2  M sorbitol and either 
40 µg/ml phleomycin, 140 µg/ml hygromycin B or 0.1 µg/
ml pyrithiamine as selectable marker. Genomic DNA was 
isolated using the MasterPure Yeast DNA purification kit 
(Epicenter).

Generation of the ATNT16 expression platform strain
All oligonucleotides used in this study are listed in Addi-
tional file 5: Table 1. All PCR reactions were performed 
in a  SpeedCycler2 (Analytic Jena) in 10  µl volumes 
using either Phusion (fragment cloning, Thermo Sci-
entific) or Phire Hot Start II DNA polymerase (colony 
PCR, Thermo Scientific) for DNA amplification. PCR 
fragments and digested plasmids for cloning purposes 

were gel purified using the GeneJet Gel Extraction Kit 
(Thermo Scientific). To generate the A. niger ATNT16 
strain a plasmid was generated that contained the gene 
of the transcriptional activator terR under control of 
the Tet-on reverse transactivator system [22]. The con-
struct was cloned into the HindIII linearized pUC19-ble 
[18] vector containing a phleomycin resistance cassette 
for selection of transformants. The Tet-on system was 
amplified with oligonucleotides 1 and 2 from plasmid 
pFW22.1 (kindly provided by V. Meyer, Berlin) and con-
tained overhangs to the HindIII site of pUC19-ble. Sub-
sequently, the terR gene including its own terminator 
sequence was amplified with oligonucleotides 3 and 4 
from genomic DNA of Aspergillus terreus SBUG844 and 
cloned into the NcoI linearized TetOn_ble_pUC19 vec-
tor [12]. The 5′-end contained an overhang to the Tet-on 
system and at the 3′-end to the HindIII site of pUC19-
ble. Linearized plasmid and gel-purified PCR products 
were mixed and assembled by in  vitro recombination 
using the InFusion HD cloning kit (Takara/Clonetech) 
resulting in plasmid Tet-on:terR_ble_pUC19. The assem-
bled plasmid was amplified in Escherichia coli DH5α 
using Mix & Go competent cells (Zymo Research). Posi-
tive clones were selected by colony PCR using oligonu-
cleotides 5 and 6. Plasmids were isolated by use of the 
NucleoSpin Plasmid Miniprep kit (Macherey-Nagel) and 
correct assembly was confirmed by restriction analy-
ses. The plasmid was used for transformation of A. niger 
A1144 and phleomycin resistant transformants were 
checked for single copy integration of the construct 
by Southern blot analysis using a dig labelled probe 
amplified with oligonucleotides 7 and 8. Transformant 
ATNT16 was selected for subsequent studies.

Generation of lacZ reporter and aspulvinone E synthetase 
gene expressing strains
To generate the lacZ reporter strains in the ATNT16 
background, plasmid hph_tdTomato:lacZ:trpCT_
pJET1.2 [18] containing the lacZ reporter under con-
trol of the terA promoter and a hygromycin B resistance 
cassette were used for transformation of ATNT16. A 
fusion of the Tet-on transactivator with the lacZ gene 
was assembled in the PstI restricted pUC19_ptrA plas-
mid [35] containing the pyrithiamine resistance cas-
sette as selectable marker. Tet-on was amplified from 
plasmid pFW22.1 with oligonucleotide 9 containing an 
overhang to the PstI site of pUC19_ptrA and oligonu-
cleotide 10. The lacZ gene including a trpC termina-
tor was amplified from plasmid hph_tdTomato:lacZ:t
rpCT_pJET1.2 with oligonucleotide 11 containing an 
overhang to the 3′-end of Tet-on and oligonucleotide 
12 with overhang to the PstI site of pUC19_ptrA. Line-
arized plasmid and the two gel-purified PCR fragments 
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were mixed, assembled by in  vitro recombination and 
transferred to E. coli as described above. Positive clones 
were selected by colony PCR using oligonucleotides 
13 and 14. Isolated plasmids were checked by restric-
tion analyses and used for transformation of A1144. 
Genomic DNA of ATNT16 and A1144 transformants 
was restricted with SmaI and analysed by Southern blot 
with a probe against the lacZ gene (oligonucleotides 13 
and 14). At least three strains with a single copy integra-
tion of the reporter construct were used for expression 
analyses. For expression of the A. terreus aspulvinone 
E synthetase gene melA in the ATNT16 background, 
plasmid his_melA-SM-Xpress [19] was used as it con-
tains a fusion of the terA promoter with the melA gene. 
The phleomycin resistance cassette of this plasmid was 
excised by NotI restriction and replaced by the pyrithi-
amine resistance cassette (ptrA) for transformation of 
ATNT16. Transformants were analysed by Southern 
blot with a probe against the melA gene (oligonucleo-
tides 15 and 16) and strains with single copy integra-
tion were selected (Additional file 3).

Generation of model gene cluster expressing strains
Two different polycistronic expression constructs were 
generated for gene expression in ATNT16. The first con-
struct contained the melA gene and a fusion of the tyrP 
gene and the gene coding for tdTomato. The melA and 
tyrP genes were separated by a P2A coding sequence. 
The melA gene was amplified from genomic DNA of A. 
terreus SBUG844 with oligonucleotide 17 that contained 
an overlap to the NcoI restricted SM-Xpress2 vector [19] 
and oligonucleotide 18 with an overhang coding for a the 
P2A sequence. The gene fusion of tyrP with the tdTomato 
gene was amplified from plasmid tyrP:tdTomato_SM-
Xpress2 [19] with oligonucleotide 19 possessing an over-
hang to the P2A sequence and oligonucleotide 20 with an 
overlap to the NcoI restricted SM-Xpress2 vector. In the 
second construct all three genes were separated by P2A 
sequences. The melA gene was amplified with the same 
oligonucleotides as for the first construct. The tyrP gene 
was amplified from genomic DNA of A. terreus SBUG844 
with oligonucleotide 19 containing the P2A sequence 
overhang towards melA and oligonucleotide 21 with a 
P2A sequence overhang towards the tdTomato gene. 
Finally, the tdTomato gene was amplified from plasmid 
tyrP:tdTomato_SM-Xpress2 with oligonucleotide 22 pos-
sessing the complementary overhang to the tyrP 3′ P2A 
sequence and oligonucleotide 20 with a compatible over-
hang to the SM-Xpress2 vector. Constructs were assem-
bled by in vitro recombination and transferred to E. coli 
DH5α. Clones were checked by colony PCR using oligo-
nucleotides 23 and 24 to test for correct gene assembly. 
Plasmid DNA was isolated and used for transformation 

of ATNT16 with hygromycin B as selectable marker. 
Transformants were analysed by Southern blot with a 
probe against the melA gene (oligonucleotides 15 and 16) 
and strains with single copy integration were analysed 
further (Additional file 4).

β‑Galactosidase reporter assays
To study β-galactosidase reporter activities, fungi 
were inoculated at 2  ×  106 conidia per ml and grown 
for 24  h in 100  mM glucose containing minimal media 
with 20  mM glutamine as nitrogen source and 1% talc 
to avoid the formation of cell pellets. Mycelia were har-
vested over Miracloth, pressed dry and frozen in liquid 
nitrogen. Mycelia were ground to a fine powder under 
liquid nitrogen and suspended in Z buffer (60  mM 
 Na2HPO4, 40 mM  NaH2PO4, 10 mM KCl, 1 mM  MgSO4, 
0.7% β-mercaptoethanol). After centrifugation for 5 min 
at 16,000  ×  g and 4  °C the cell-free supernatant was 
removed and used for determination of β-galactosidase 
activity as previously described [36] using o-nitrophenyl-
β-d-galactopyranoside (ONPG; ε =  3.5  mM−1  cm−1) as 
substrate. Protein concentrations were determined by 
using the Bradford Protein Assay (BioRad) with bovine 
serum albumin as standard. All spectrophotometric 
assays were carried out using an Evolution 220 UV–VIS 
spectrophotometer (ThermoFisher Scientific). From each 
construct three independent strains were grown in bio-
logical duplicates and activity determinations were made 
in technical duplicates.

Analysis of aspulvinone E production
To test production of aspulvinone E in ATNT16 strains 
carrying a single copy integration of the PterA:melA 
construct, GG10 medium was inoculated with 1 ×  106 
conidia/ml and one culture was supplemented with 
15  µg/ml of doxycycline, whereas the other was left 
untreated. Incubation was performed for 48  h at 28  °C 
on a rotary shaker at 150  rpm. Mycelium was removed 
by filtration over Miracloth and the culture filtrate was 
extracted twice with an equal volume of ethyl acetate. 
After evaporation of the solvent under reduced pres-
sure the residue was solved in 1 ml of methanol and sub-
jected to HPLC analysis using a Dionex UltiMate3000 
(ThermoFisher Scientific) and Eclipse XDB-C18 column, 
5 μm, 4.6 × 150 mm (Agilent) that was kept at 40 °C. A 
binary solvent system consisting of water acidified with 
0.1% formic acid (solvent A) and methanol (solvent B) 
was applied. The following gradient at a flow rate of 1 ml/
min was used: 0–0.5 min 10% B, 0.5–15 min 10–90% B, 
15–17 min 90% B, 17–17.5 min 90–100% B, 17.5–22 min 
100% B, 22–23  min 100–10% B, 23–25  min 10% B. An 
authentic sample containing a mixture of aspulvinone E 
and isoaspulvinone E served as reference.
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Semiquantitative RT‑PCR analyses
To analyse transcription of genes from the polycistronic 
messenger RNA of the ATNT16 P2A_P2A strain RNA 
was isolated using the MasterPure-Yeast RNA Purification 
Kit (Epicentre) from mycelium cultivated for 24  h in the 
absence or presence of 15 µg/ml doxycycline or pre-grown 
for 18 h without doxycycline and further cultivated for 6 h 
after addition of doxycycline. After a DNase treatment 
(TURBO DNase; ThermoFisher) RNA was transcribed 
into cDNA as previously described [19]. For normalisation 
of cDNA levels in the respective samples, serial dilutions 
were used for amplification of the A. niger actin gene using 
oligonucleotides 25 and 26. These primers span an intron 
region, which allows visualisation of a band shift from 
cDNA compared to genomic DNA (gDNA) and confirms 
the absence of contaminating gDNA in cDNA samples. For 
amplification of the melA gene oligonucleotides 15 and 16, 
for tyrP oligonucleotides 27 and 28 and for the tdTomato 
gene oligonucleotides 20 and 29 were used. PCRs of 30 
cycles were performed in a  SpeedCycler2 (Analytik Jena) 
using Phire Hot Start II polymerase (Thermo Scientific).

Fluorescence microscopy
Fluorescence microscopy was performed as described 
previously [19] with some minor modifications. Strains 
were spotted on GG10 agar plates and pre-grown at 28 °C 
for one day, after which GG10 agarose coated coverslips 
containing 10  µg/ml doxycycline were placed next to 
the growing colony. 12 to 16  h later the coverslips were 
removed and placed on an object slide, overlaid with a 
droplet of mounting solution containing DAPI (ProLong 
Gold Antifade with DAPI, Thermo Scientific) and covered 
with a large coverslip. A GXML3201LED microscope (GX 
microscopes) was used for picture acquisition. Overlays of 
images were assembled by using the GIMP 2 software.

Statistical analyses
Comparison of expression levels from β-galactosidase 
activity determinations were analysed using GraphPad 
Prism (GraphPad Software) by applying multiple t-tests 
using the Holm-Sidak method, with α = 0.05. Each row 
was analysed individually, without assuming a consistent 
standard deviation.
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Additional file 1. Southern blot analyses and plasmid map of construct 
used for generation of ATNT strains. (A) Southern blot for identification of 
single copy integration strains. A digoxygenin labelled probe was used for 
hybridisation. Plasmid control and genomic DNA of parental strains and 
transformants were restricted with ApaI, which cuts once in the respective 
plasmid. The transformant used in subsequent analyses is numbered. (B) 
Plasmid map of the transformation construct. Position of oligonucleotides 
used in this study (P + number) as well as the position of the probe gener-
ated for Southern blot analysis and position of the restriction enzyme are 

shown. ble = phleomycin resistance cassette. TetOn = Tet-on promoter 
system. terR = terR gene including its native terminator sequence.

Additional file 2. Southern blot analyses and plasmid maps of constructs 
used for generation of lacZ reporter strains. (A, C) Southern blot for iden-
tification of single copy integration strains. Digoxygenin labelled probes 
were used for hybridisation. Transformants used in subsequent analyses are 
numbered. (A) A1144 strains with integration of the tet-on:lacZ construct. 
Plasmid control and genomic DNA of parental strains and transformants 
were restricted with AhdI, which cuts once in the respective plasmid. (C) 
ATNT16 strain transformed with the PterA:lacZ construct. Plasmid control 
and genomic DNA of parental strains and transformants were restricted 
with HindIII, which cuts once in the respective plasmid. (B, D) Plasmid 
maps of the transformation constructs. Position of oligonucleotides used 
in this study (P + number) as well as the position of the probe gener-
ated for Southern blot analyses and position of the restriction enzyme 
are shown. ptrA = pyrithiamine resistance cassette. hph = hygromy-
cin resistance casette. PterA = terA promoter from Aspergillus terreus. 
lacZ = β-galactosidase gene from Escherichia coli. TtrpC = trpC terminator 
sequence from Aspergillus terreus.

Additional file 3. Southern blot analysis and plasmid map of construct 
used for generation of ATNT melA strains. (A) Southern blot for identifica-
tion of single copy integration strains. A digoxygenin labelled probe was 
used for hybridisation. Plasmid control and genomic DNA of parental 
strains and transformants were restricted with BglII, which cuts once in 
the respective plasmid. The transformant used in subsequent analyses is 
numbered. (B) Plasmid map of the transformation construct. Position of 
oligonucleotides used in this study (P + number) as well as the position 
of the probe generated for Southern blot analysis and position of the 
restriction enzyme are shown. ptrA = pyrithiamine resistance cassette. 
PterA = terA promoter from Aspergillus terreus. TtrpC = trpC terminator 
sequence from Aspergillus terreus. melA = Aspulvinone E synthetase gene 
melA from Aspergillus terreus.

Additional file 4. Southern blot analyses and plasmid maps of constructs 
used for generation of ATNT16 P2A_P2A and P2A strains. (A) Southern blot 
for identification of single copy integration strains. A digoxygenin labelled 
probe was used for hybridisation. Plasmid control and genomic DNA of 
parental strains and transformants were restricted with XbaI, which cuts once 
in the respective plasmids. Transformants used in subsequent analyses are 
numbered. (B, C) Plasmid maps of the transformation constructs. Position of 
oligonucleotides used in this study (P + number) as well as the position of 
the probe generated for Southern blot analysis and position of the restriction 
enzyme are shown. hph = hygromycin B resistance cassette. PterA = terA pro-
moter from Aspergillus terreus. TtrpC = trpC terminator sequence from Asper-
gillus terreus. melA = Aspulvinone E synthetase gene melA from Aspergillus 
terreus. tyrP = tyrosinase gene tyrP from Aspergillus terreus. tdTomato = codon 
optimised tdTomato gene. tyrP:tdTom = fusion of tyrP and tdTomato genes. 
P2A = sequence coding for the 2A peptide from porcine teschovirus-1.

Additional file 5: Table 1. Oligonucleotides used in this study.
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Production of Aspergillus niger biomass on 
sugarcane distillery wastewater: 
physiological aspects and potential for 
biodiesel production
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Abstract 

Background: Sugarcane distillery waste water (SDW) or vinasse is the residual liquid waste generated during sugar‑
cane molasses fermentation and alcohol distillation. Worldwide, this effluent is responsible for serious environmental 
issues. In Reunion Island, between 100 and 200 thousand tons of SDW are produced each year by the three local 
distilleries. In this study, the potential of Aspergillus niger to reduce the pollution load of SDW and to produce interest‑
ing metabolites has been investigated.

Results: The fungal biomass yield was 35 g L−1 corresponding to a yield of 0.47 g of biomass/g of vinasse without 
nutrient complementation. Analysis of sugar consumption indicated that mono‑carbohydrates were initially released 
from residual polysaccharides and then gradually consumed until complete exhaustion. The high biomass yield likely 
arises from polysaccharides that are hydrolysed prior to be assimilated as monosaccharides and from organic acids 
and other complex compounds that provided additional C‑sources for growth. Comparison of the size exclusion 
chromatography profiles of raw and pre‑treated vinasse confirmed the conversion of humic‑ and/or phenolic‑like 
molecules into protein‑like metabolites. As a consequence, chemical oxygen demand of vinasse decreased by 53%. 
Interestingly, analysis of intracellular lipids of the biomass revealed high content in oleic acid and physical properties 
relevant for biodiesel application.

Conclusions: The soft‑rot fungus A. niger demonstrated a great ability to grow on vinasse and to degrade this com‑
plex and hostile medium. The high biomass production is accompanied by a utilization of carbon sources like residual 
carbohydrates, organic acids and more complex molecules such as melanoidins. We also showed that intracellular 
lipids from fungal biomass can efficiently be exploited into biodiesel.

Keywords: Sugarcane distillery wastewater, Vinasse, Distillery spent wash, Aspergillus niger, Biomass production, 
Bioremediation, Biodiesel, Lipids
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Background
Sugarcane molasses fermentation and distillation into 
rum lead to the production of wastewater called stil-
lage, vinasse, distillery wastewater or distillery spent 
wash. Every produced litre of ethanol brings about from 
10 to 18 litres of sugarcane distillery wastewater (SDW) 
depending on distillation process and waste treatment 
[1]. SDW is a dark brown effluent characterized by a spe-
cific obnoxious odour, a high chemical oxygen demand 
(COD) and a total organic carbon (TOC) that can reach 
up to 120 and 17 g L−1 respectively [2, 3]. According to 
Wilkie et  al. [4], COD is 4–5 times higher in sugarcane 
molasse stillage as compared to sugarcane juice stillage. 
Depending on the sugarcane origin and the industrial 
process for ethanol production, intrinsic composition of 
SDW can vary significantly. They generally have acidic 
pH (from 3.8 to 5) due to the presence of organic acids 
produced by the yeasts during the alcoholic fermenta-
tion process [5]. A high mineral load was also reported 
due to the presence of sulphur, potassium, phosphate, 
calcium and sodium [6, 7]. The high organic load of SDW 
is mainly composed of melanoidins which are produced 
through Maillard reactions between sugars and proteins 
and caramels from overheated sugars that are responsible 
for their colour and odour. Vinasse also contains other 
refractory materials such as phenolic compounds, antho-
cyanins, tannins and furfurans (for example hydroxyl 
methyl furfural) which can reach up to 10 g L−1 [8–10]. 
The colloidal nature of caramels makes them resistant to 
decomposition and toxic to microflora [11]. SDW also 
contains residual sugars and soluble proteins generated 
by the fermenting yeasts [12].

All these characteristics combined with the high vol-
ume of SDW produced worldwide cause significant 
environmental issues. Over the last decades and due to 
their high inorganic loads, SDW have been widely used 
as agricultural fertilizer [13] but spreading is made now 
statutory difficult due to their low pH, dark colour and 
chemical content which may be responsible for ground-
water contamination and soil compaction [14]. Their 
high polluting loads lead to a modification of the soil 
composition and can cause eutrophication of the water-
ways because of the presence of proteins residues and 
furfurals [4, 15]. Moreover, melanoidins cause reduction 
of sunlight penetration, of photosynthetic activity and of 
dissolved oxygen concentration in natural aqueous envi-
ronment, whereas on land, they cause reduction of soil 
alkalinity and inhibition of seed germination. In con-
sequence, phenolic compounds and melanoidins may 
inhibit the activity of microorganisms contained in soils 
and aquatic environments [9, 10, 15].

Several methods have been described in literature for 
the use and disposal of SDW [10, 15, 16]. Among them, 

aerobic treatment of SDW has been proposed for decol-
ourisation and COD reduction purposes. A number 
of microorganisms, such as yeast and fungi were found 
to be able to degrade melanoidins and to significantly 
decrease the COD vinasse [10]. Preliminary experiments 
performed in the lab (unpublished data) showed that 
only a few molds are capable of growing on crude SDW, 
such as Aspergillus strains and anamorphs. Aspergillus 
niger is able to grow on a large variety of substrates, a 
wide range of temperatures (6–47 °C) and pH (1.4–9.8), 
explaining the ubiquitous occurrence of this species that 
is encountered with a higher frequency in warm and 
humid environments [17]. A. niger is also known to be a 
good producer of extracellular enzymes with significant 
industrial importance, including amylases, proteases, 
pectinases, lipases as well as valuable molecules with 
industrial interest such as citric, oxalic or gluconic acids 
[18, 19]. A. niger is also used for organic waste enhance-
ment [20] and its capacity to grow on diluted or sup-
plemented SDW was observed [21–23]. However, the 
physiological growth characteristics of this micro-organ-
ism cultured in crude sugarcane distillery spent wash 
has not yet been reported. In addition, bioremediation 
and potential valorisation of crude SDW were estimated 
through the production of A. niger biomass as a valuable 
source for biofuel.

Methods
Fungal strains, growth conditions and culture media
The strain used in this study was Aspergillus niger MUCL 
28820 from BCCM (Brussels, Belgium) strain collection. 
The strain was maintained routinely on potato dextrose 
agar plates (PDA). A suspension of A. niger spores was 
prepared as follow: spores, grown on PDA and incubated 
at 28  °C for 72 h, were harvested using a glass loop and 
suspended in sterile physiological water (NaCl 0.8%). 
Cellular concentration was calculated using a Thoma-
Zeiss counting chamber. Growth experiments were per-
formed during 10 days, after inoculation with 100 µL of 
spore suspension. Ten flasks containing 50  mL of ster-
ile SDW liquid medium at a starting concentration of 
 105 spores mL−1 were plugged with sterile cotton carded 
and placed on a rotary shaker at 150 rpm at 28 °C. Assays 
were performed in three independent biological experi-
ments. Every day, at the same hour, the biomass of three 
flasks was harvested by filtration for further analysis (see 
below) and this was repeated until day 10.

SDW medium was prepared as follows: raw SDW 
(85  °C) was harvested in decontaminated barrel directly 
from the output of the distillation column from distill-
ery “Rivière du Mât” (Saint-Benoit, Reunion Island) and 
cooled to room temperature. SDW from the distillery 
still contains the residual inactivated yeast biomass used 
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during alcohol fermentation. SDW samples were har-
vested during the sugar production period (i.e. between 
July and December) in 2012 and in 2014 and were frozen 
and stored at − 20  °C until use. For each experiment, a 
new batch of frozen DSW was thawed and then sterilized 
by autoclaving for 20  min at 121  °C. Such autoclaved 
DSW medium was microbiologically stable over time 
(Additional file 1).

After filtration of 50 mL of SDW (through a cellulose 
filter paper Whatman No. 1—porosity 11  µm), the fil-
trates and filters containing the total suspended solids 
(see example on Fig. 1) were both dried during 24 h in an 
oven at 105 °C. The obtained dried masses were reported 
to 50  mL allowing to determinate the corresponding 
concentrations in total dissolved solids (TDS) and total 
suspended solids (TSS), respectively. Mineral matters 
present in the SDW filtrates were measured according 
to Analytical Procedure of National Renewable Energy 
Laboratory by incineration of 10 mL of SDW filtrates at 
550 °C for 3 h [24]. The pH of the SDW filtrate was meas-
ured using a pH-meter Denver Instrument. Soluble COD 
and Total Nitrogen (TN) determinations were carried out 
on the SDW filtrate using a DR 2800 spectrophotometer 
(Hach Lange, Dusseldorf ) and the appropriate analytical 
kits [25]. Samples were adequately diluted with sterile 
deionized water and analysed according to manufactur-
er’s instructions. SDW filtrates were diluted to 1/100 and 
their optical density was measured at 475  nm using a 
spectrophotometer Genesys 10 UV Deionised water was 
used as blank.

Lipid accumulation medium (LAM) contained 30 g L−1 
glucose, 1.5 g L−1 yeast extract, 0.5 g L−1  NH4Cl, 5.0 g L−1 
 Na2HPO4  (12H2O), 7.0 g L−1  KH2PO4, 1.5 g L−1  MgSO4 
 (7H2O), 0.1  g  L−1  CaCl2  (2H2O), 0.01  g  L−1  ZnSO4 
 (7H2O), 0.08  g  L−1  FeCl3  (6H2O), 0.1  mg  L−1  CuSO4 

 (5H2O), 0.1 mg L−1 Co(NO3)2  (6H2O), 0.1 mg L−1  MnSO4 
 (5H2O) and pH was adjusted to 5.5 according to [26].

Fungal biomass determination
The concentration of total suspended solids (TSS) in the 
broth medium of each culture flask was determined by 
filtration of 50  mL of SDW (treated or not by A. niger) 
through a cellulose filter paper Whatman No. 1 (porosity 
11  µm) previously dried for 24  h at 105  °C. The insolu-
ble suspended solids kept on the filter (see example on 
Fig. 1) were dried during 24 h in an oven at 105  °C and 
the obtained dry mass was weighed to provide TSS con-
centration. Therefore, TSS contained the fungal biomass 
produced during growth of A. niger as well as the initial 
suspended yeast biomass contained in raw SDW. Fungal 
biomass was thus estimated by subtracting the total sus-
pended matter of raw SDW to the total mass harvested 
on the filter.

Analytical methods
Determination of carbohydrates and organic acids 
from filtrates of crude and pre‑treated SDW
The carbohydrate concentration of the filtrates col-
lected from crude SDW and SDW treated with A. niger, 
were analysed by High-Pressure Liquid Chromatogra-
phy (HPLC) (Dionex Ultimate 3000) using an Evapo-
rative Light Scattering (ELS) detector (VARIAN) and 
a Hi-plex Ca column (Varian, C18 bound—7.7  mm 
of diameter  ×  300  mm of length). A mobile phase of 
ultrapure water with a flow of 0.4  mL  min−1 was used. 
The oven temperature was programmed at 80  °C. Alter-
natively, High-Pressure Ion Chromatography (HPIC) 
(Dionex) using a pulsed amperometric detector and a 
CarboPack PA1 column was used. A mobile phase of 
NaOH (150 mM) at 1.5 mL min−1 was used at an oven 

Fig. 1 Photographs of fungal biomass (a, b) produced during growth on SDW (day 10). Filtrated A. niger cell pellets were harvested under vacuum 
on Whatman No. 1 paper using Büchner funnel (see “Methods” section)
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temperature of 30 °C. Analysis of organic acids was also 
performed by HPLC (Dionex Ultimate  3000), using a 
UV detector at 214  nm and an OA Acclaim column 
(Varian, Silica, C18 bound, reverse phase, 4.6  mm of 
diameter ×  150  mm of length). The mobile phase was 
composed of 100  mM  Na2SO4 set at pH of 2.65 with 
methanesulfonic acid (Sigma-Aldrich, CAS number 
75-75-2) and the flow rate was 0.6 mL min−1. For all anal-
yses, 20 μL of samples diluted 100-fold for organic acids 
and 50-fold for carbohydrates in water were injected 
using an automatic autosampler. The identification and 
the quantification of carbohydrates (mannitol, glucose, 
fructose, sucrose) and organic acids (itaconic acid, trans-
aconitic acid, citric acid, isocitric acid, oxalic acid) were 
made by determination of retention time of the commer-
cial standards and establishment of calibration curves 
using external standard method. Treatment of the results 
was done using Chromeleon 7.2 Chromatography Data 
System (Dionex).

SEC profiles obtained from filtrates of crude and pre‑treated 
SDW
A 5-days fermented SDW was chosen for this experi-
ment because at this stage of the growth (mid-exponen-
tial phase), most of the sugars and organic acids remains 
unchanged while biomass already reached more than 
10 g L−1 DW, suggesting that others classes of molecules 
were used preponderantly for growth of the cells. The 
filtrates of crude SDW and 5-days treated SDW with A. 
niger were ten times diluted with phosphate buffer (pH 
7.0) and filtered (through a 0.45  µm filter) before injec-
tion in a HPLC system Äkta-Purifier (GE Healthcare). As 
previously described by [27], two SEC columns were con-
nected in series in order to obtain a wide resolving range: 
the Superdex peptide 10/300 GL column with a resolv-
ing range from 0.1 to 7  kDa was placed before the sec-
ond Superdex 200 10/300 column (GE Healthcare) with 
a resolving range from 10 to 600 kDa. A similar volume 
of 0.1  ml of the two samples previously diluted in PBS 
was injected and elution of the molecules was performed 
at room temperature using a 50  mM potassium phos-
phate buffer (pH 7.0) as the mobile phase at a flow-rate of 
0.4 mL min−1 and fractions of 2 mL each were collected. 
The Unicorn 5.1 software (GE Healthcare) delivered on 
the Akta purifier allows to either multiply or divide the 
chromatograms with a constant factor: depending on 
the total COD concentration of the sample, the obtained 
chromatogram can be thus standardized per mg of COD. 
Peak area integration of the standardized chromatograms 
was performed by the Unicorn 5.1 software. The SEC 
columns were calibrated for molecular weight determi-
nation using a mixture of standard proteins of known 
molecular weight between 12 and 669  kDa (HMW and 

LMW calibration kits, GE Healthcare). Calibration 
showed a linear relationship between the log of molec-
ular weight (MW) and the elution volume (Ve) of the 
standards according to the following equation:

with MW expressed in Da and Ve in mL.

EEM profiles obtained from filtrates of crude and pre‑treated 
SDW
A three-dimensional excitation emission matrix (3-D 
EEM) was determined on the SDW filtrates (raw or 
treated with A. niger) and on the SEC fractions, using a 
spectrofluorophotometer (Shimadzu RF-5301  PC) with 
a 150-W Xenon lamp as the excitation source. Excita-
tion scans were performed from 220 to 450 nm at 10 nm 
increments; emission scans were collected from 220 to 
500  nm. The fluorescence data was processed using the 
Panorama Fluorescence 3.1 software (LabCognition, 
Japan). Prior to measurements, fractions of SEC samples 
were diluted by 3–100 times using 50  mM phosphate 
buffer (pH 7.0 ±  0.1) to avoid fluorescence signal satu-
ration. However, due to the impact of water noise, only 
emissions obtained at excitation wavelengths exceed-
ing 275  nm were considered for a wavelength emission 
exceeding 375 nm. Gallic acid (Sigma), used as polyphe-
nols standard [28] was also diluted in phosphate buffer 
for analysis. Fluorescence was measured using a 1.0  cm 
quartz cell.

Lipid extraction from A. niger biomass and conversion 
into biodiesel
Intracellular lipids were extracted using a pressurized liq-
uid extraction method (PLE). 200 mg of lyophilized bio-
mass was mixed with Fontainebleau sand to fill a 10 mL 
stainless steel vial suitable for PLE. The extraction was 
carried out using chloroform/methanol (2/1) at 100  °C 
during 10  min (three times), then 10  mL of water was 
added to the extract and thoroughly mixed. Two phases 
were obtained after overnight separation. The organic 
phase was dried over anhydrous  MgSO4, filtered and 
concentrated using a rotative evaporator. Finally, the 
concentrate was suspended in 3  mL  CHCl3, transferred 
to a pre-weighed bottle and evaporated overnight. The 
bottle was weighted to determine the mass of extracted 
lipids. Transesterification was performed according to a 
procedure described by [29]. Briefly, 5 mL of 2%  H2SO4/
CH3OH (v/v) was added to the extracted lipids and the 
mixture was reflux heated at 70  °C during 1  h under 
constant stirring. The flasks were then cooled at room 
temperature. Next, 2 mL of hexane and 0.75 mL of dis-
tilled water were added to the flasks and mixed. The two 

Log (MW) = −0.1536 Ve + 8.5794 (1)
(

R2
= 0.9976

)
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phases were allowed to separate and the upper hexane 
layer was recovered and dried over anhydrous magne-
sium sulphate.

Analysis of the fatty acid composition was car-
ried out on a CP3800 Gas chromatograph (Var-
ian) equipped with a SG BPX-70 capillary column 
(50  m  ×  0.22  mm  ×  0.25  µm) and a flame ionization 
detector. The operating conditions were 240  °C injector 
temperature, 260 °C detector temperature, 1.3 mL min−1 
flow rate and oven temperature programmed from 120 to 
230  °C at 3  °C  min−1 then 230  °C for 17  min. 0.5 µL of 
transesterification product was injected and subjected to 
a split ratio of 5 at 0.5 min then 50 at 5 min. The percent-
age of the peak area was assumed to be the percentage 
content of the corresponding compounds.

Results and discussion
Physico‑chemical characteristics of SDW from Reunion 
Island
Physico‑chemical parameters of raw SDW
To characterize our raw materials, main physico-chem-
ical parameters of the collected SDW samples were 
assayed. Results are presented in Table  1. pH value of 
raw SDW (4.6 pH units) was comparable to average pH 
values (3.8–4.6) reported by [30] for SDW from oth-
ers countries. Similarly, COD (107  g  L−1) and TDS 
(114  g  L−1) of SDW from Reunion Island were in the 
same range of order than the one reported for SDW 
from different origins that ranged from 42 to 121 and 
from 80 to 100  g  L−1 respectively, with the outstanding 
exception of TDS of Brazilian SDW that reached up to 
152 g L−1 [30–32]. Chemical composition of SDW filtrate 

showed a TN content of 2.32  g  L−1 and a total mineral 
content of 38.5 g L−1. The first parameter was globally in 
good agreement with data of SDW from different south-
ern countries, i.e. 1.23–4.8  g TN  L−1 whereas the latter 
was higher than literature data namely 10.7–28.9  g  L−1 
[30, 33]. Overall, these physico-chemical parameters 
confirmed that SDW from Reunion Island are industrial 
wastes with high polluting organic and mineral loads 
that can be responsible for dangerous environmental 
disorders. 

Physico‑chemical parameters of SDW after treatment with A. 
niger
To assess the bioremediation potential of A. niger, the 
physico-chemical parameters of SDW were measured 
10 days after the inoculation of the fungal spores in SDW. 
As shown in Table 1, a pH increase (from 4.6 to 5.4) and 
a decrease in  OD475nm (linked to decolourisation) were 
observed during aerobic fermentation of SDW. TDS were 
significantly reduced from 114 to 89 g L−1 and this essen-
tially concerns organic matter reduction since the min-
eral load was not significantly modified. A reduction of 
COD and TN by 53 and 27% respectively were observed, 
indicating a significant decrease of the organic pollut-
ant load of SDW. The pH increase could result from the 
degradation of organic substances with peptidic moieties 
or with amino group like humic substances, melanoi-
dins, peptides or amino acids initially contained in SDW 
medium. The carbon/nitrogen (C/N) ratio remained 
globally unchanged indicating that the fertilizing poten-
tial of SDW remained the same after the fermentation 
process.

Bioremediation potential of A. niger on SDW was par-
tially described in literature. A maximal colour elimina-
tion of 69% and a maximal COD removal of 75% were 
obtained when  MgSO4,  KH2PO4,  NH4NO3 and a car-
bon source were added to SDW [34]. Also, immobilized 
A. niger resulted in a 80% decolourisation of previously 
anaerobically biodigested SDW [35]. Finally, the observed 
COD and colour decrease suggested that refractory mol-
ecules like melanoidins and other aromatic compounds 
were hydrolysed into simple ones. Such hydrolysis of 
some refractory compounds may contribute to the strong 
decrease of the measured COD (−  53%) because of the 
release of acidic moieties impacting on the oxidation 
degree of the polymers. In this way, qualitative character-
istics of organic matter from raw and pre-treated SDW 
were investigated.

Physiology of A. niger cultured on SDW
Global biomass production
Concomitantly to the modification of some physico-
chemical parameters, important biomass production was 

Table 1 Comparison of physico-chemical parameters of raw 
SDW and treated SDW filtrates obtained after 10 days 
of aerobic fermentation by A. niger

SDW was incubated aerobically during 10 days with A. niger as explained in 
Methods section

TDS total dissolved solids, TSS total suspended solids, COD chemical oxygen 
demand, TN total nitrogen, C/N carbon/nitrogen, OD475nm optical density 
measured at 475 nm
a Except for TSS that were measured on insoluble suspended solids

Physico‑chemical  
parameters

Laboratory data

Raw  
SDW (day 0)

Fermented 
SDW (day 10)

pH 4.6 5.4

COD (g L−1) 107 50

TDS (g L−1) 114 ± 12.8 89 ± 7.07

TSSa (g L−1) 8.13 ± 1.41 43.42 ± 1.2

TN (g L−1) 2.32 1.7

Ashes (g L−1) 38.5 ± 2.33 43.2 ± 1.94

C/N 11.8 11.3

OD475nm 34.5 25.2
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observed in the SDW medium after 10  days of A. niger 
aerobic growth (Fig.  1 and Table  1). Fungal growth was 
evaluated by measurement of the total suspended sol-
ids in the broth medium that reached 43.4  g  L−1 after 
10 days. Given that the residual yeast biomass contained 
in raw SDW amounted to 8.1 g L−1, a net production of 
35.3 g L−1 of fungal biomass in SDW after 10 fermenta-
tion days could then be estimated. In addition to carbon 
containing substrates, residual dead yeasts contained 
in raw SDW (inactivated during the distillation pro-
cess and newly sterilised before use) are most likely to 
play a role during growth such as bringing important 
nitrogen source. Consequently, SDW was considered 
as an interesting growth medium for A. niger biomass 
production. In their study, Oshoma et  al. [21] demon-
strated that the final concentration of A. niger biomass 
could be increased from 1.63 to 2.75  g  L−1 Dry weight 
(DW) after nitrogen supplementation of cassava whey 
by yeast extract (2  g  L−1). By comparison, growth of A. 
niger on SDW from Brazil distilleries in which the yeast 
biomass was removed led to a biomass production of 
8–13 g L−1 DW [22]. Here, the biomass production was 
much higher since until 35 g L−1 of A. niger biomass can 
be produced after 10 days on raw sugarcane vinasse with-
out any supplementation. Considering that total organic 
matter of raw vinasse corresponds to TDS without ashes 
(75.5 g L−1), a high biomass yield of 0.47 g g−1 on initial 
organic compounds can be reached. This yield is similar 
to that obtained by [36] that investigate the capability of 
A. niger to utilize lignocellulose-derived compounds after 
thermochemical pre-treatment of spruce wood chips. 
However, because of the presence of fermentation inhibi-
tors, the pre hydrolysate medium had to be diluted 2 or 4 
times to allow A. niger growth with a maximal volumet-
ric biomass yield of 7 g L−1 and a biomass yield on initial 
carbon source of 0.46 g g−1.

Sugar consumption
To explain the physiological behaviour of A. niger on 
raw SDW, carbohydrate content was monitored in the 
medium during the 10  days of fermentation process 
(Fig.  2). During the first 48  h, residual concentration of 
glucose, fructose and mannitol was increased by a fac-
tor of 2 and a maximal concentration of 7 g L−1 of fruc-
tose, 1.6 g L−1 of glucose and 4 g L−1 of mannitol were 
measured 2  days after inoculation of the fungal spores 
in the SDW medium. In the meantime, total fungal bio-
mass increased slightly up to 4.37 g L−1. Accumulation of 
these monosaccharides in the early stage of the exponen-
tial growth phase strongly suggested that some complex 
compounds were readily released by hydrolytic enzymes 
secreted by A. niger. In a second period, from 48 h (day 
2) to 192 h (day 8), fructose, glucose and mannitol were 

gradually consumed, until complete exhaustion that 
occurred at 168 h (day 7) for glucose and fructose, and at 
192 h (day 8) for mannitol. Fungal biomass that increased 
very weakly in the first period then suddenly increased 
during the period of sugars assimilation (from day 2 to 8, 
it increased from 0.8 to 25 g L−1) and yet increased even 
after complete sugars exhaustion to reach 35.29 g L−1 at 
day 10 (Fig.  2). Jin et  al. [37] also observed that mono-
carbohydrates were initially accumulated before being 
taken up for conversion into mycelial biomass (from 7.5 
to 9.2 g L−1) during aerobic fermentation of a raw starch 
processing wastewater, with either Aspergillus oryzae or 
Rhizopus oligosporus. This accumulation is most likely 
occurring when the rate of complex polymers hydroly-
sis is higher than the rate of carbohydrate uptake for cell 
growth.

When looking more carefully at the biomass produc-
tion profile (Fig.  2), initial growth occurring during the 
first 120 h (day 5) did not appear to occur exponentially, 
but rather linearly. This observation would strengthen 
the hypothesis that the growth is mainly limited by the 
availability of fermentable sugars which are slowly and 
linearly produced through the activity of specific hydro-
lases from A. niger acting on complex polymers.

Organic acids utilization
It is known that SDW naturally contains large amount 
of organic acids [5]. Some of them were assayed in raw 
SDW filtrate and concentration of 5.7  ±  0.51  g  L−1 
for trans-aconitic acid, 2.8 ±  0.76  g  L−1 for citric acid, 
2.5 ± 0.47 g L−1 for isocitric acid, 0.7 ± 0.25 g L−1 for ita-
conic acid and 0.6 ± 0.18 g L−1 for oxalic acid were meas-
ured (Table 2). When sugars are being consumed by the 
cells, the concentration of itaconic, isocitric and oxalic 
acids tended to increase in the culture medium (+  26, 
+  12 and +  136% respectively). An inverse relationship 
between consumption of sugars and organic acid produc-
tion was already observed by [38] who reported that the 

Fig. 2 Carbohydrates and mannitol profiles during A. niger growth 
on SDW media during 10 days. mannitol ( ), glucose ( ), 
fructose ( ), sucrose ( ) and biomass ( )
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maximum acid production was found for 6  days old A. 
niger cultures. Opposite tendency was noticed for citric 
and trans-aconitic acids that were slightly consumed dur-
ing the first 7  days of growth. However, except for ita-
conic acid for which concentration remained stable, all 
organic acids were consumed partially or completely in 
the remaining 3 days (Table 2). These data indicated that 
organic acids were preferentially consumed during the 
second period of fermentation after complete exhaustion 
of monosaccharides. These carbon sources could be the 
result of hydrolysis of melanoidins, polyphenols or pro-
teins present in crude SDW [39].

Taken together, these results showed that growth of A. 
niger on SDW is a complex process. Free carbohydrates 

initially present in the media (namely glucose, fruc-
tose and mannitol) and other fermentable sugars prob-
ably released from complex polymers through hydrolytic 
activity of the fungal enzymes, are first consumed during 
the early growth phase. When free sugars disappeared 
from the medium (after 7–8  days of culture), growth 
continued on the free organic acids accumulated in 
the medium as well as other sugars released by A. niger 
hydrolases.

SDW biochemical fingerprints
Global EEM profiles of raw and pre‑treated SDW
Three-dimensional excitation emission matrixes (EEM) 
were determined on the SDW filtrates in order to detect 
potential modification of complex dissolved organic mat-
ter like melanoidins or phenolic acids during A. niger 
fermentation (Fig.  3). EEM is a widely used non-degra-
dative method for qualitative characterization of the 
soluble substances of many effluents [43]. As proposed 
by [40], for typical wastewater spectra, the EEM can be 
divided in at least two regions: (1) the region with emis-
sion wavelength λEm < 380 nm which is associated with 
fluorescent molecules types A and B containing a limited 
number of aromatic rings like phenols, indole moiety and 
free tryptophan; and (2) the region with λEm  >  380  nm 
which is associated with polycyclic aromatic fluoro-
phores (types C and D) such as Humic acid, flavonoid 
and quinone. In addition, EEM of pure gallic acid was 
performed to locate more precisely its associated zone: 
EEM showed a fluorescent peak (250 < λEx < 275 nm and 

Table 2 Concentration (g L−1) of organic acids and pH 
measured in SDW filtrates after 0, 7 and 10 days of aerobic 
fermentation by A. niger

Each value is a mean of at least three independent experiments

Bd below detection level

Organic acids Concentrations

Day 0 Day 5 Day 7 Day 10

Itaconic acid 0.70 ± 0.25 0.63 ± 0.26 0.88 ± 0.22 0.87 ± 0.28

Trans‑aconitic acid 5.71 ± 0.51 4.54 ± 1.4 4.32 ± 0.77 1.59 ± 0.37

Citric acid 2.84 ± 0.76 3.37 ± 0.28 1.36 ± 0.91 Bd

Isocitric acid 2.47 ± 0.46 2.52 ± 0.17 2.77 ± 0.41 Bd

Oxalic acid 0.61 ± 0.18 0.52 ± 0.14 1.45 ± 0.53 0.38 ± 0.14

pH 4.6 ± 0.1 5.07 ± 0.49 5.93 ± 1.21 5.37 ± 0.13

Fig. 3 Analysis of the fluorescent matter in raw SDW filtrate (a) and in SDW filtrate treated for 5 days with A. niger (b) according to classification 
provided for wastewater: peak (A) corresponds to protein‑like (PN‑like) substances [40] and peak (B) to phenolic acid‑like (PA‑like) compounds [41]; 
peaks (C) and (D) can be related to humic acid‑like (HA‑like) substances [42]
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325  <  λEm  <  370  nm) that was included in the phenolic 
acid-like (PA-like) region (type B). The determination of 
PA-like area zone in SDW is in accordance with [44] who 
worked on partially degraded food waste and undigested 
dietary fibres.

Concerning the SDW media, both matrixes were com-
posed by four peaks with similar excitation/emission 
wavelengths (λEx/λEm) position and intensity (Fig. 3a, b): 
(1) for λEm  <  380  nm, peak A and peak B were located 
in the regions corresponding to protein-like (PN-like) 
and phenolic acid-like (PA-like) compounds respectively 
[41] and peak A was much more intense than peak B (2) 
for λEm  >  380  nm, peaks D and C were associated with 
quinine-like components and could be related to humic 
acid-like (HA-like) substances [42]. These results were in 
good accordance with the results obtained by [45] which 
highlighted these groups of fluorophores (A, B and C-D 
areas) in sugarcane vinasse. In this way, EEM determined 
on the soluble SDW fractions (treated or not) did not 
allow to clearly show EEM modifications pattern related 
to A. niger metabolism (four independent replicates were 
analysed; only one replicate was shown). This can be 
explained by the complexity of the SDW medium that 
contains highly fluorescent molecules possibly covering 
the detection of other ones. Moreover, only specific mol-
ecules with aromatic ring are detected by EEM.

EEM profiles after size fractionation of raw and fermented 
SDW
In order to evaluate whether the SDW has been altered 
by A. niger treatment, size fractionation of raw and 5-days 
fermented SDW was chosen to provide a synthetic view 
of their composition and size distribution. SEC chroma-
tograms were first monitored by absorbance detection at 
210 nm and 280 nm but raw and fermented SDW filtrates 
displayed similar profiles (data not shown). Regarding the 
EEM spectra of the two SDW samples (Fig. 3a, b), high 
fluorescence intensities could be noticed on the PN-like 
region (peak A). One common couple of wavelengths 
(λEx/λEm  =  221/350 nm) that was previously described 
by [43] for detection of tryptophan containing PN-like 
molecules was then selected for SEC monitoring. Fluo-
rescent compounds detected in this region (peak A) were 
reported by [46] as soluble microbial products associated 
to microbial activity or to cellular material.

Fractionation of the raw and fermented SDW filtrates 
was performed by SEC and could be divided in seven 
fractions from  F1  to  F7 corresponding to increasing 
elution volume and to decreasing apparent molecular 
size (Fig.  4a). Quantitative repartition of each fraction 
among all the eluted molecules was also evaluated after 
peak area integration (Table 3). It can be noticed that fer-
mented SDW showed some early eluted molecules in the 

Fig. 4 Size exclusion profiles of raw SDW (bold lines) or SDW treated for 5 days with A. niger (dotted lines) monitored at the λEx/
λEm = 221 nm/350 nm and corresponding to the injection of 1 mg of soluble COD (a). Seven fractions (F1 to F7) were collected and performed 
through EEM fluorescence at λEx comprised between 220 and 450 nm and λEm from 220 to 500 nm (b)
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F1 fraction that were not present in raw SDW. According 
to the calibration curve (see “EEM profiles obtained from 
filtrates of crude and pre-treated SDW” section), these 
PN-like molecules that eluted around 24  mL had high 
apparent molecular weight around 100,000  Da. Also, 
molecules with very small molecular weight, eluted in 
the F6 and F7 fractions, were found in both profiles with 
a similar repartition. The PN-like molecules included in 
the F2 fraction (around 1000 Da) were not fully digested 
during A. niger fermentation since they still represent 
25.7% of the total molecules (Table 3). On the other hand, 
a drastic diminution of F3 peak, and an increase of the F5 
peak were observed in fermented compared to raw SDW 
filtrate (Fig. 4a, Table 3). It is possible that the decrease 
of F3 from 31.6% in the untreated SDW to 8.73% after A. 
niger is recovered in the F5 peak that has increased from 
7.7 to 18.63% of the total SEC area. These observations 
suggest that molecules with intermediate size (F3) might 
have been partially hydrolysed in small molecules (F5) 
after 5  days of A. niger fermentation in SDW. This is in 
agreement with the fact that after a first growth period 
of A. niger on released monosaccharides, other complex 
polymeric molecules need to be hydrolysed to provide 
additional carbon sources. The high apparent molecular 
weight molecules detected in the fermented SDW (F1) 
might thus correspond to enzymes secreted by the bio-
mass for hydrolysis of SDW carbon-containing polymers. 

To further investigate the effect of A. niger fermen-
tation on the biochemical characteristics of vinasse, 
F1 to F7 fractions were collected and their EEM were 
determined (Fig.  4b). For better specificity towards 
PN-like detection, the ratios A/B and A/C of maxima 

fluorescence intensity for these different zones were cal-
culated (Table 3). As shown in Fig. 4b, EEM fingerprints 
were quite similar for raw and fermented SDW. Globally, 
F2 fraction was more enriched in HA-like substances 
(ratio peak C/A more important for F2 fraction than 
for others) whereas F7 fraction was especially enriched 
in PA-like molecules (ratio peak B/A more important 
for F7 fraction and especially for SDW filtrate). EEM 
fingerprints of F3, F5 and F6 fractions were slightly 
impacted by fermentation. For F3 and F5, the A/C ratio 
was increased by a factor of 2.8 and 1.7 after fermenta-
tion respectively whereas A/B ratio was unchanged. That 
might be linked to the increase in PN-like and/or the 
hydrolysis of HA-like molecules during A. niger fermen-
tation. On the other hand, concerning F6 fractions, the 
A/C ratio was reduced by a factor 1.9, decreasing from a 
value of 3.5–1.8 after fermentation. So, fermentation has 
decreased the level of HA-like substances in fractions 
F3 and F5 whereas these substances were recovered in a 
higher amount in F6 fractions.

According to these results, some physiological aspects 
of A. niger fermentation of raw SDW can be proposed: 
(1) production of high apparent molecular weight (F1 
fraction) and hydrolysed (F3 and F5 fractions) PN-like 
molecules (2) hydrolysis of HA-like substances (F3 and 
F5 fractions) in smaller HA-like molecules, (F6 frac-
tion) inducing vinasse decolourisation. This approach 
also demonstrated that SEC coupled with fluorescence 
monitoring at λEx/λEm = 221/350 nm is a good alternative 
for determination of vinasse biochemical fingerprints. 
This strategy was previously used to show the impact of 
biological aggregate sludge and origin of aggregate on 

Table 3 Biochemical properties of the fractions eluted after SEC fractionation of raw and fermented SDW: quantitative 
distribution of each fraction and ratio of maxima fluorescence intensity for the three A, B and C peak areas detected 
in their EEM

A corresponds to the maximum intensity of the peak area related to protein‑like (PN‑like) substances, B to phenolic gallic acid‑like (PA‑like) molecules and C to the 
humic acid‑like (HA‑like) substances. SEC and EEM profiles were obtained from supernatants of SDW pre‑treated by A. niger during 5 days

Fractions Peak (mL) Repartition of peak area compared 
to total area (%)

A/B EEM peak area A/C EEM peak area

Raw SDW Fermented SDW Raw SDW Fermented SDW Raw SDW Fermented SDW

F1 24 ± 2 – 5.31 – 2.0 – 3.9

F2 38 ± 1 12.1 25.67 1.9 1.8 0.6 0.4

F3 41.5 ± 1.5 31.6 8.73 1.8 1.8 1.2 3.3

F4 45 ± 1 15.3 14.32 2.2 2.2 2.5 2.2

F5 49 ± 1.5 7.7 18.63 1.7 1.7 2.6 4.4

F6 52.25 ± 1.25 2.7 4.02 0.7 1.1 3.5 1.8

F7 55.75 ± 2.25 7.1 7.77 0.6 0.8 5.1 4.0
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exopolymeric substances fingerprint for which number 
of peaks and their intensity were easily identified with the 
specific PN-like fluorescence detection [43].

Lipid extraction from A. niger biomass and total Single Cell 
Oil yield
In an attempt to explore the potential of fungal biomass 
for biodiesel production, the lipid content of the biomass 
produced on SDW was measured and compared with the 
one produced on a lipid accumulation medium (Table 4). 
With almost 3 times more biomass produced on SDW as 
compared to LAM, the lipid content of the fungal bio-
mass grown on SDW (6.94%) was slightly higher as com-
pared to LAM (5.89%). Comparatively, Zheng et al. [47] 
showed that A. niger grown on glucose or xylose as sole 
carbon source led to a production of 5.8 and 4.6 g L−1 of 
biomass with a lipid content of 9.6 and 8% respectively. 
Similarly, A. niger grown on bagasse led to a fungal bio-
mass of about 1.9 g L−1 with a lipid content of 13.6% [48]. 
Also, André et al. [49] showed that two different A. niger 
strains cultivated in crude glycerol could produce up to 
8.2  g  L−1 of biomass with a lipid content of about 50% 
(meaning about 3 g L−1 of lipids). Although lipid content 
of fungal biomass produced on SDW is rather low (circa 
7%), the high A. niger biomass yield on this medium sug-
gested that SDW can therefore constitute a good alterna-
tive and cheap medium for biodiesel production.

The composition of the lipids extracted from biomass 
produced on LAM and SDW was respectively 18.2 and 
24.9% for palmitic acid (16:0), 28.2 and 17.2% for oleic 
acid (18:1, n-9) and 39.4 and 42.7% for linoleic acid (18:2, 
n-6). Stearic (18:0) and α-linolenic (18:3, n-3) acids were 
produced to a lesser extent by A.  niger on both media 
(Table  4). Singh [48] reported that A.  niger biomass 
grown on glucose medium contained mostly linoleic 
acid (50%) and to a lesser extent, palmitic, stearic and 
linolenic acids (8.3, 5.2 and 6% respectively). Whatever 
the medium used, linolenic acid appeared as the major 
intracellular lipid of A.  niger biomass; however, it can 
be noticed that A.  niger grown on glucose medium and 
on LAM were richer in oleic acid than biomass grown 
on SDW (23.5 and 28.19 against 17.23%) [48]. By com-
parison, biodiesel from Yarrowia lipolytica [50] con-
tained twice higher oleate esters but less than three times 
linoleate esters than biodiesel from A.  niger grown on 
SDW. This suggests that lipids produced from A.  niger 
could be an interesting alternative to the ones produced 
by microorganisms such as yeasts [51].

Finally, the main relevant physical properties to assess 
fuel quality of biodiesel from A. niger are presented in 
Table  5. Whatever the growth media used (SDW or 
LAM), the biodiesel derived from A. niger showed simi-
lar properties for all the tested physical parameters such 
as cetane number (φ), viscosity (η), density (ρ), higher 

Table 4 Biomass production, lipid content and lipid composition of A. niger grown on LAM and SDW media dur-
ing 10 days

16:0: palmitic acid; 18:0: stearic acid; 18:1 (n‑9): oleic acid; 18:2 (n‑6): linoleic acid; 18:3 (n‑3): linolenic acid
a Lipid content expressed in gram of lipids per 100 g of dry weight biomass

Medium Biomass Lipid  contenta Lipid composition

(g L−1) (% of DW) 16:0 18:0 18:1 (n‑9) 18:2 (n‑6) 18:3 (n‑3)

LAM 8.523 5.889 18.19 6.84 28.19 39.38 7.4

SDW 24.060 6.940 24.94 5.25 17.23 42.66 9.92

Table 5 Most relevant physical characteristics of biodiesel extracted and converted from A. niger biomass grown on LAM 
and SDW media during 10 days

Each data is the mean of three independent biological experiments

CN cetane number, HHV higher heating value, CFPP cold filter plugging point (1in winter, 2in summer), n.a not available
a According to European and American specifications biodiesel fuel blendstocks (B100), standard specifications EN 14,214 and D 6751‑08 for biodiesel fuel 
blendstocks (B100) established respectively by the European Committee for Standardization (CEN) and American Society for Testing and Materials (ASTM). Data from 
b [52], c [53], d [54]

CN (φ) Viscosity (η)  (mm2 s−1) Density (ρ) (g cm−3) HHV (δ) (MJ kg−1) CFPP (°C)

SDW 57.65 3.47 0.87 40.01 − 0.39

LAM 58.88 3.52 0.87 40.05 − 0.02

EN 14,214a > 51b 3.5–5c 0.86–0.9b – < − 15d,1; < 0d,2

ASTM D 6751‑08a > 47b 1.9–6c n.a – n.a
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heating value (HHV—δ) and cold filter plugging point 
(CFPP). Cetane numbers of biodiesel produced from 
SDW and LAM media (respectively 57.65 and 58.88) 
were both at least 13% better than the minimal require-
ment of biodiesel proposed by the European and Ameri-
can standards. For comparison, the biodiesel derived 
from A.  niger had similar cetane numbers to biodiesels 
produced from coconut, tallow or yellow grease (respec-
tively 59.3, 58.9 and 56.9) [51]. In comparison, cetane 
number of biodiesel from Y. lipolityca was 64.37 [50]. 
Also viscosities of biodiesel produced from A. niger 
(3.52 mm2 s−1 on LAM and 3.47 mm2 s−1 on SDW) were 
globally in the range of values suggested by the Euro-
pean Standards (between 3.5 and 5 mm2 s−1). Although 
there are no European or American specification for this 
parameter, HHV of biodiesel from A. niger grown on 
SDW (40.01  MJ  kg−1) is considered as acceptable given 
that biodiesel from all kind of sources are generally 10% 
less energetic than diesel from petroleum (49.65 MJ kg−1) 
[51]. Finally, CFPP value of biodiesel obtained from A. 
niger grown on SDW was lower than 0 °C, meaning that 
this biodiesel could be used at low temperature.

Conclusions
This study demonstrated that raw SDW contains suitable 
organic substrates for growth of A. niger including mono-
saccharides, organic acids and complex polymers. The 
growth reached up to 35.29  g  L−1 DW fungal biomass 
with a biomass yield of 0.47 g per g of SDW organic com-
pounds. Aerobic fermentation of raw SDW led to vinasse 
decolourization with pH increase and COD decrease, 
dropping thus significantly the pollutant load. Biochemi-
cal fingerprints revealed that high molecular weight 
PN-like components were secreted by A. niger during 
growth while some PA and/or HA-like molecules were 
consumed. Intracellular lipids from biomass showed 
good physical characteristics for use as biofuel giving 
new insights for concomitant bioremediation and carbon 
reuse of SDW medium.
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Heterologous and endogenous U6 snRNA 
promoters enable CRISPR/Cas9 mediated 
genome editing in Aspergillus niger
Xiaomei Zheng1,2 , Ping Zheng1,2*, Jibin Sun1,2* , Zhang Kun1,2,3 and Yanhe Ma1

Abstract 

Background: U6 promoters have been used for single guide RNA (sgRNA) transcription in the clustered regularly 
interspaced short palindromic repeats/CRISPR-associated protein (CRISPR/Cas9) genome editing system. However, no 
available U6 promoters have been identified in Aspergillus niger, which is an important industrial platform for organic 
acid and protein production. Two CRISPR/Cas9 systems established in A. niger have recourse to the RNA polymerase 
II promoter or in vitro transcription for sgRNA synthesis, but these approaches generally increase cloning efforts and 
genetic manipulation. The validation of functional RNA polymerase II promoters is therefore an urgent need for A. 
niger.

Results: Here, we developed a novel CRISPR/Cas9 system in A. niger for sgRNA expression, based on one endog-
enous U6 promoter and two heterologous U6 promoters. The three tested U6 promoters enabled sgRNA transcription 
and the disruption of the polyketide synthase albA gene in A. niger. Furthermore, this system enabled highly efficient 
gene insertion at the targeted genome loci in A. niger using donor DNAs with homologous arms as short as 40-bp.

Conclusions: This study demonstrated that both heterologous and endogenous U6 promoters were functional for 
sgRNA expression in A. niger. Based on this result, a novel and simple CRISPR/Cas9 toolbox was established in A. niger, 
that will benefit future gene functional analysis and genome editing.

Keywords: Aspergillus niger, CRISPR/Cas9 system, U6 snRNA promoters, Genome editing

Background
Aspergillus niger has attracted great attention due to 
its biotechnological value as a platform for produc-
ing organic acids, such as citric acid, gluconic acid and 
oxalic acid [1], as well as producing homologous and het-
erologous enzymes, including glucoamylases, amylases, 
acid protease, cellulase, glucose oxidase, pectinases, and 
xylanases [2]. A. niger can be used to create a promis-
ing, versatile cell factory for producing more low-priced 
bulk chemicals because of its remarkable unique features, 
including extreme acid resistance, significant robustness 

and powerful polymer hydrolytic enzymes. Despite its 
industrial importance, efficient genetic tools are gener-
ally unavailable, hampering the fundamental study and 
industrial improvement of this species.

The clustered regularly interspaced short palindro-
mic repeats/CRISPR associated protein (CRISPR/Cas9) 
system is a powerful and revolutionary genome editing 
tool [3, 4]. In the CRISPR/Cas9 system, the endonuclease 
Cas9 is guided to a specific locus by a single guide RNA 
(sgRNA) where it generates a double strand break (DSB) 
in the genome. The DSB is usually repaired by either non-
homologous end joining (NHEJ) to allow NHEJ-mediated 
gene disruption with base-pair insertions or deletions 
or homologous recombination (HR), which allows HR-
mediated precise genome editing with appropriate 
donor DNA. The HR frequency is very low (less than 5%) 
in filamentous fungi [5, 6]. In traditional gene editing 
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methods, efficiency is typically improved by increasing 
the homologous arm length. For example, the gene dele-
tion efficiency was enhanced from 4 to 29%, when the 
homologous arm was increased from 100 to 1500-bp 
[6]. However, this approach had disadvantages, such a 
tedious donor DNA construction and onerous transfor-
mant screening. Double-stranded DNA breaks caused by 
Cas9 were reported to improve the HR frequency with 
shortened donor DNA homologous arms in T. reesei [7], 
A. fumigatus [8] and P. chrysogenum [9], whereas the 
CRISPR/Cas9 systems established in A. niger still used 
the donor DNA with the long homologous arms.

CRISPR/Cas9 systems have been established in A. 
niger using different strategies for sgRNA synthesis. 
They either depend on RNA polymerase II promoters, 
such as the strong promoter PgpdA [10] or PmbfA [11], 
or in  vitro transcription is performed [12, 13]. When 
RNA polymerase II promoters are used, self-cleavage 
ribozymes, such as hepatitis delta virus (HDV) or Ham-
merhead (HH), are required to be added at the 5′-end 
and 3′-end of sgRNA, whereas the sgRNA conformation 
may be affected by reading-through of RNA polymer-
ase II [10]. However, this strategy usually requires more 
effort when constructing sgRNA expression cassettes. 
As an alternative approach, Kuivanen et al. [12, 13] uti-
lized in  vitro synthesis for sgRNA expression. However, 
gRNA uptake and stability may influence genome editing 
efficiency [9]. RNA Pol III promoters for the spliceosomal 
U6 snRNA have been widely used for sgRNA transcrip-
tion in the CRISPR/Cas9 system. Some U6 promoters 
have been used for efficient sgRNA transcription in fungi 
[8, 9, 14–17]. However, no U6 promoter has been identi-
fied and validated in A. niger.

In this study, we aimed to establish a simple CRISPR/
Cas9 system based on the U6 promoter in A. niger. One 
endogenous U6 promoter was identified. This endog-
enous promoter and two reported heterologous U6 
promoters (PhU6 and PyU6) from humans and yeast 
were tested in A. niger. To enhance the simplicity of this 
CRISPR/Cas9 system, donor DNAs with short homolo-
gous arms (40-bp) were tested for gene insertion at DSBs 
induced by Cas9.

Materials and methods
Strains and media
Escherichia coli DH5α (Transgene, Beijing, China) was 
used for plasmid construction and cultured at 37  °C in 
Luria–Bertani broth containing ampicillin (100  μg/mL). 
The A. niger strains and plasmids used in this study are 
indicated in Additional file 1: Tables S1 and S2. A. niger 
G1 (amdS−, ∆glaA, and ∆pepA) was derived from A. niger 
NRRL3112 and presented by the Institute of Microbiol-
ogy, CAS; this strain was used as the recipient strain for 

genome editing. A. niger strains were cultivated on mini-
mal medium (MM) [18] containing 1% glucose, 70  mM 
 NaNO3, 110  mM  KH2PO4, 70  mM KCl, 2  mM  MgSO4, 
and trace element solution or on complete medium (CM) 
consisting of MM supplemented with 0.5% yeast extract 
and 0.1% casamino acids. When using amdS as a selec-
tion marker,  NaNO3 in MM was replaced by 10  mM 
acetamide and 15  mM caesium chloride (MMSA). For 
growth on solid plates, 1.5% agar was supplemented. If 
necessary, 150 μg/mL of hygromycin was added.

DNA constructions
All primers used in this study are listed in Additional 
file  1: Table S3. The cas9 gene from Streptococcus pyo-
genes was codon-optimized for expression in A. niger. 
The nuclear localization signals (NLSs) of SV40 (PKK-
KRKV) and nucleoplasmin (KRPAATKKAGQAK-
KKK) were attached into the N-termini and C-termini 
of codon-optimized cas9, which was then synthesized 
by Life Science Research Services Company (Genewiz, 
Suzhou, China). After amplification with Cas9-Fm and 
Cas9-Rm, cas9 was cloned into the XholI site of the A. 
niger expressing vector pGm via the ClonExpressTM 
one step cloning kit (Vazyme, C113), create the Cas9 
expressing plasmid pCas9. To monitor the subcellu-
lar location of Cas9, enhanced green fluorescent pro-
tein (eGFP, S65T) was fused to the C-terminus of Cas9. 
The  (G4S)3-linker-egfp was amplified using pMF272 as a 
template with Linker-eGFP-Fm and eGFP-Rm and then 
was assembled into the reverse PCR product of pCAS9 
(amplified using pCas9-rev-F and pCas9-rev-R) via the 
ClonExpress™ one step cloning kit, thus yielding pCas-
9GFP. The DNA sequences of codon-optimized cas9 and 
cas9gfp are shown in Additional file 1: Table S4.

sgRNA expression constructs were synthesized con-
taining the Homo sapiens U6, yeast U6, and A. niger U6 
promoter and sgRNA scaffolds with the BbsI site inserted 
into the plasmid pEASY-Blunt to yield psgRNA1.0, 
psgRNA2.0 and psgRNA3.0, respectively. Then, tar-
geting sgRNA constructs were built by digesting these 
sgRNA expression plasmids with BbsI and ligating dou-
ble stranded oligonucleotides with the protospacer 
of the albA gene to yield psgRNA1.1, psgRNA2.1 and 
psgRNA3.1. The linear sgRNA-target fragments were 
amplified from corresponding plasmids by PCR with 
M13-F and M13-R and used directly for transformation. 
The DNA sequences of sgRNA constructs are shown in 
Additional file 1: Table S5.

The donor DNA MHi-albA-hph with micro-homolo-
gous arms was synthesized by PCR amplification of the 
selection marker hph using the with primers MHi-albA-
Fm and MHi-albA-Rm containing 40-bp homologous 
arms, which were homogenous to the flanking region 
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of the albA sequence to be targeted. After purification, 
PCR products were used directly for transformation. The 
DNA sequences of donor DNA are shown in Additional 
file 1: Table S6.

DNA transformation and analysis
Aspergillus niger transformation protocols, selection pro-
cedures, A. niger genomic DNA isolation and diagnostic 
PCR were performed as described in Meyer et  al. [18]. 
The standard protocol of this novel CRISPR/Cas9 sys-
tem for target gene editing is established. The construc-
tion of sgRNA with different targets and donor DNA 
with micro-homologous arms was followed by the co-
transformation of the Cas9 expression plasmid, sgRNA, 
and donor DNA into the protoplasts of A. niger G1. The 
transformants were streaked on selective media at least 
once. After cultivating in CM rich media, genomic DNA 
isolation and diagnostic PCR were performed to confirm 
correct transformants.

For Cas9 and Cas9-eGFP expression, 5  μg of the 
expression plasmid pCas9 and pCas9GFP, respectively, 
were transformed into A. niger G1 protoplasts by PEG/
CaCl2-mediated transformation. Colonies grown on 
MMSA for 5 days at 30  °C were screened for the amdS 
selection marker, and diagnostic PCR was performed. 
The positive transformants from each construct were 
named A. niger XM1 and A. niger XM2, respectively 
(Additional file 1: Table S1).

For albA disruption, 5 μg of linear sgRNA PCR prod-
ucts and the Cas9 expression plasmid pCas9 were co-
transformed into A. niger G1 protoplasts. Colonies grown 
on MMSA for 5 days at 30 °C were screened for the amdS 
selection marker, and spore phenotype statistics and 
sequential identification via diagnostic PCR analysis with 
the primers albA-g-F and albA-g-R were performed.

For albA gene insertion directed by donor DNA with 
micro-homologous arms, 5 μg linear sgRNAs PCR prod-
ucts, 5  μg pCas9 and 5  μg dDNA MHi-albA-hph PCR 
fragments were co-transformed into the protoplasts of A. 
niger G1. Transformants grown on MMSA with 100 μg/
mL hygromycin B (Sigma-Aldrich, St. Louis, MO, USA) 
for 5 days at 30 °C were screened for amdS and hph selec-
tion markers, and spore phenotype statistics and sequen-
tial identification via diagnostic PCR and sequencing 
analysis with primers albA-g-F/hph-R and hph-F/albA-g-
R were performed.

Microscopic analysis of the subcellular localization of the 
Cas9‑GFP fused protein
To analyse the subcellular localization of the Cas9-GFP 
fused protein, the hyphae cultivation and microscopic 
analysis were performed as described in Wanka et  al. 
[19]. Briefly, two disinfected coverslips were placed onto 

the bottom of a small petri dish, and then 5 mL of liquid 
MM was supplemented with 0.003% yeast extract. After 
inoculation with  106 spores of A. niger, the petri dishes 
were incubated for 8 h at 30 °C. After incubated with 4′, 
6-diamidino-2-phenylindole (DAPI) at the final concen-
tration of 1 mg/mL for 15 min, coverslips with adherent 
hyphae were placed upside down on an object slide and 
analysed by microscopy. Differential interference con-
trast (DIC) and green fluorescent images of the cells were 
captured with a 40× objective using a Leica DM5000B 
and the results were assembled in Adobe Photoshop 7.0 
(Adobe, San Jose, CA).

Quantitative reverse transcription PCR (qRT‑PCR)
Aspergillus niger transformants were grown in tripli-
cate in CM liquid media as described above. After 24  h 
of growth, mycelia were harvested, and total RNA was 
extracted using the RNAprep pure Plant Kit (Tiangen, 
Beijing). For relative RT-qPCR, total RNA was first reverse 
transcribed for first-strand cDNA synthesis using Fast-
Quant RT Super Mix KR108 (Tiangen, Beijing). A 1-μL 
sample from the 10-fold dilution of the cDNA synthesis 
mix was subjected to qPCR with SuperReal PreMix Plus 
(SYBR Green). Real time amplification was performed 
using an ABI 7500 real-time PCR system. The primers 
sgRNA-qPCR-F and sgRNA-qPCR-R were used for the 
amplification of sgRNA. The relative expression level was 
calculated using the ΔΔCт method. 18S rRNA was used 
as an internal control gene and was amplified using the 
primers 18S rRNA-qPCR-F and 18S rRNA-qPCR-R.

Results and discussion
Nuclear localization of codon‑optimized Cas9
To ensure the nuclear localization of Cas9 in A. niger, 
the SV40 NLS (PKKKRKV) and the nucleoplasmin NLS 
(KRPAATKKAGQAKKKK) were fused onto the N-ter-
minal and C-terminal, respectively, of Cas9 that was 
originally from the bacterium Streptococcus pyogenes but 
was codon-optimized for A. niger. Then, a Cas9 expres-
sion plasmid was constructed with the strong induced 
promoter PglaA and a universal fungal transcription 
terminator TtrpC (Fig.  1a). To monitor the subcellu-
lar location of Cas9, eGFP was fused to the C-terminal 
of Cas9 (Fig.  1b). The plasmids pCas9 and pCas9GFP 
were transformed into A. niger G1, to generate XM1 
and XM2, respectively. The localization of Cas9GFP in 
A. niger XM2 was detected by fluorescence microscopy. 
Compared with A. niger G1, the green fluorescence spots 
were detected in the mycelia of A. niger XM2, which 
overlapped the with the DAPI stained nuclei (Fig.  1c). 
This result demonstrated that Cas9 successfully local-
ized to the nucleus with the aid of NLSs from SV40 and 
nucleoplasmin.
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Different U6 promoters efficiently initiated sgRNA 
transcription for genomic albA disruption
To establish a simple CRISPR/Cas9 system based on the 
U6 promoter in A. niger, we tested three U6 promoters 
from different species for sgRNA expression. First, one 
A. niger U6 snRNA gene (AY136823.1) was  retrieved 

form the NCBI GenBank database. To identify the tran-
scription start site and promoter of this U6 snRNA gene, 
it was aligned with the Homo sapiens RNU6 gene [20] 
(NR_004394) and yeast RNU6 gene [21] (X12565.1). The 
412-bp upstream of A. niger U6 snRNA was identified as 
the promoter, which showed approximately 79% identity 

Fig. 1 Fluorescence microscopic assessment of the localization of Cas9-GFP in A. niger. a Schematic illustration of the Cas9-expressing plasmids 
pCas9. b Schematic illustration of the Cas9-GFP fusion protein expressing plasmid pCas9GFP. c Fluorescent microscopic assessment of the  
localization of Cas9GFP in A. niger G1 and A. niger XM2
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to yeast RNU6 promoter sequence. This A. niger U6 pro-
moter included some key regulatory elements, such as 
the TATA-like box and proximal and distal sequence ele-
ments (Fig. 2a). Interestingly, this U6 snRNA gene could 
not be amplified using the A. niger CBS513.88 and G1 
genome as templates. Thus, the 412-bp upstream of the 
A. niger U6 promoter, the Homo sapiens U6 promoter 
from pX330 and the 540-bp upstream of yeast RNU6 
were synthesized and tested for sgRNA expression in A. 
niger G1.

One putative polyketide synthase (PKS) gene, albA 
(An09g05730), was chosen as the target gene, because 

it is involved in black spore pigmentation synthesis and 
its mutation leads to a visible conidial albino phenotype 
[10]. albA targeting sgRNA was constructed by the BbsI 
digestion of sgRNA expression plasmids and ligation with 
double stranded oligonucleotides with a protospacer of 
the albA gene. Then, the targeting sgRNAs PCR products 
under the control of each U6 promoter were co-trans-
formed with pCas9 into the protoplasts of A. niger G1 
(Fig.  2b). After cultivation for 5  days, conidial pigment-
less colonies were brought out on the primary transfor-
mation plates. The mutants with the disrupted albA gene 
mediated by the three sgRNA constructs were designated 

Fig. 2 Different RNA polymerase III-based promoters for CRISPR/Cas9 systems mediated albA gene disruption in A. niger. a Sequence alignment 
of the promoter sequences of Homo sapiens RNU6-1, yeast RNU6, and A. niger RNU6. + 1 represents the transcription start; the TATA-like box and 
proximal and distal sequence elements are represented by a red box. b Schematic diagram of albA disruption mediated by NHEJ using the CRISPR/
Cas9 system based on the U6 promoter. hU6 promoter represents the promoter of the human RNU6-1 gene (NR_004394); the yU6 promoter rep-
resents the promoter of the yeast RNU6 gene (X12565.1); the anU6 promoter represents the 412-bp upstream of A. niger RNU6 gene (AY136823.1). 
 T6 represents a string of six thymines serving as an RNA polymerase III terminator. Linear sgRNA constructs and Cas9 expression plasmid pCas9 
were co-transformed into the protoplast. Without the donor DNA, the DSBs induced by Cas9 were repaired by the error-prone NHEJ system, which 
resulted in albA disruption. c Transformants growing on the primary transformation plates after 5 days incubation after being co-transformed with 
pCas9 and sgRNA expression cassettes. If albA was disrupted, the conidia of transformants turned pigmentless, forming albino colonies, as the red 
arrows indicate. The histogram shows the albA gene disruption efficiency of the transformants with sgRNA constructs under the control of different 
U6 promoters. Bars represent the percentages of albino colonies that showed the albA disruption phenotype on the primary transformation plates 
(mean ± SD; n = 3)
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A. niger XM3, XM4 and XM5. To ensure the  reliability 
of the obtained data, we performed three transforma-
tions for each sgRNA cassette driven by these three U6 
promoters. We obtained dozens of transformants on the 
primary transformation plates with several albino colo-
nies (Fig. 2c). The ratio of albino colonies was 15% (4/27 
of primary transformants) for A. niger XM3 and 20% 
(1/5 of primary transformants) for A. niger XM4, and a 
slight higher ratio 23% (3/13 of primary transformants) 
was observed for A. niger XM5 (Fig. 2c). We performed 
diagnostic PCR for 12 purified clones isolated from 
the independent albino transformants to assess albA 
mutagenesis. No PCR product was obtained from these 
isolated albino colonies using the primers albA-g-F/albA-
g-R, which spanned the PAM site, indicating that unpre-
dicted large DNA deletion or insertion may occur in the 
targeted locus, as was seen in A. fumigatus [5, 8].

The intracellular sgRNA levels in cells with the three dif-
ferent U6 promoters had obvious differences, even though 
the difference in the albA disruption ratio among the pro-
moters was not very significant. Compared to the promoter 
from human PhU6, the endogenous promoter PanU6 and 
the promoter from the yeast PyU6 produced 43.76-fold and 
6.09-fold more sgRNA, respectively (Additional file 1: Fig. 

S1), indicating that the U6 endogenous promoters achieved 
more efficient sgRNA expression.

Our results also suggested that U6 promoters, even 
from distant evolutionary species, can be used to develop 
the CRISPR/Cas9 system in A. niger. Compared to previ-
ous studies [10, 11, 13], the CRISPR/Cas9 system based 
on the U6 promoter is more feasible for sgRNA expres-
sion cassette construction (Table  1) without requiring 
any ribozymes or in vitro synthesis of sgRNA. Moreover, 
it is worth mentioning that in our study, the albino colo-
nies grew directly on primary transformation plates, ren-
dering their isolation easier than that in previous studies 
reported with Aspergilli [8, 10]. In other studies, repeated 
streaking was necessary to obtain albino colonies when 
the target gene was disrupted by the NHEJ repair path-
way. This difference between our results and those of pre-
vious studies may be caused by the genetic background of 
host strains, the sgRNA expression efficiency or the time 
of DSB generation induced by the Cas9-sgRNA complex.

Precise gene insertion mediated by donor DNA  
with short homologous arms
To enhance the simplicity of this novel CRISPR/Cas9 sys-
tem, the donor DNAs with short-homologous arms were 

Table 1 Comparison on CRISPR/Cas9 system for A. niger

a The gene deletion efficiency without CRISPR/Cas9 system
b This donor DNA for gene integration was flanked by a 5′ flanking sequence of 690 bp homologous to the promoter region of the pyrG gene, while the 3′ flanking 
sequence was a mutated and truncated pyrG CDS of 834 bp (pyrGm2, trunc)
c After co-transformation of donor DNA MHi-albA-hph, sgRNA3.1 and pCas9, the outgrown albino colonies with albA disruption reached up to 79% (11/14). In some 
albino colonies, some unexpected base pair errors were mediated by NHEJ at the 5′-junction or 3′-junction of DBSs. Therefore, the precise gene integration was only 
36% (5/14)

Cas9 expression sgRNA expression Targeted gene Donor DNA 
(SM/homology 
arm size, bp)

Gene editing 
efficiency

Notes References

Promoter Terminator Promoter Terminator

Ptef1 Ttef1 PgpdA TtrpC albA – Some Requiring to add HH 
and HDV for process-
ing sgRNA

[10]

PcoxA Ttef1 PmbfA TtrpC pyrG – Obtaining 25 
colonies on 
MM with 
5′-FOA

Requiring to add self-
cleaving ribozymes 
for processing sgRNA

[11]

MttA pyrG/690 and 
 834b

100% (7/7)

Ptef1 Ttef1 In vitro synthesis 1090836 pyrG/1500 28% (11/40) 3% (1/30)a [12]

1117792 100% (8/8) 43% (13/30)a

1141260 100% (8/8) 0% (0/30)a

1121140 38% (3/8) 2% (1/60)a

1146483 88% (7/8)

1170646 63% (5/8)

PglaA TglaA PhU6 Ploy(T)6 albA – 15% (4/27) Without any selection 
pressure for targeted 
gene editing

This study

PyU6 – 20% (1/5)

PanU6 – 23% (3/13)

PanU6 albA hph/40 36% (5/14) 79% (11/14)c
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Fig. 3 Donor DNA with 40-bp short homologous arms mediated albA gene insertion by the novel CRISPR/Cas9 system in A. niger. a Schematic 
diagram of albA gene insertion mediated by integrating the donor DNA with 40-bp micro-homologous arms. The donor DNA MHi-albA-hph was 
co-transformed with linear sgRNA constructs and the Cas9-expressing plasmid pCas9 into wild-type A. niger G1. DSBs were generated by Cas9 
under the guide of the sgRNA and were then repaired by HR with the integration of MHi-albA-hph. b Diagnostic PCR analysis of the genetic context 
of DSBs in albino colonies. Correct integration of the hph marker at the albA locus: 1697 bp (albA-g-F/hph-R) and 1934 bp (hph-F/albA-g-R). M, DNA 
ladder; 1-11, 11 albino colonies XM6.1-6.11; 12, one black colony XM6.12 without albA insertion
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used to mediate the homology-directed recombination at 
the double-strand DNA breaks induced by Cas9. Donor 
DNAs of MHi-albA-hph were designed and constructed 
containing 40-bp short homologous arms located next to 
the PAM of the albA protospacer. The gene insertion was 
accomplished by the co-transformation of pCas9, two 
PCR fragments of MHi-albA-hph, and sgRNA3.1 into A. 
niger G1 protoplasts (Fig.  3a). In the negative controls, 
when the donor DNA MHi-albA-hph was only co-trans-
formed with pCas9 or sgRNA3.1, no albino colonies grew 
on the primary transformation plates (Additional file  1: 
Fig. S2). However, after the co-transformation of pCas9, 
MHi-albA-hph, and sgRNA3.1, the outgrown albino 
colonies accounted for 79% (11/14) of primary transfor-
mants, dramatically increasing the albA gene disruption 
efficiency (Additional file 1: Fig. S2). This result indicated 
that the CRISPR/Cas9 system based on the U6 promoter 
improved the gene editing efficiency and allowed the 
usage of donor DNA containing short homologous arms. 
Kuivanen et al. [12] also found that the gene editing effi-
ciency was significantly increased with the assistance of 
the CRISPR/Cas9 system (Table 1).

The genetic context for the DSBs in 11 albino colonies 
and one black colony as a negative control were deter-
mined via PCR and DNA sequencing using two pairs of 
primers (Fig. 3b and Additional file 1: Fig. S3). Among 11 
albino colonies, the expected PCR products were ampli-
fied in five colonies, i.e., XM6.1, 6.3, 6.4, 6.8, and 6.9, sug-
gesting they carried the correct hph insertion at both 
expected cleavage sites (Fig.  3b, lanes 1, 3, 4, 8, and 9; 
Additional file 1: Fig. S3). For the other albino colonies, 
only one correct PCR product was amplified, indicating 
that the hph cassette was inserted at only the 5′-junc-
tion or 3′-junction (Fig. 3b, lanes 6, 7, 10, and 11; Addi-
tional file 1: Fig. S3). For the albino colony XM6.5, only 
one smaller PCR product was detected, indicating an 
800-bp-deletion when the hph cassette was inserted at 
the 3′-junction (Fig. 3b, lane 5; Additional file 1: Fig. S3). 
The albino colony XM6.2 had a mixed genotype, similar 
to XM6.5 at the 3′-junction lane 5 and correct insertion 
at the 5′-junction (Fig.  3b, lane 2; Additional file  1: Fig. 
S3). Zhang et al. [8] found that donor DNAs with 39-bp 
or 28-bp homologous arms were sufficient to precisely 
induce mutagenesis in A. fumigatus in a NHEJ system-
independent manner. These differences could be caused 
by the high activity of error-prone NHEJ or by micro-
homology-mediated end joining (MMEJ) [22] in the A. 
niger wild type strain.

Clearly, we have confirmed that, combined with the 
CRISPR/Cas9 system, short homologous arms as short 
40-bp are sufficient for mediating targeted gene insertion, 
which facilitates the construction of donor DNA in A. 
niger. Moreover, due to the complicated genomic repair 

outcomes at the DSBs in wild-type strains, it is recom-
mended that more attention should be paid to mutant 
genotypes for precise editing.

Conclusions
In conclusion, we established a simple CRISPR/Cas9 sys-
tem based on the U6 promoter in A. niger. Two heterolo-
gous (PhU6 and PyU6) and one endogenous U6 promoter 
were capable of driving the transcription of sgRNA, 
which guided Cas9 to the target site for generating DSBs. 
Donor DNAs with short homologous arms (40-bp) were 
sufficient for insertion at DSBs induced by Cas9, simpli-
fying and increasing the convenience of genetic manipu-
lation in A. niger.
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NHEJ: non-homologous end joining.

Additional file

Additional file 1. Figure S1. qPCR results of sgRNA expression levels 
from each promoter. Total RNA was isolated, converted to cDNA, and 
sgRNA expression level was quantified. sgRNA expression levels were nor-
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S2. Transformants with albA disruption by inserted the donor DNA with 
short homologous arms. Transformants XM6 grew on the primary trans-
formation plates after co-transformed pCas9, sgRNA3.1 and donor DNA 
MHi-albA-hph. Transformants NC1 grew on the primary transformation 
plates after only co-transformed pCas9 and donor DNA MHi-albA-hph. 
Transformants NC2 grew on the primary transformation plates after only 
co-transformed sgRNA3.1 and donor DNA MHi-albA-hph. Figure S3. DNA 
sequencing analyses for genetic context at the DSBs in albA gene inserted 
transformants XM6. DNA sequencing results of PCR products ampli-
fied by albA-g-F/hph-R (a) and hph-F/albA-g-R (b) using the genomic 
DNA of albino colonies XM6 as templates. The red letters represent the 
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PAM site. The green letters represent the to-be-inserted hph cassette, and 
blue letters represent the homology arms in the donor DNA MHi-albA-
hph. XM6.1-6.11 represent the selected albino colonies. Table S1. A. niger 
strains used in this study. Table S2. Plasmids used in this study. Table S3. 
Primers used in this study. Restriction sites are underlined. Fm represents 
forward primer with modification and Rm represents reverse primer 
with modification. The modified additional sequences were represented 
in lowercase letters. Table S4. DNA sequences of codon optimized 
cas9 used in this study. Black letters indicate the codon-optimized cas9 
gene. Purple letter indicate the NLS sequences of SV40 at 5’-termini and 
nucleoplasmin at 3’-termini. Green letters indicate the gfp (S65T) gene 
from pMF272. Orange letters indicate the  (G4S)3 linker sequence. Table 
S5. DNA sequences of sgRNA constructs used in this study. Green let-
ters indicate the promoter region for sgRNA expression. Orange letters 
indicate the transcription start of U6 promoters. Blue letters indicate the 
sgRNA scaffold. Blue underlined letters indicate BbsI restriction sites. Red 
letters indicate the terminator of RNU6 gene. Red underlined letters indi-
cate genetic targets. Table S6. DNA sequences of donor DNA used in this 
study. Blue letters indicate the homogenous arms located at the 5’ and 3’ 
flanking region of the genetic target sites. Black lowercase letters indicate 
the selection marker cassettes.
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Aspergillus niger is a superior expression 
host for the production of bioactive fungal 
cyclodepsipeptides
Simon Boecker1,2, Stefan Grätz1, Dennis Kerwat1, Lutz Adam1, David Schirmer1, Lennart Richter1, 
Tabea Schütze2, Daniel Petras1, Roderich D. Süssmuth1* and Vera Meyer2*

Abstract 

Background: Fungal cyclodepsipeptides (CDPs) are non-ribosomally synthesized peptides produced by a variety of 
filamentous fungi and are of interest to the pharmaceutical industry due to their anticancer, antimicrobial and anthel-
mintic bioactivities. However, both chemical synthesis and isolation of CDPs from their natural producers are limited 
due to high costs and comparatively low yields. These challenges might be overcome by heterologous expression 
of the respective CDP-synthesizing genes in a suitable fungal host. The well-established industrial fungus Aspergillus 
niger was recently genetically reprogrammed to overproduce the cyclodepsipeptide enniatin B in g/L scale, suggest-
ing that it can generally serve as a high production strain for natural products such as CDPs. In this study, we thus 
aimed to determine whether other CDPs such as beauvericin and bassianolide can be produced with high titres in A. 
niger, and whether the generated expression strains can be used to synthesize new-to-nature CDP derivatives.

Results: The beauvericin and bassianolide synthetases were expressed under control of the tuneable Tet-on pro-
moter, and titres of about 350–600 mg/L for bassianolide and beauvericin were achieved when using optimized 
feeding conditions, respectively. These are the highest concentrations ever reported for both compounds, whether 
isolated from natural or heterologous expression systems. We also show that the newly established Tet-on based 
expression strains can be used to produce new-to-nature beauvericin derivatives by precursor directed biosynthesis, 
including the compounds 12-hydroxyvalerate-beauvericin and bromo-beauvericin. By feeding deuterated variants of 
one of the necessary precursors (d-hydroxyisovalerate), we were able to purify deuterated analogues of beauvericin 
and bassianolide from the respective A. niger expression strains. These deuterated compounds could potentially be 
used as internal standards in stable isotope dilution analyses to evaluate and quantify fungal spoilage of food and 
feed products.

Conclusion: In this study, we show that the product portfolio of A. niger can be expanded from enniatin to other 
CDPs such as beauvericin and bassianolide, as well as derivatives thereof. This illustrates the capability of A. niger to 
produce a range of different peptide natural products in titres high enough to become industrially relevant.

Keywords: Aspergillus niger, Natural products, Non-ribosomal peptide synthetase, Tet-on, Enniatin, Beauvericin, 
Bassianolide, Precursor directed biosynthesis, Stable isotope dilution analysis

*Correspondence:  roderich.suessmuth@tu-berlin.de;
vera.meyer@tu-berlin.de 
1 Department Biological Chemistry, Institute of Chemistry, Technische 
Universität Berlin, Straße des 17. Juni 124, 10623 Berlin, Germany
2 Department Applied and Molecular Microbiology, Institute 
of Biotechnology, Technische Universität Berlin, Gustav-Meyer-Allee 25, 
13355 Berlin, Germany

6

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40694-018-0048-3&domain=pdf


Background
Fungal cyclodepsipeptides (CDPs), such as enniatins, 
beauvericins, bassianolide or PF1022 (Fig. 1b), comprise 
a class of secondary metabolites produced by (mostly 
pathogenic) filamentous fungi including Fusarium 
oxysporum, Beauveria bassiana or Rosellinia spp. [1]. 
They exhibit a variety of different pharmaceutically rel-
evant bioactivities, including antibiotic, anthelmintic, 
cytotoxic, phytotoxic, insecticidal and anti-retroviral 

activities [1–4]. Additionally, some fungal CDPs are 
promising lead structures for new anti-cancer drugs 
[5–9]. These molecules are symmetric and consist of 
N-methylated l-amino acids and d-hydroxycarboxylic 
acids, which are alternatingly linked to each other by 
amide and ester bonds. These CPDs are produced by 
highly homologous iteratively working bi-modular non-
ribosomal peptide synthetases (NRPSs), i.e. enniatin 
synthetase (ESyn), beauvericin synthetase (BeauvSyn), 
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bassianolide synthetase (BassSyn) and PF1022 synthetase 
(PFSyn) [1, 2, 10]. Each module is composed of a con-
densation (C), an adenylation (A), and a peptidyl carrier 
protein (PCP) domain, whereby module 2 is linked to a 
terminal  PCP2b-C3 bidomain (Fig. 1a).

At module 1, a d-hydroxycarboxylic acid is activated 
at the adenylation domain  (A1) and covalently bound to 
the peptidyl carrier protein domain  (PCP1). The l-amino 
acid is activated at the A-domain of module 2  (A2), which 
is bound to the adjacent  PCP2a domain and methylated 
at the methylation domain (Mt). For substrate elonga-
tion, two different models have been proposed. At the 
“parallel” model, the depsipeptide chain grows by the 
addition of a dipeptidol, consisting of a hydroxy acid 
and an N-methyl amino acid, previously coupled in the 
 C2 domain. In this model, either  PCP2a or  PCP2b act as 
a so-called waiting position until the next dipeptidol is 
formed. Ester bond formation as well as macrocycliza-
tion occurs at the  C3 domain. However, based on recent 
results by Yu et al. [11] and from our group [12], exper-
imental evidence points to the “linear” or “looping” 
model: the elongation occurs by the attachment of a sin-
gle building block (hydroxy acid or N-methyl amino acid), 
while the growing depsipeptide chain is passed between 
the  PCP1 and the  PCP2a/b domains. Peptide bond forma-
tion is catalysed in the  C2 domain, while the  C3 domain 
catalyses ester bond formation and macrocyclization. 
In this model, the role of the double  PCP2a/b domains 
remains unclear, as either one of the domains is sufficient 
for biosynthesis of the final product [11, 12]. It was pro-
posed that  C1 has no direct catalytic function, because 
truncated CDP synthetases missing the  C1 domain are 
still functional. Thus,  C1 could rather have a stabilizing or 
supportive role during the catalytic cycle [12]. Currently, 
it is not clear which of these two models accurately repre-
sents NRPs activity, and more investigations are required 
to fully understand the underlying mechanism of CDP 
biosynthesis. Due to their high degree of similarity, fun-
gal CDP synthetases are ideal systems for combinatorial 
biosynthesis approaches, such as module and domain 
swapping, to obtain novel ‘new-to-nature’ compounds 
[11–14].

One option for obtaining fungal CDPs is via chemical 
synthesis, and several such strategies have thus far been 
described. However, N-methylation of amino acids, race-
misation during the coupling of hydroxyl acids, as well as 
the final cyclization step, severely limit the effectiveness 
of these approaches [2]. For instance, an improved pro-
tocol for the total synthesis of enniatin established by Ley 
and co-workers requires nine steps and results in an over-
all yield of 15% [15]. Recently, the same group established 
a protocol based on flow chemistry and were able to syn-
thesize different natural and unnatural CDPs with higher 

yields (32–52%) [16]. However, high amounts of solvents 
and costly catalysts make this process uneconomical. A 
novel chemical synthesis approach using salt additives 
to support ring formation has been described to synthe-
size bassianolide, its closely related CDP verticilide [17], 
and a number of unnatural CDPs with varying ring sizes 
[18]. Although yields of bassianolide (9%) were almost 
twice as high as for the first total synthesis published 
(5.9%) [19], these overall yields are comparably low for 
production purposes. An alternative and more sustain-
able way to produce CDPs (and more generally natural 
products) is by using a biotechnological approach. Here, 
it is advantageous to transfer the biosynthetic pathway of 
the natural product of interest from a microbiologically 
challenging, genetically intractable, or even pathogenic 
organism into a safe, genetically amendable and industri-
ally established heterologous production host. In the case 
of CDPs, natural production strains have been estab-
lished and the highest titres reported for beauvericin 
production by Fusarium oxysporum KFCC 11353P and 
Fusarium redolens Dzf2, which range between 400 and 
420 mg/L, respectively [20, 21]. However, not many tools 
for their genetic modification are available. Production 
of fungal CDPs in heterologous bacterial hosts has been 
established, but only low titres were achieved. In the 
case of beauvericin biosynthesis in Escherichia coli, only 
8  mg/L were produced [22]. Additionally, enniatin pro-
duction using Bacillus subtilis yielded titres which were 
also only in the mg/L range [23]. Encouragingly, when 
Saccharomyces cerevisiae was used as heterologous host, 
higher CDP titres were reported: 74.1  mg/L for beau-
vericin and 26.7 mg/L for bassianolide [24]. Recently, we 
were able to show that the industrial fungus Aspergillus 
niger, well-known for its high level production of organic 
acids and secreted proteins [25], is a promising host for 
heterologous production of enniatin. In this study, the 
ESyn encoding gene was put under control of the induc-
ible Tet-on expression system [26] allowing high enniatin 
titres up to 4.5  g/L upon addition of the inducer doxy-
cycline (Dox) [27]. This strain relies on feeding with the 
substrate d-hydroxy isovalerate, as it lacks the ketois-
ovalerate reductase gene kivR responsible for the genera-
tion of d-Hiv from 2-ketoisovalerate [28]. Autonomous 
expression strains of A. niger independent of d-Hiv feed-
ing were additionally established. In these strains, the 
kivR gene was either monocistronically or polycistroni-
cally co-expressed with the ESyn gene [27, 29].

In the present study, we determined whether the Beau-
veria bassiana CDPs beauvericin and bassianolide can 
also be produced in A. niger with high titres. Further-
more, we aimed to test whether the A. niger production 
strains, which lack the ketoisovalerate reductase gene 
kivR, can be used to generate new-to-nature beauvericin 
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derivatives by precursor directed biosynthesis, which 
ultimately generated CDP variants that are accessible for 
further downstream chemical modifications.

Results and discussion
Generation of A. niger strains expressing BeauvSyn 
and BassSyn
Aspergillus niger is an excellent production organism for 
the synthesis of the hexamer enniatin, which consists of 
the two building blocks l-valine (l-Val) and d-hydroxy 
isovalerate (d-Hiv). To show that other CDPs relying 
on different precursor compositions or different ring 
sizes can be produced with high titres, our aim was to 
establish new production strains in an analogous fash-
ion. Therefore, the Tet-on driven expression plasmids 
pDS8.2 (harbouring bbBeas encoding BeauvSyn), and 
pSB22.3 (harbouring bbBsls encoding BassSyn), were 
constructed and transformed into the A. niger strain 
AB1.13 (see Methods). This isolate is a useful produc-
tion platform due to reduced protease activities [30]. 
Transformants carrying a single copy of the expression 
constructs integrated at the pyrG locus were verified by 
PCR and Southern blot (Additional file  1: Figure S1). 
Positive strains were cultivated as previously described 
[27], specifically in 20  mL media in shake flasks, which 
were then tested for production of the respective CDP. 
The metabolites were extracted from the dried biomass 
of the transformants and analysed by LC–MS. The iden-
tity of beauvericin and bassianolide was verified by tan-
dem mass spectrometry (Additional file 1: Figures S2 and 
S3). The relative amounts of produced beauvericin and 
bassianolide were quantified by multiple reaction moni-
toring mass spectrometry and the beauvericin-producing 
strains DSc1.4 (single integration) and DSc1.5 (tandem 
integration), as well as the bassianolide-producing strain 
SB19.23 (single integration), which were each selected for 
further analysis.

Medium optimization and CDP purification
As indicated above, A. niger lacks the kivR gene, and con-
sequently feeding of the precursor d-Hiv is necessary. 
To investigate the impact of precursor concentration on 
the product titres, d-Hiv as well as the respective amino 
acid were added to the culture broth in different concen-
trations. For better comparability, DSc1.4 and SB19.23 
were chosen for these studies, as they have a single copy 
of the respective expression construct integrated at the 
pyrG locus. As shown in Table  1, titres of beauvericin 
and bassianolide are significantly increased by the addi-
tion of the respective precursors. Titres of beauvericin 
increase from 0.45 ± 0.13 mg/L to 293.62 ± 186.46 mg/L 
(n =  4) and of bassianolide from 1.04 ±  0.33  mg/L to 
378.77 ±  59.74  mg/L (n =  4). Precursor concentrations 

higher than 15  mM did not further increase the titres 
(data not shown). Apparently A. niger is able to synthe-
size d-Hiv in small amounts, as both metabolites are 
formed, even without addition of any precursor. This 
was also observed for the production of enniatin in A. 
niger [27] and could be due to a relaxed substrate speci-
ficity of other endogenous reductases of A. niger such 
as the 2-dehydropantoate 2-reductase (An11g09950), 
which shows a 28% similarity to KivR from F. oxysporum 
(BLASTP, [31, 32]).

To investigate biomass and beauvericin/bassianolide 
accumulation over time, 20 mL shake flask cultivations of 
DSc1.4 and SB19.23 were performed with 15 mM addi-
tion of the respective precursors as described above. 
Routinely, micro talc particles were added to the shake 
flask cultures of A. niger in order to obtain a homogene-
ous macroscopic growth morphology [27]. Samples were 
taken 0, 8, 32, 56 and 80  h after induction with 20  µg/
mL of Dox. Usually, induction of secondary metabo-
lite production in fungi coincides with sporulation [33]; 
however, a Tet-On based expression approach allows 
uncoupling of CDP synthesis from natural secondary 
metabolite kinetics. As shown in Fig. 2, beauvericin and 
bassianolide were indeed synthesized during the expo-
nential growth phase, but achieve their highest titres 
during late/post exponential growth phase (Fig.  2). To 
investigate whether copy number of the expression con-
struct affects the amount of synthesized product, strain 
DSc1.5 (harbouring a tandem copy of the construct at 
pyrG) was cultivated using the same setting as described 
above. With 628.4  ±  211.1  mg/L (n  =  5), the highest 
titre of beauvericin was achieved after 80 h of cultivation 
which is about two-fold higher compared to the single 
copy strain DSc1.4 (Table 1).

For purification of beauvericin and bassianolide, each 
5 × 200 mL shake flask cultivations of strains DSc1.5 and 

Table 1 Titres of beauvericin and bassianolide obtained 
in shake flask cultivations of A. niger

Titres of beauvericin and bassianolide produced in the transformants DSc1.4, 
DSc1.5 and SB19.23 with and without precursor addition (d-Hiv and l-Phe for 
DSc1.4/DSc.15 and d-Hiv and l-Leu for SB19.23)

Respective strains analysed are given in brackets. *: Titres are given in 
mean ± SD (n = 4 for strains DSc1.4 and SB19.23, n = 5 for strain DSc1.5)

Concentration 
of amino acid 
and hydroxy 
acid precursor 
(mM)

Titre (mg/L)*

Beauvericin Bassianolide

0 0.45 ± 0.13 (DSc1.4) 1.04 ± 0.33 (SB19.23)

2.5 83.42 ± 5.24 (DSc1.4) 45.90 ± 11.05 (SB19.23)

15 293.62 ± 186.46 (DSc1.4) 378.77 ± 59.74 (SB19.23)

628.4 ± 211.1 (DSc1.5)
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SB19.23 were performed. Gene expression and CDP bio-
synthesis was induced 16 h post inoculation by the addi-
tion of 20 µg/mL Dox and each 15 mM of the respective 
precursors. Biomass was harvested after an overall cul-
tivation time of 96  h, and beauvericin and bassianolide 
purified as described in the Methods section. The frac-
tions of the HPLC runs containing only the respective 
CDP (Additional file 1: Figure S4), were pooled, acetoni-
trile evaporated, and the residues freeze dried. Overall, 
306 mg of beauvericin and 172 mg of bassianolide could 
be purified from each 1  L culture medium. 1H-NMR 
spectra were recorded for both compounds and verified 
their purity. The signals obtained (Additional file 1: Fig-
ure S7) are in full accordance with data from the litera-
ture [7, 34].

Bioreactor scale production of CDPs
Bioreactor cultivations allow tight control of culture 
conditions (e.g. temperature, pH, dissolved oxygen), and 
a better nutrient uptake compared to shake flask cul-
tivations, and are thus better suited to perform highly 
reproducible fermentations. We thus carried out eight 
independent bioreactor runs in order to analyse the 
performance and productivity of the single copy beau-
vericin-producing strain DSc1.4 and the single copy 
bassianolide-producing strain SB19.23 in more detail.

For the first set of fermentations, expression was 
induced with 20  µg/mL of Dox and the respective pre-
cursors (amino acid and hydroxy acid) were each added 
to a final concentration of 15 mM 16 h post inoculation 
(standard cultivation conditions).The two DSc1.4 bio-
reactor experiments show an unusual growth behaviour 

compared to strain SB19.23 (Fig.  3a, b). DSc1.4 stops 
growing after approximately 24  h post inoculation for 
about 36 h and resumes growth after nearly 60 h until it 
reaches its maximum biomass concentration (20.0 and 
17.6 g/L) after 90 h of cultivation. Such a growth profile 
is reminiscent of a diauxic shift, a known growth phe-
nomenon that occurs when different C- or N-sources 
are simultaneously present in a medium [35]. In con-
trast, strain SB19.23 grows continuously as expected with 
maximal growth rates of µmax  =  0.178 and 0.174  h−1, 
respectively, until it reaches its maximum biomass con-
centration (20.5 and 21.2 g/L) after 46 h. Notably, DSc1.4 
also showed a delayed growth behaviour during shake 
flask cultivations (Fig. 2). Most interestingly, the bassia-
nolide titres of strain SB19.23 obtained from bioreactor 
runs are in the same range as measured for shake flask 
cultivations (~ 300 mg/L), whereas the beauvericin titres 
of DSc1.4 obtained in bioreactor runs (~ 100 mg/L) were 
3–4 fold lower compared to shake flask cultivations. 
We speculated that the diauxic shift observed in DSc1.4 
cultivations might be causatively linked to the addition 
of l-Phe to the medium 16 h post inoculation. l-Phe is 
known to serve as an alternative nitrogen as well as car-
bon source to fungi [36]. When d-Hiv and l-Phe were 
added at the beginning of the bioreactor cultivations, the 
diauxic growth curve was still observed, and beauvericin 
titres even dropped to 50 mg/L (Fig. 3c).

To further investigate the phenomenon of decreased 
beauvericin titres obtained from bioreactor runs com-
pared to shake flask cultivations, a third set of experi-
ments was performed. Another parameter that is 
different between shake flask and bioreactor cultivations 
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is ambient pH: The pH of the medium used in shake flask 
cultivations is set to pH 5.6 and uncontrolled during cul-
tivation, whereas the pH of the fermentation medium 
in bioreactor cultivations is adjusted to pH 3.0 and 
kept constant during fermentation. Thus, the pH of the 
medium used for the final two bioreactor runs was set to 
pH 5.6 and the pH control system switched off. Precur-
sors were added at the same time point as in the shake 
flask cultivations (after 16  h). The growth behaviour of 
DSc1.4 still followed a pronounced diauxic shift pattern 

and beauvericin titres were again lower in comparison to 
shake flask cultivations (Fig. 3d). Also, the overall growth 
of the strain in these two runs was slower (especially of 
replicate 1) compared to the previous runs (Fig.  3a, c) 
and the beauvericin titre was, with 6.3  mg/L for repli-
cate 1, the lowest of all runs (Fig. 3d). From this experi-
ment, we concluded that a controlled, low ambient pH is 
in favour of growth of A. niger and thus (because Tet-on 
driven expression couples CDP synthesis with growth) 
high beauvericin titres. Additionally, growth as well as 
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beauvericin production showed a high deviation under 
uncontrolled pH conditions. An overview of all titres 
obtained from bioreactor cultivations is summarised in 
Table 2.

While all medium parameters (except pH) were com-
parable in shake flask and bioreactor cultivations, oxygen 
supply differed considerably. In bioreactor cultivations, 
A. niger is constantly supplied with 2 L air/min while 
A. niger likely encounters hypoxic conditions in shake 
flask cultivations, as the cotton plugs do not guarantee 
optimal gas transfer into the medium [37]. The nitro-
gen source in the medium used for both bioreactor and 
shake flask cultivations is nitrate. Nitrate is known as a 
secondary nitrogen source: under normoxic conditions, 
it is reduced to nitrite and ammonium before assimi-
lated into the biomass [38], whereas under hypoxic 
conditions, it can additionally serve as a terminal elec-
tron acceptor during energy generation, a process called 
nitrate respiration [39]. As under normoxic conditions 
nitrate needs first to be reduced to ammonium, it could 
be energetically more feasible for A. niger to use l-Phe 

as nitrogen source, as shown for the model fungus Neu-
rospora crassa [40]. Thus, more l-Phe could be used for 
biomass production rather than beauvericin biosynthe-
sis, which would offer an explanation for reduced beau-
vericin titres during bioreactor cultivations. In any case, 
one would hypothesize that both nitrate and l-Phe are 
consumed faster during shake flask cultivations in com-
parison to bioreactor cultivations. This is what we could 
indeed observe (Fig. 4). From the data obtained, it cannot 
be deduced how much l-Phe is used for beauvericin syn-
thesis and how much for biomass accumulation. Clearly, 
most of the added l-Phe is used for biomass accumula-
tion in both cultivation conditions, as the l-Phe concen-
tration decreased from 18.2 to 3.4  mM in shake flasks 
and from 20.8 to 15.2  mM in bioreactors, which would 
correspond to theoretical beauvericin titres of 3.86  g/L 
in shake flasks and 1.47  g/L in bioreactors respectively. 
Recently, Kniemeyer and co-workers studied the impor-
tance of oxygen on secondary metabolism in A. fumiga-
tus. They showed that the production of some secondary 
metabolites depends on both the developmental stage of 

Table 2 Titres of beauvericin and bassianolide obtained from bioreactor cultivations

Titres of beauvericin and bassianolide produced in transformants DSc1.4 and SB19.23 under standard and modified cultivation conditions (for details see text). 
Bioreactor runs were performed in duplicates (run 1 and run 2)

n.d. not done

Cultivation condition Maximum titre (mg/L)

Beauvericin (run 1/run 2) Bassianolide (run 1/run 2)

Standard cultivation condition 113.9/112.9 281.8/362.5

Precursor addition after 0 h 53.1/52.9 n.d.

No pH control 70.7/6.3 n.d.
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the fungus and on the available oxygen level [41–43]. The 
PKS/NRPS product pseurotin A, for example, is strongly 
up-regulated under hypoxia [41]. In the Tet-on based A. 
niger expression strains used in this study, transcription 
of the BeauvSyn is likely not affected by the concentra-
tion of dissolved oxygen in the medium, however, expres-
sion levels of other enzymes involved in the synthesis of 
beauvericin [e.g. phosphopantetheinyl transferases, CoA 
synthesis, S-adenosyl methionine synthesis] could be 
positively linked to a lower oxygen supply in shake flask 
cultures. Interestingly, many genes involved in l-Phe 
biosynthesis of A. fumigatus are higher expressed under 
hypoxic in comparison to normoxic conditions [43]. Also 
genes involved in the metabolism of secondary products 
derived from l-phenylalanine, and in the S-adenosyl-
methionine-homocystein cycle were up-regulated under 
hypoxic conditions [43]. Overall, these observations 
support the hypothesis that higher beauvericin titres in 
shake flask cultivations of A. niger might be mechanisti-
cally linked with reduced oxygen levels and thus altered 
l-Phe metabolism. Further analysis to prove/disprove 
this speculation goes beyond the scope of this article; 
however, it clearly demonstrates that further optimiza-
tion studies regarding beauvericin overproduction in A. 
niger should also consider metabolic engineering aspects 
that address precursor availability and consumption.

Generation of non‑natural CDP derivatives
We next tested whether the beauvericin and bassianolide 
producing A. niger strains DSc1.4 and SB19.23 can be 
used to produce new-to-nature beauvericin and bassia-
nolide derivatives by exploiting the relaxed substrate 
specificity of  A1 domains towards d-Hiv [44–46]. In non-
autonomous production strains, substrate analogues do 
not compete with the natural substrates, and a precursor 
directed biosynthesis approach can therefore be applied 
[47, 48]. This technique, also called mutasynthesis or 
mutational biosynthesis, has been previously applied to 
obtain non-natural beauvericins from the heterologous 
host E. coli, as well as from a kivR deletion mutant of 
the natural producer B. bassiana. However, the titres for 
most of the non-natural beauvericin analogues stayed in 
the low mg/L range and only beauvericin analogues could 
be isolated when the alternative hydroxy acid displayed 
similar properties as d-Hiv (aliphatic side chains) [45, 
47].

Here, we tested seven different d-Hiv analogues, which 
were fed to strains DSc1.4 and SB19.23 in shake flask cul-
tivations in final concentrations of 7.5 mM. We decided 
to use lower feeding concentrations of hydroxy acids to 
decrease the risk of toxic effects of the precursors on A. 
niger. As a consequence, the corresponding amino acid 
was also added at 7.5  mM to the cultures. The strains 

were cultivated in 20 mL scale as described for the natu-
ral beauvericin and bassianolide derivatives, the biomass 
extracted, and the extracts analysed by LC–MS. From all 
tested compounds, only 2-hydroxyvalerate and 3-bromo-
lactate were incorporated by DSc1.4 into the beauvericin 
backbone, leading to the novel beauvericin analogues 
2-hydroxyvalerate-beauvericin and bromo-beauvericin 
(Fig.  5b and Additional file  1: Figure S8). Interestingly, 
a beauvericin derivative with incorporated propargyl-
lactate could not be detected, although the hydroxy acid 
had been accepted in in  vitro and in  vivo experiments 
in E. coli [45]. This could be due to a metabolization of 
the acid by A. niger as also observed in Corynebacterium 
glutamicum [49]. Surprisingly, SB19.23 was not able to 
synthesize any artificial bassianolide derivative, suggest-
ing that the substrate specificity of the BassSyn is tightly 
controlled compared to BeauvSyn. Alternatively one may 
assume that the altered side chains with their sterically 
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more demanding substituents interfere with ring forma-
tion of an cyclooctadepsipeptide.

Because feeding of bromo-lactate resulted in significant 
amounts of bromo-beauvericin, we wanted to assess the 
capacity of this approach for production and isolation 
on a larger scale. As a preliminary experiment, different 
concentrations of the racemic precursor d/l-bromo-
lactate (5, 10 and 15 mM) were added to DSc1.4 in small 
scale cultivations (20 mL scale). The addition of 10 mM 
of d/l-bromo-lactate gave higher titres than the addition 
of 5 mM, while no bromo-beauvericin could be detected 
in the cultures supplemented with 15 mM of the hydroxy 
acid. This coincided with significant less biomass forma-
tion, suggesting that high concentrations of bromo-lac-
tate have toxic effects on A. niger. Based on these results, 
a concentration of 10 mM of d/l-bromolactate was cho-
sen for large scale cultivation in shake flasks. 12  mg of 
pure bromo-beauvericin (preparative HPLC) could be 
successfully obtained as a colourless powder from a 1.1 L 
of culture of DSc1.4, the purity of which was proven by 
mass spectrometry and NMR (Additional file  1: Figures 
S9 and S10). The purified bromo-beauvericin was tested 
for antimicrobial and antiparasitic activity together with 
purified enniatin B, beauvericin and bassianolide. While 
bromo-beauvericin did not show any improved antimi-
crobial or antiparasitic activity compared to the other 
compounds, it interestingly did not show any cytotoxic 
effects against a mammalian cell line at a concentration 
of 100  µg/mL, whereas the  IC50 value of natural beau-
vericin is 1.52  µg/mL. It is thus worth studying bromo-
beauvericin further as a potential future antiparasitic 
drug (Additional file 1: Table S4).

Generation of deuterated CDP standards
Fungal CDPs are not only of pharmaceutical interest as 
lead structures, but are also prominent contaminants 
(especially enniatins and beauvericin) of food and feed, 
as most of their natural producers are plant patho-
genic fungi [50–52]. Thus, robust, fast, and exact ana-
lytical methods are needed to detect and quantify these 
compounds, even in trace amounts, in both food and 
feed products suspected to be spoiled by fungi. Most 
described protocols are based on LC–MS measurements 
in combination with an external standard calibration 
curve [53–56]. However, these methods are only exact 
to a certain degree as they do not consider effects of the 
matrix which can lead to ion suppression or ion enhance-
ment [57, 58]. Furthermore, the recovery rates of the ana-
lytes from biological samples may vary, which would also 
lead to altered results [53]. Stable isotope dilution assays 
are superior to methods using external standards as they 
guarantee exact quantifications also of mycotoxins in 
grain products [58–61]. The biosynthesis of 15N3-labelled 

standards of enniatins and beauvericin in F.  sambuci-
num (enniatin producer) and F. fujikuroi (beauvericin 
producer) grown on  Na15NO3 as sole nitrogen source 
has been reported [62]. With 430 µg (enniatin A), 450 µg 
(enniatin A1), and 1460 µg (beauvericin) of 15N-labelled 
compound purified from 500 mL of culture, titres are low 
while the price of the medium is relatively high.

We thus tested the transformants DSc1.4 and SB19.23 
for their suitability to synthesize labelled beauvericin and 
bassianolide. Instead of 15N, we used deuterium (2H) to 
label d-Hiv. d/l-Hiv-d6 was synthesized using acetone-
d6 as starting material. The respective expression strains 
were cultivated in shake flasks (100 mL scale) and 15 mM 
of d/l-Hiv-d6 together with 7.5  mM of the respective 
l-amino acid were added. Because a racemic mixture of 
d/l-Hiv-d6 was fed to the cultures, lower titres of beau-
vericin and bassianolide were expected compared to 
the purification of unlabelled metabolites. Cultivation 
and purification of both compounds were carried out 
as described above. From 100  mL of culture, 8.2  mg of 
beauvericin-d18 and 5.7 mg of bassionalide-d24 were iso-
lated in analytically pure form (Fig.  6). Retention times 
between natural and deuterated variants of beauvericin 
and bassianolide differed slightly on a C18 reverse phase 
column. This effect has also been described earlier and 
is due to subtle differences in the polarity of labelled and 
unlabelled compounds (Additional file 1: Figure S6) [63].

Because sample preparation for LC–ESI–MS analy-
sis from complex matrices (e.g. fungal biomass or grain 
products) can be laborious and time-consuming, espe-
cially if many samples need to be tested, it was evaluated 
whether the deuterated beauvericin and bassianolide 
standards could also be used for quantification on a 
MALDI-TOF instrument. In contrast to LC–ESI–MS, 
where the samples have to be pre-purified in order to 
keep the ion source clean, crude extracts can be directly 
applied to MALDI-TOF. To test this, defined amounts of 
deuterated beauvericin and bassianolide were added to a 
dilution series of the unlabelled compounds (Additional 
file 1: Table S5). The ratio of the peak areas of the sodium 
adducts (most abundant peaks) of the respective labelled 
and unlabelled compounds were plotted against the ratio 
of the concentration of the compounds to determine if a 
linear relation was observed. The ratios of the concentra-
tions and the peak areas indeed show a linear correlation 
(Additional file  1: Figure S11). However, as pointed out 
by the coefficients of determination (R2 =  0.946 for the 
beauvericin measurements and R2 = 0.988 for the bassia-
nolide measurements), quantification of both compounds 
is not exact. One problem of the MALDI-TOF measure-
ments is that only a direct MS is being recorded and that 
MS/MS of labelled and unlabelled compound cannot be 
concomitantly measured. Thus, any compound showing 
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the same or a very similar m/z value to the labelled or 
unlabelled analytes would alter the results. Neverthe-
less, the MALDI-TOF measurement is an interesting 
alternative for high-throughput applications where an 
approximate estimation of CDP concentrations can be 
tolerated (e.g. for screening many samples or strains). For 
exact measurements however, LC–MS/MS remains the 
method of choice as reviewed in [61].

Conclusions
Cyclodepsipeptides are potential new drugs for various 
medicinal applications. Enniatin and beauvericin are dis-
cussed as anticancer drugs [8, 9], the PF1022A deriva-
tive emodepside is currently in phase I clinical trials and 
tested as an anthelmintic drug for use in humans [64]. 
Hence, sustainable approaches to synthesize these com-
pounds at a large scale and in a commercially viable way 
have become a recent focus in biotechnology. In this and 
our previous study [27], we have shown that A. niger is an 

excellent expression host for CDPs, including enniatin, 
beauvericin and bassianolide. The CDP titres reached 
are, to our knowledge, the highest ever reported for het-
erologous producers, as well as for natural producing 
organisms, and are summarised in Table 3. The fact that 
A. niger tolerates and accepts unnatural building blocks 
makes it furthermore an attractive platform for the pro-
duction of new-to-nature CDPs by mutasynthesis, as we 
have demonstrated for the beauvericin derivative bromo-
beauvericin. The amounts isolated were indeed high 
enough for bioactivity testing, which showed comparable 
antiparasitic activity and, interestingly, markedly reduced 
cytotoxicity. We have also demonstrated that A. niger can 
be genetically trimmed to synthesize deuterated CDPs 
which can be exploited as internal standards to evalu-
ate mycotoxin burden of food by stable-isotope dilution 
assays.

Methods
Strains and general cloning procedures
Plasmids, primers and strains used in this study are sum-
marized in Additional file  1: Tables S1–S3. Molecular 
techniques for E. coli followed protocols described earlier 
[65]. A. niger transformation and genomic DNA extrac-
tion from selected transformants was done according to 
[66]. The BeauvSyn and BassSyn encoding genes bbBeas 
(GenBank accession number EU886196) and bbBsls 
(GenBank accession number FJ439897) were ampli-
fied from the genomic DNA of B. bassiana ATCC 7159 
using the primer pairs Beauv_InFusion1_fw/Beauv_InFu-
sion3_rv for bbBeas and Bass_InFusion1_fw/Bass_InFu-
sion3_rv for bbBsls, respectively. The amplicons were 
ligated into the cloning vector pJET2.1 (Thermo Fisher 
Scientific Inc.), resulting in pDS2.1 (harbouring bbBeas) 
and pDS1.9 (harbouring bbBsls) and verified by restric-
tion analysis and sequencing. Direct cloning of the full-
length genes into the A. niger Tet-on expression vector 
pVG2.2 was not successful. Thus, the genes were split 
into three parts of approximately 3 kbp length and 15 bp 
overhangs to each other and the PmeI-linearized vector 
pVG2.2. pDS2.1 and pSB1.9 were used as templates and 
primer pairs Beauv_InFusion1_fw/Beauv_InFusion1_rv, 
Beauv_InFusion2_fw/Beauv_InFusion2_rv, Beauv_InFu-
sion3_fw/Beauv_In-Fusion3_rv for bbBeas and Bass_
InFusion1_fw/Bass_InFusion1_rv, Bass_In-Fusion2_fw/
Bass_InFusion2_rv, Bass_InFusion3_fw/Bass_InFu-
sion3_rv for bbBsls to amplify the respective gene frag-
ments. The amplicons were ligated and assembled into 
the PmeI-linearized Tet-on expression plasmid pVG2.2 
via the In-Fusion® HD Cloning Kit (Clontech), resulting 
in plasmids pDS8.2 (harbouring bbBeas) and pSB22.3 
(harbouring bbBsls).
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Shake flask cultivations of A. niger
For production of CDPs, transformants were cultivated 
in 20 mL or 200 mL enniatin production medium (EM) 
as described in [27] if not indicated otherwise. Hydroxy 
and amino acid precursors were added in the range of 
0–25 mM. Cultures were inoculated with 5 × 106 spores/
mL and Tet-On driven expression induced with 20  µg/
mL doxycycline 16 h after inoculation.

Bioreactor cultivations of A. niger
Submerged cultivations were performed with Biostat 
bioreactors (Sartorius, Göttingen, Germany, 4  L work-
ing volume) as described before [27]. Glucose-limited 
batch cultivation was initiated by inoculation of fer-
mentation medium (CM with 5% of glucose: 7 mM KCl, 
11 mM  KH2PO4, 70 mM  NaNO3, 2 mM  MgSO4, 1x trace 
element solution [67], 0.1% casamino acids, 0.5% yeast 
extract, 5% glucose) with conidial suspension of A. niger 
transformants to give  109 conidia  L−1. Glucose was steri-
lized separately from the fermentation medium. Temper-
ature of 26 °C and pH 3 were kept constant if not stated 
otherwise, the latter by computer controlled addition of 
2 M NaOH or 1 M HCl. Computer-controlled base addi-
tion to the culture broth was used as an indirect growth 
measurement [68]. When the culture reached the early 
exponential growth phase (about 16 h after inoculation, 
corresponds to 1 g biomass dry weight  kg−1), Dox (20 μg/

ml), d-Hiv (15  mM) and l-Phe or l-Leu (15  mM) were 
added.

Purification of CDPs
Purification of CDPs from A. niger biomass was adapted 
from [27]. In brief, the mycelium from a 1 L culture was 
harvested by suction filtration and lyophilized. The dried 
mycelium was ground in a mortar and extracted three 
times with 300  mL of EtOAc. The solvent was evapo-
rated and the brownish residue filtered over a short silica 
column (n-hexanes/EtOAc =  50:50). The solvents were 
evaporated and the residues resolved in methanol. Insol-
uble residues were removed by filtration and the solvent 
evaporated. For beauvericin and bassianolide purifica-
tion, the residues were dissolved in acetonitrile/water 
(80:20) and the solution was centrifuged at 10,000×g for 
15  min to remove insoluble particles. The supernatant 
was subjected to reversed phase chromatography using a 
GROM-Sil 120 ODS-5 HE (10 µm, 250 × 20 mm) column 
on an Agilent 1100 series preparative HPLC system run-
ning isocratically on acetonitrile (+  0.1% formic acid)/
water (+ 0.1% formic acid) (70:30) for beauvericin or with 
a linear gradient (70–100% acetonitrile over 15 min) for 
bassianolide with a flow rate of 15 mL/min. For bromo-
beauvericin purification, the residues were resolved in 
MeOH and subjected to reversed phase chromatography 
using a GROM-Sil 120 ODS-5 HE (10 µm, 250 × 20 mm) 

Table 3 Summary of highest CDP titres ever reported for bacterial and fungal expression hosts

For simplicity, respective strain names, genetic modifications and details on cultivation conditions (medium composition, cultivation time, feeding conditions, etc.) are 
not indicated for the different cell factories. This data can be extracted from the references given

CDP Native producer Heterologous producer

Enniatin B 5 g/L (enniatin B and other derivatives)
F. oxysporum
Shake flask cultivation
[70]

1.1 mg/L
B. subtilis
Shake flask cultivation
[23]

950 mg/L
A. niger
Shake flask cultivation
[27]

4.5 g/L
A. niger
Bioreactor cultivation
[27]

Beauvericin 420 mg/L
F. oxysporum
Shake flask cultivation
[20]

74.1 ± 0.3 mg/L
S. cerevisiae
Shake flask cultivation
[24]

628.4 ± 211.1 mg/L
A. niger
Shake flask cultivation
[This study]

22.3 ± 1.5 mg/L
B. bassiana
Shake flask cultivation
[24]

8 mg/L
E. coli
Shake flask cultivation
[22]

113.4 mg/L
A. niger
Bioreactor cultivation
[This study]

Bassianolide 18.2 ± 0.6 mg/L
B. bassiana
In shake flask cultivation
[24]

26.7 ± 2.8 mg/L
S. cerevisiae
Shake flask cultivation
[24]

378.77 ± 59.74 mg/L
A. niger
Shake flask cultivation
[This study]

322.12 mg/L
A. niger
Bioreactor cultivation
[This study]
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column on an Agilent 1100 series preparative HPLC 
system running isocratically on MeOH (+  0.1% formic 
acid)/water (+ 0.1% formic acid) (81.5/18.5) with a flow 
rate of 15  mL/min. Fractions containing the respective 
CDP were pooled, acetonitrile and MeOH were evapo-
rated and water was removed by freeze drying.

Analysis and quantification of produced CDPs
Biomass (which included in the case of shake flask cul-
tivations also insoluble parts, i.e. talc particles) of a 
defined amount of culture broth was harvested by suc-
tion filtration and lyophilized and weighed. The bio-
mass was ground and 25 mg were transferred to a 2 mL 
test tube and extracted with 1  mL of EtOAc, shaking 
overnight. The tubes were centrifuged at 13,000×g and 
700 µL of the extract were transferred to a new 1.5  mL 
test tube and evaporated. The residues were dissolved 
in 1  mL of water/isopropanol (50:50), diluted if neces-
sary and the amount of CDPs quantified in MRM mode 
on an ESI-Triple-Quadrupol-MS 6460 Series (Agilent 
Technologies) coupled to an Agilent 1290 Infinity HPLC 
system (Agilent Technologies) equipped with an Agi-
lent Poroshell 120 EC-C18 (3.0 × 50 mm) column (Agi-
lent Technologies), heated to 50  °C. The mobile phases 
were  H2O (A) and isopropanol (B). The injection vol-
ume was set to 3  µl and the flow rate was 0.4  ml/min. 
The applied gradient was: 50–100% (0.0–3.2 min), 100% 
(3.2–4.5  min), 100–5% (4.5–4.6  min), 5% (4.6–5.6  min), 
5–50% (5.6–5.7  min), 50% B (5.7–7.0  min). For beau-
vericin quantification, the m/z value for the precursor 
ion was set to 806.4 ([M + Na]+ adduct) and for the frag-
ment ion to 384.1 as quantifier, for bassianolide quanti-
fication, the m/z value for the precursor ion was set to 
931.6 ([M +  Na]+ adduct) and for the fragment ion to 
350.1 as quantifier. For every set of measurements, a new 
calibration curve was made using beauvericin or bassia-
nolide isolated from A. niger transformants as an external 
standard. Peak areas were determined by manual integra-
tion using MassHunter Workstation Qualitative Analysis 
(Agilent Technologies). Exact masses of purified CDPs 
were recorded on an ESI-LTQ-Orbitrap-MS, Orbitrap 
XL (Thermo Fisher Scientific). Samples were dissolved 
in MeOH and measured by direct injection. Analysis 
was performed with the Xcalibur 2.2 software (Thermo 
Fisher Scientific). Retention times of labelled and unla-
belled beauvericin and bassianolide were determined on 
an ESI-Orbitrap-MS, Exactive (Thermo Fisher Scientific) 
coupled to an Agilent 1260 Infinity HPLC system (Agi-
lent Technologies) equipped with an Agilent Poroshell 
120 EC-C18 (2.1 ×  50  mm) column (Agilent Technolo-
gies). The mobile phases were  H2O +  0.1% formic acid 
(A) and acetonitrile + 0.1% formic acid (B). The injection 
volume was set to 2 µl and the flow rate was 0.4 ml/min. 

The applied gradient was: 40% (0.0–0.5  min), 40–100% 
(0.5–12.0  min), 100% (12.0–13.5  min), 100–40% (13.5–
13.6  min), 40% B (13.6–15.5  min). 1:1 mixtures of 
labelled and unlabelled beauvericin and bassianolide 
were injected and retention times of the sodium adducts 
of each compound determined. Analysis was performed 
with the Xcalibur 2.2 software (Thermo Fisher Scientific).

For MALDI-TOF analysis, 1 µL of purified CDPs or 
crude extracts of A. niger transformants, solved in MeOH 
or acetonitrile, were either mixed with 1 µL of satu-
rated 2,5-dihydroxybenzoic acid (DHB) or α-cyano-4-
hydroxycinnamic acid (CHCA) solution [dissolved in an 
acetonitrile–water mixture (1:1), acidified with formic 
acid (1%)]. 1 µL of the mixture was spotted onto a ground 
steel MALDI target plate and allowed to dry and crystal-
lize. Measurements were carried out on a Bruker ultraf-
leXtreme MALDI-TOF–MS, equipped with a smartbeam 
II laser. The intensity of the laser was set to 50% with a 
frequency of 2 kHz. Calibration was done with the pep-
tide calibration standard (Bruker). Analysis was per-
formed with the Compass for flexSeries 1.4 software 
(Bruker).

For NMR analysis, purified CDPs were solved in  CDCl3 
or MeOH-d4 and 1H-NMR and 13C-NMR spectra were 
recorded on a Bruker Avance III 700  MHz NMR spec-
trometer or Bruker Avance II 400 MHz NMR spectrom-
eter. The signals of the non-deuterated solvent rests were 
used as standards. Chemical shifts are given in δ-units 
(ppm) relative to the solvent signal.

Synthesis of α‑hydroxy acid precursors
Synthesis of d-Hiv and α-hydroxy acid analogues (Fig. 5) 
followed the procedures described in [46]. The synthesis 
of d/l-Hiv-d6 followed the procedure described in [69].

Quantification of nitrate and l‑Phe
Quantification of nitrate and l-Phe concentrations in 
the cultivation medium was performed with the Nitrate/
Nitrite Colorimetric Assay Kit (Cayman Chemical) and 
the Phenylalanine Assay Kit (Sigma-Aldrich) according 
to the manufacturers’ protocols.

Antimicrobial and antiparasitic test assays
Bioactivity assays were performed as described in [12].
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CoIN: co-inducible nitrate expression 
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Abstract 

Background: Sequencing of fungal species has demonstrated the existence of thousands of putative secondary 
metabolite gene clusters, the majority of them harboring a unique set of genes thought to participate in production 
of distinct small molecules. Despite the ready identification of key enzymes and potential cluster genes by bioinfor‑
matics techniques in sequenced genomes, the expression and identification of fungal secondary metabolites in the 
native host is often hampered as the genes might not be expressed under laboratory conditions and the species 
might not be amenable to genetic manipulation. To overcome these restrictions, we developed an inducible expres‑
sion system in the genetic model Aspergillus nidulans.

Results: We genetically engineered a strain of A. nidulans devoid of producing eight of the most abundant endog‑
enous secondary metabolites to express the sterigmatocystin Zn(II)2Cys6 transcription factor‑encoding gene aflR 
and its cofactor aflS under control of the nitrate inducible niiA/niaD promoter. Furthermore, we identified a subset of 
promoters from the sterigmatocystin gene cluster that are under nitrate‑inducible AflR/S control in our production 
strain in order to yield coordinated expression without the risks from reusing a single inducible promoter. As proof of 
concept, we used this system to produce β‑carotene from the carotenoid gene cluster of Fusarium fujikuroi.

Conclusion: Utilizing one‑step yeast recombinational cloning, we developed an inducible expression system in the 
genetic model A. nidulans and show that it can be successfully used to produce commercially valuable metabolites.

Keywords: Yeast recombinational cloning, Secondary metabolism, Genetic engineering, Carotenes, Aspergillus 
nidulans, Fusarium fujikuroi, AflR, Sterigmatocystin, Nitrate, Biotechnology, Synthetic biology

Background
Natural products or secondary metabolites (SMs) have 
been invaluable as platforms for developing front-line 
drugs. Between 1981 and 2010, 5% of the 1031 new 
chemical entities approved as drugs by the Food and 
Drug Administration (FDA) were natural products 
or derivatives, including 48.6% of cancer medications 
[36]. In addition, SMs are major sources of innovative 

therapeutic agents for both bacterial and fungal infec-
tious diseases, lipid disorders, and immunomodulation 
[16]. Fungal SMs have proven to be a particularly impor-
tant source of new leads with useful pharmaceutical 
activities. A literature survey of fungal metabolites, cov-
ering 1500 fungal SMs that were isolated and character-
ized between 1993 and 2001, showed that more than half 
of the molecules had antibacterial, antifungal or antitu-
mor activity [41]. However, the full metabolic potential of 
the majority of existing fungal species has not been inves-
tigated. Major roadblocks in this endeavor are that some 
species are not cultivable under laboratory conditions 
and/or their SM gene clusters are silent. Previous strate-
gies on activating fungal SMs have focused mainly on (1) 
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activating endogenous gene clusters by over-expressing 
the pathway-specific transcription factor [13, 43, 54]), (2) 
manipulating global regulators [11, 28], and (3) express-
ing the entire gene cluster in a heterologous host [8]. 
Although successful in some cases, these strategies have 
significant disadvantages. As not all fungal species are 
easily amenable to genetic manipulation, strategies that 
focus on endogenous activation are impossible in these 
species. This prevents the option of over-expressing a 
cluster-specific transcription factor, which has been the 
most successful approach to activating cryptic clusters 
thus far (reviewed in [51]). In addition, not all SM clus-
ters contain transcription factors and although some 
clusters have been activated by overexpressing every gene 
in the cluster [14, 53], this adds labor and time to the pro-
cess and may be hard to achieve with clusters containing 
many genes.

Previous approaches expressing fungal gene clusters 
in heterologous hosts (mainly Saccharomyces cerevi-
siae or Aspergillus spp.) focused on amplification of the 
entire gene cluster including native promoters. Although 
these approaches lead to expression of the targeted gene 
clusters in some cases [55], the use of native promot-
ers cannot guarantee controlled activation of the genes. 
Therefore, the identification and use of defined pro-
moters presents an alternative means to activate clus-
ters. Cloning of entire gene clusters can be achieved by 
PCR-based amplification of the desired DNA region 
and subsequent yeast recombination-based cloning [55]. 
Promoter exchanges using this technique rely on the 
identification of different promoter regions as the use of 
identical promoter sequences is impossible due to the 
homologous recombination among promoters [14].

Our goal was to identify a series of distinct promot-
ers that could be activated in one step and, furthermore, 

activated under an inducible system as many SMs exhibit 
antifungal properties that could be toxic to the heterolo-
gous host [12, 46]. Thus, we designed a strain of genetic 
model organism Aspergillus nidulans that contains an 
inducible genetic construct which allows for expression 
of the positive acting transcriptional elements of the ster-
igmatocystin (ST) gene cluster, aflR and aflS (formerly 
aflJ, [20]). The ST gene cluster contains 25 distinct genes 
and it is known that the transcription factor AflR and its 
cofactor AflS are responsible for ST production [9]. We 
constructed a strain of A. nidulans with its endogenous 
ST cluster removed but with aflR/aflS placed back into 
the strain under the control of a nitrate inducible diver-
gent promoter (niiA(p)/niaD(p)) [44, 45], thereby allow-
ing controlled aflR/aflS expression based on culture 
conditions. We tested the expression of all 25 ST pro-
moters by AflR/AflS in this strain and identified eight ST 
promoters specifically regulated by nitrate induction of 
aflR/S. To test the system for expression of a fungal sec-
ondary metabolite, we cloned the carotenoid gene cluster 
from Fusarium fujikuroi and placed it under control of 
these inducible ST promoters. We show that the derived 
A. nidulans transformants produce β-carotene in com-
petitive levels to existing systems using our technology.

Methods
Fungal strains and culture conditions
Aspergillus nidulans strains used in this study are 
listed in Additional file  1: Table S1. Fusarium fujikuroi 
IMI58289 [51] was used for carRA, carB, and ggs1 ampli-
fication as a reference for carotenoid production. Strains 
were maintained as glycerol stocks and activated on solid 
glucose minimal medium (GMM) at 37 °C with appropri-
ate supplements [48]. For experiments in Fig.  1, nitrate 
was replaced with equimolar ammonium tartrate and 

Fig. 1 Nitrate‑inducible aflR/S expression in A. nidulans. a Schematic overview of the aflR/S expression strain TPMW2.3 that harbors the nitrate‑
inducible niaD/niiA promoter‑driven aflR/S genes at the native sterigmatocystin cluster locus. b Northern blot analysis of nitrate‑dependent aflR/S 
expression in A. nidulans TPMW2.3. Strains were grown in 50 mL of GMM with 35 mM glutamine as nitrogen source supplemented with 5 mM 
uracil/uridine and riboflavin for 24 h at 250 rpm at 37 °C. The mycelia were washed and shifted into new media containing either  NH4

+ or  NO3
− as 

nitrogen sources plus supplements and grown at 250 rpm and 37 °C for 1 h before RNA extraction. Strains were grown in duplicate, indicated genes 
were probed and rRNA was visualized as loading control
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supplemented with 5 mM uracil and uridine, respectively. 
For solidified media, Noble Agar (Difco™, BD, USA) 
was added at 16  g/L. For pyrG auxotrophs, the growth 
medium was supplemented with 5 mM uridine and ura-
cil. For riboB auxotrophs, the growth medium was sup-
plemented with 5 mM riboflavin. For pyroA auxotrophs, 
the growth medium was supplemented with 5 mM pyri-
doxine. Conidia were harvested in 0.01% Tween 80 and 
enumerated using a hemocytometer. For RNA analy-
sis, indicated strains were inoculated into 50  mL of liq-
uid GMM with 35 mM glutamine as nitrogen source at 
5 × 106 conidia/mL in duplicate and grown at 37 °C and 
250  rpm for 24  h in ambient light conditions. The cul-
tures were shifted into new GMM media either con-
taining 70 mM nitrate or 35 mM glutamine as nitrogen 
source for 1 h. The mycelium was harvested and lyophi-
lized before RNA extraction. For carotenoid production 
5 × 106 conidia of indicated strains were inoculated on 
20  mL liquid stationary GMM with either containing 
70  mM nitrate or 35  mM glutamine as nitrogen source 
for 3 days at 37 °C (A. nidulans) or 29 °C (F. fujikuroi) in 
the dark. To distinguish between carotenoid production 
in the mycelia and spores, the strains were grown on liq-
uid stationary GMM media (described above) for 3 days 
at 37  °C in the light to induce sporulation. Mycelia and 
spores were resuspended in 0.01% (v/v) Tween80, vor-
texed to separate spores from mycelia. Spores were sepa-
rated from mycelia by filtration.

Yeast recombinational cloning
Yeast strain BJ5464 (MATalpha, ura3-52, trp1, leu2-∆1, 
his3-∆200, pep4::HIS3, prb1-∆1.6R, can1, GAL) was inoc-
ulated into 25–50 mL of appropriate media (2× YPDA) 
and incubated at 30  °C at 200  rpm overnight. The con-
centration of overnight culture was determined using 
OD 600 with a 1 × 107 cells/mL set to an OD reading of 
1.0. Then, 1.25 × 109 cells were centrifuged at 3000×g for 
5  min. Fresh media was added to the pelleted cells and 
added to a baffled flask containing 250 mL of 2× YPAD 
to a final concentration of 5 × 106  cells/mL and incu-
bated at 30  °C at 200  rpm until the cell titer reached 
2 × 107  cells/mL. Cells were harvested by centrifugation 
at 3000×g for 5 min. Supernatant was removed and the 
cells were washed with double distilled  H2O  (ddH2O). 
The cells were transferred to one 50 mL falcon tube and 
washed an additional time with  ddH2O before they were 
centrifuged at 3000×g for 5 min. Cells were resuspended 
in 5% glycerol and 10% DMSO to a final concentration of 
2 × 109 cells/mL aliquoted in 100 µL. These cells can be 
frozen at − 80  °C for several weeks. Before transforma-
tion, cells were pelleted and the supernatant removed. 
For transformation 250 ng of the digested backbone vec-
tor and 500  ng of each DNA PCR product (see below) 

were added and adjusted to a final volume of 14  µL 
with  ddH2O. The DNA mixture was added to the yeast 
along with 260  µL of a 50% (w/v) polyethyleneglycol 
3600, 36 µL 1 M lithium acetate and 50 µL of denatured 
sheared salmon sperm DNA (2 mg/mL). The mixture was 
vortexed and incubated at 42  °C for 45  min. Cells were 
centrifuged at 13,000×g for 30 s and the supernatant was 
removed. The cells were carefully resuspended in 1  mL 
 ddH2O and 200–500  µL were spread on solidified syn-
thetic drop out media containing all necessary supple-
ments without uracil for selection. Plates were incubated 
at 30 °C for 3–5 days.

Plasmid isolation from yeast
All colonies from a transformation plate were scraped 
and incubated overnight in liquid synthetic yeast drop 
out solution containing the appropriate supplements 
without uracil at 200  rpm at 30  °C. One mL was pel-
leted and the supernatant removed. 200 µL of STC buffer 
(50 mM Tris–HCl pH 7.5, 1.2 M sorbitol, 50 mM  CaCl2) 
including 3  µL Zymolase was added and incubated at 
37 °C for 1 h. To the mixture, 200 µL of 1% (w/v) sodium 
dodecyl sulfate (SDS) in 200 mM NaOH were added and 
inverted. The solution was neutralized by adding 240 µL 
of 3 M potassium acetate, pH 5.5 and inverted. The mix-
ture was centrifuged and the supernatant mixed with 
600  µL isopropanol, inverted and centrifuged at maxi-
mum speed for 10  min. The supernatant was removed 
and the pellet was washed with 70% (v/v) ethanol. The 
pellet was air dried and resuspended in 30 µL  ddH2O.

Transformation of Escherichia coli and plasmid 
conformation
Following standard techniques [23], 10  µL of the yeast 
plasmid extract were transformed into E. coli and posi-
tive colonies were selected on media containing ampicil-
lin. Plasmids from colonies were isolated using standard 
procedures [23]. Plasmids were restriction digested with 
appropriate enzymes to confirm correct insertion. Addi-
tional confirmation was achieved using PCR amplifica-
tion of fused DNA products. To ensure correct DNA 
sequences for expression plasmids, Sanger sequencing 
was performed. The correct plasmids were then grown 
in a 50 mL culture and plasmids were isolated using the 
Quantum  Prep® Plasmid Midiprep Kit (Biorad) accord-
ing to the manufacturers’ instructions. Before fungal 
transformation, the plasmids were linearized using AscI.

Plasmid construction and fungal transformation
Expression fragments were created by yeast recombi-
national cloning as described above. All primers used 
are listed in Additional file  1: Table S2 and all plasmids 
are listed in Additional file  1: Table S3. For assembling 
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the nitrate inducible aflR/S construct, six fragments 
total were amplified and eventually cloned into the AscI 
digested plasmid backbone of pYHC-yA-riboB [57]. The 
3′ flanks of stcA and stcW were amplified from A. nidu-
lans LO8030 DNA using primer pairs stcA3′-F/-R and 
stcW3′-F/-R with the -R primers containing 5′ overlaps 
to the respective site of AscI digested plasmid backbone 
and the -F primers having overlaps to the aflS termina-
tor and pyroA cassette, respectively. The bidirectional 
niaD/niiA promoter region was amplified from A. nidu-
lans LO8030 [15, 38] with overlaps to the open reading 
frames of aflR and aflS using primer pairs nitrate-F/-R. 
The open reading frame of aflR including 500 bp of ter-
minator was amplified from A. nidulans FGSC 4A DNA 
using primer pair aflR-F/-R where the -R primer had a 
5′ overhang to the terminator region of the A. fumigatus 
pyroA gene. The open reading frame of aflS was ampli-
fied from A. nidulans FGSC 4A DNA using primer pairs 
aflS-F/-R with the -R primer having a 5′ overlap to the -F 
primer used to amplify the stcW flank. The pyroA cassette 
was retrieved through PstI restriction digest of pJMP61 
[7]. After yeast recombinational cloning, the plasmid 
pPMW1 was created. For sterigmatocystin promoter 
studies the entire bidirectional promoter region between 
two open reading frames was cloned or, in the case of 
monodirectional promoters 500 bp upstream of the open 
reading frame was amplified using primer pairs stc “gene 
name”-pF/stc “gene name”-pR including 5′ overlaps to 
the wA 5′ flank and the open reading frame of pyrG gene 
from A. fumigatus CEA10. Plasmid pYHC-wA-pyrG [55] 
was linearized using NheI. After yeast recombineering, 
plasmid pAN “stcGene” were yielded. For constructing 
the carotenoid expression plasmid pJSF1, the bidirec-
tional promoter region between stcA and stcB was ampli-
fied using primer pair stcAB-cF/-cR with overlaps to the 
carotenoid cluster genes carRA and carB from F. fujikuroi 
IMI58289. The open reading frame of carRA including 
500  bp terminator region was amplified from F. fujik-
uroi IMI58289 DNA using primer pairs carRA-F/-R with 
the -R primer including an overlap to the wA 3′ flank 
of plasmid pYHC-wA-pyrG. The open reading frame 
of carB including 500  bp terminator region was ampli-
fied from F. fujikuroi IMI58289 DNA using primer pairs 
carB-cF/-cR with the -cR primer including an overlap 
to the wA 5′ flank of plasmid pYHC-wA-pyrG. All frag-
ments were assembled using yeast recombinational clon-
ing into EcoRI/XhoI linearized pYHC-wA-pyrG resulting 
in pJSF1. pJSF2 was assembled in a similar process using 
EcoRI/XhoI linearized pYHC-yA-riboB and PCR ampli-
cons of the stcM promoter (amplified with stcM-cF/-cR) 
and ggs1 (amplified with ggs1-cF/-cR).

Transformation of A. nidulans was performed as pre-
viously described [40]. For selection of nitrate inducible 

aflR/S strains, A. nidulans LO8030 was used as the recip-
ient strain. pPMW1 was linearized using AscI, trans-
formed into LO8030, and transformants were selected 
on media where pyridoxine was omitted and uracil/uri-
dine and riboflavin were supplemented yielding strain 
TPMW2.3. For selection of stc promoter test strains, 
TPMW2.3 was used as the recipient strain. pAN “stc-
Gene” plasmids were linearized using SbfI and trans-
formants were selected on media were riboflavin was 
omitted and uracil/uridine was supplemented yielding 
strains TANx and TAASx (see Additional file 1: Table S1). 
To create a riboflavin prototrophic strain, TPMW2.3 was 
transformed with SbfI linearized pYHC-yA-riboB and 
selected on media where riboflavin was omitted and ura-
cil/uridine was supplemented yielding strain TPMW7.2. 
For selection of car expression strains, TPMW7.2 was 
used as the recipient strain and SbfI linearized pTJSF1 
was transformed into TPMW7.2 and transformants 
selected on media omitting uracil/uridine yielding strain 
TJSF1.1. An auxotrophic control strain was generated by 
using TPMW7.2 as recipient strain and SbfI linearized 
pYHC-wA-pyrG was transformed and selected on media 
without supplements yielding strain TPMW8.2. For 
DNA isolation, all fungal strains were grown for 24 h at 
37  °C (Aspergillus) or 29  °C (Fusarium) in steady state 
liquid GMM, supplemented appropriately as described 
by Shimizu and Keller [48]. Single integration was con-
firmed by Southern analysis as described by [23] using 
 P32-labelled probes created by amplification of the indi-
cated DNA fragment in Additional file 2: Figures S1–S4.

Carotenoid analysis
Carotenoids were extracted and analyzed as previously 
described [18, 19]. Briefly, carotenoids were extracted 
with acetone from freeze dried mycelia and were sepa-
rated by thin layer chromatography developed in light 
petroleum/diethyl ether/acetone (4:1:1; v/v/v). The 
bands were scraped out and dissolved in acetone. High-
performance liquid chromatography (HPLC) was used 
to analyze the β-carotene content by comparison to an 
authentic standard. HPLC separation was performed on 
using a ZORBAX Eclipse XDB-C18 column (Agilent, 
4.6  mm by 150  mm with a 5  μm particle size) by using 
a binary gradient of methanol/t-butylmethyl ether (1:1) 
(v/v) as solvent A and methanol/t-butylmethyl ether/
water (5:1:1) (v/v/v) as solvent B using a Flexar Binary 
Liquid Chromatography (LC) Pump (PerkinElmer) cou-
pled to a Flexar LC Autosampler (Perkin Elmer) and a 
Flexar PDA Plus Detector (PerkinElmer). The binary 
gradient started with a linear step from 0 A to 57% A in 
45  min and an additional linear gradient to 100% A in 
0.5 min and hold for 25 min at a flow rate of 2 mL/min. 
Identification and relative quantification of secondary 
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metabolites was performed using Chromera Manager 
(PerkinElmer) by comparison to an authentic standard 
(Sigma Aldrich).

Results
The sterigmatocystin (ST) gene cluster of A. nidulans 
is known to harbor 25 genes involved in biosynthesis of 
sterigmatocystin [9]. While environmental regulation of 
the ST gene cluster is complex and not well understood, 
it was the first cluster that identified a gene product 
encoded within the cluster itself to function as a cluster-
specific Zn(II)2Cys6 transcription factor, called AflR [21]. 
The gene encoding AflR shares a bidirectional promoter 
with aflS encoding a transcriptional cofactor of AflR [20]. 
We replaced the native promoter of aflR/S with the well 
characterized niaD/niiA promoter which is induced by 
the presence of nitrate in the absence of other nitrogen 
sources [10]. We confirmed nitrate-dependent expression 
of aflR/S by northern blot analysis (Fig. 1b).

Next, we set out to test which of the 25 stc gene pro-
moters would be nitrate-inducible in our production 
strain (TPMW2.3). Since TPMW2.3 is a uracil/uridine 
and riboflavin auxotroph, we designed plasmids that 
contain each of the 25 stc gene promoters, respectively, 
driving expression of the A. fumigatus pyrG gene along 
with a riboB selectable marker flanked by bordering 
regions of the yA locus (Fig.  2a; Additional file  1: Table 
S3; Additional file  2: Fig. S2). Using a minimalized pro-
moter selection strategy, we chose promoter regions as 
follows: For unidirectional stc genes, the promoter region 
was amplified from the first base after the stop codon of 
the first gene to the start codon of the second gene, but 
not exceeding 1  kb. In cases of bidirectional promot-
ers, the entire region between the two start codons was 
chosen, not exceeding 1  kb. We selected 25 strains for 
each stc promoter for riboflavin prototrophy, exhibit-
ing yellow spore color, and a control strain that did not 
include a stc promoter. To test for the ability of AflR/S 
to induce AfpyrG expression driven by each of the stc 

Fig. 2 Nitrate‑ and stc promoter‑dependent pyrG expression. a Schematic overview of A. niduans stc promoter driven pyrG test strains integrated at 
the yA locus. b A. nidulans strains were grown for 72 h at 37 °C on solidified GMM plates containing  NH4

+ or  NO3
− as nitrogen and half of the plates 

were supplemented with 5 mM uracil/uridine as indicated. Green boxes indicate promoters with desirable traits of strict nitrate inducibility. c Sche‑
matic overview of spotting pattern of strains containing the indicated stc promoter driving pyrG on the plates depicted in panel (b). Bold letters 
indicate stc promoters with desired traits of nitrate inducibility. Cntr is the control strain TPMW7.2. d Northern blot analysis of all sterigmatocystin 
cluster genes from the A. nidulans WT and a ∆aflR knock‑out mutant. Strains were grown in duplicate under sterigmatocystin production conditions 
(in 50 mL of GMM at 37° for 48 h at 250 rpm) before RNA extraction. Probes for indicated genes were hybridized and rRNA was visualized as loading 
control
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promoters, we grew them on media containing either 
nitrate (induces aflR/S expression; Fig.  1b) or ammo-
nium, and supplemented with or without uracil/uridine 
(Fig.  2b, c). The growth assay showed that eight of the 
tested promoters (stcA, stcB, stcI, stcM, stcN, stcQ, stcV, 
and stcW) exhibited the desired ability to grow on plates 
without uracil/uridine supplementation on nitrate con-
taining media only (Fig.  2b, c), demonstrating specific 
expression under induction conditions. Three of the pro-
moters tested exhibited leaky expression (stcC, stcD, and 
stcE) as we observed colony growth of strains on media 
containing ammonium (Fig.  2b, c) where aflR/S should 
not be induced (Fig. 1b). In order to confirm control of 
the identified promoters by AflR, we investigated expres-
sion of all stc cluster genes in an A. nidulans WT and an 
isogenic ∆aflR knock-out strain [56] under sterigmato-
cystin production conditions. We found that in addition 
to the eight promoters identified in our plate assay, most 
of the remaining cluster genes were also expressed in 
an AflR-dependent manner (Fig.  2d). We speculate that 
either the length of the chosen promoters, the difference 
in culture conditions, or the insufficient expression level 
could be responsible for the observed discrepancies of stc 
activation of the AfpyrG reporter gene.

To test the functionality of our expression system 
genes responsible for carotenoid production from Fusar-
ium fujikuroi [2–4] were expressed in our A. nidulans 
nitrate-inducible aflR/S strain TPMW2.3. In F. fujikuroi, 
the geranylgeranyl diphosphate (GGDP) synthase gene 
ggs1 is responsible for production of GGDP [34], which 
is a substrate for CarRA and CarB, encoded by two of 
the clustered carotenoid biosynthetic genes needed for 
β-carotene production [31]. We inserted the ggs1 gene 
driven by the stcM promoter and 0.5  kb of the native 
terminator, a riboflavin selectable marker flanked by 
the yA border regions (Additional file 1: Table S3; Addi-
tional file  2: Fig. S3), and the two carotenoid cluster 
genes carRA and carB including 0.5 kb of the native ter-
minator regions, responsible for β-carotene production 
[31] under control of the bidirectional stcA/B promoter 
flanked by the wA border regions (Additional file 1: Table 
S3; Additional file  2: Fig. S3). Both plasmids were lin-
earized and transformed into TPMW2.3 consecutively, 
yielding strain TJSF3.1 (Fig.  3a; Additional file  1: Table 
S1; Additional file  2: Fig. S4). Nitrate-inducible expres-
sion of ggs1, carRA, and carB was confirmed by north-
ern blot analysis compared to a prototroph control strain 
that produced white spores (TPMW8.2) (Fig. 3b). When 
the two strains were grown on nitrate containing media, 
TJSF3.1 exhibited a characteristic orange color that was 
absent in the control (Fig. 3c). Characterization of caro-
tene production by HPLC showed that the strain TJSF3.1 
produced 125  µg β-carotene per gram mycelial dry 

weight in our experimental setting (Fig. 3d, e). The pro-
duction of β-carotene was significantly higher on nitrate 
induction media than on non-induction media contain-
ing glutamine (Fig.  3d, e). The control strain TPMW8.2 
did not show any carotene production (Fig. 3d).

As carotenoid production in N. crassa and Fusarium 
spp. occurs in both mycelia and spores [5], we asked 
whether a similar distribution would occur in our pro-
duction strain. Therefore, mycelia and spores were 
assessed individually for β-carotene content. Carot-
enoids were only produced in the mycelia and not in 
the spores (Fig.  4a). Since the GGDP produce by Ggs1 
is also utilized for ergosterol production in F. fujikuroi 
[34] we set out to investigate if the homolog of ggs1 in 
A. nidulans (AN0654, 54% identity, e-value: 4.0−118) 
would be sufficient for β-carotene production. A strain 
was constructed that only expressed carRA and carB 
called TJSF1.1 (Additional file 2: Fig. S4). When carote-
noid production between TJSF1.1 (carRA and carB) and 
TJSF3.1 (ggs1, carRA, and carB) was compared no signifi-
cant difference under inducing conditions was observed 
(Fig. 4b), suggesting that AN0654 is sufficient to provide 
the maximum amount of GGDP that can be funneled 
into carotenoid production. As it is known that one of the 
bottlenecks during carotenogenesis is the production of 
mevalonate (a GGDP precursor) by the 3-hydroxyl-3-me-
thyl-glutaryl-conenzyme A reductase (HMG CoA reduc-
tase) [1], we grew the two production strains on nitrate 
media supplemented with mevalonate before carotenoid 
quantification. However, we did not find any difference 
in production levels between the strains grown with or 
without mevalonate (Fig. 4c).

Discussion
Many efforts have been made to increase expression of 
fungal natural products [6, 35]. Apart from increasing 
production in the native host, a major focus has been on 
developing heterologous expression systems. Heterolo-
gous systems have the advantage that they can be carried 
out in a safe host system without toxic byproducts, that 
is easily amenable to genetic manipulation and prefer-
ably inducible [50]. Traditional approaches are laborious 
as they are mainly based on over-expressing each natural 
product cluster individually or sequentially, thereby rely-
ing on multiple selection markers that limit the number 
of genes expressed and subsequently reduce the chemi-
cal complexity of the natural product produced [55]. 
There have been successful reports on marker recycling 
to overcome this issue [14, 38], but these approaches 
involve multiple time-consuming transformation steps. 
Additionally, construction of the expression plasmids or 
cassettes has been achieved by labor intensive restric-
tion enzyme- or fusion PCR-mediated methods [22, 25]. 
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Fig. 3 Nitrate‑dependent β‑carotene production in A. nidulans. a Schematic overview of A. nidulans carotenoid production strain TJSF3.1 that 
harbors the stcM‑driven F. fujikuroi ggs1 gene at the yA locus and the stcA/B‑driven F. fujikuroi carRA/B genes at the wA locus. b Northern blot expres‑
sion analysis of indicated genes in the indicated strains. The strains were grown in duplicate for 24 h in 50 mL of GMM with 35 mM glutamine (Gln) 
as nitrogen source for 24 h at 250 rpm at 37 °C. The mycelia were washed and shifted into new media containing either Gln or  NO3

− as nitrogen 
sources and grown at 250 rpm and 37 °C for 1 h before RNA extraction. RNA was visualized as loading control. c Growth on solid medium demon‑
strating carotene expression from strain TJSF3.1 and control strain TPMW8.2 grown for 72 h at 37 °C on solidified GMM media containing nitrate 
as nitrogen source. Bottom picture shows mycelia of the same strains collected from liquid stationary GMM media containing nitrate as nitrogen 
source grown for 72 h at 37 °C. d HPLC chromatograms at 453 nm of β‑carotene extracted from indicate strains grown as described in panel (c). e 
Quantification of β‑carotene produced by TJSF3.1 grown on either  NO3

− or glutamine (Gln)
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The ease of yeast recombinational cloning [39] has been 
exploited for a wide range of molecular methods, includ-
ing gene knock-out libraries [17] and expression sys-
tems [47] in filamentous fungi as well as yeast itself [8]. 
Technically, yeast recombinational cloning allows for the 
assembly of multiple PCR fragments up to a vector size 
of several ten thousand kilo bases [39]. One of the major 
hurdles to overcome during yeast recombineering, is 
undesired recombination among multiple identical DNA 
regions. Recently, a study in A. terreus demonstrated the 
requirement of an AflR-like transcription factor, TerR, for 
expression of all twelve terrein cluster genes [24] simi-
lar to our expression data for AflR-dependency of all 25 
stc genes. The system was subsequently used to control 
one of the terrein promoters in a heterologous expres-
sion system in A. niger to demonstrate activation of orsA 
from A. nidulans [24]. Here, we have demonstrated the 
specific induction of eight of the 25 stc promoters to 
control the expression of a reporter gene (pyrG). Subse-
quently, we have utilized three of the eight promoters to 
successfully express three Fusarium spp. derived genes 
responsible for carotenoid production in A. nidulans and 
confirm functionality of their gene products by detection 
of β-carotene.

As a precursor of vitamin A, β-carotene has long 
been in the focus of biotechnology. The most promi-
nent example of heterologous gene expression leading 
to the production of β-carotene is the development of 
Golden Rice by Monsanto [37]. However, β-carotenoid 
production was also achieved in baker’s yeast and bac-
teria. The amounts of carotenoids produced by the pro-
duction strain constructed in this study are equivalent 
to the first production strain engineered in yeast [52]. 
Recent advances in manipulating metabolic pathways 
and genetic elements have increased the production in 

baker’s yeast [8, 30], and similar approaches could be 
undertaken to increase production in A. nidulans.

Notably, production of β-carotene is restricted to the 
mycelia in the A. nidulans production strains investi-
gated in this study, whereas in other fungal species like 
Neurospora crassa and F. fujikuroi, carotenes are predom-
inantly produced in asexual spores [26, 31]. One explana-
tion might be the developmentally controlled expression 
pattern of the niaD promoter, as it was shown to be only 
transiently expressed at early stages of conidiation, but 
not at later time points [33]. Sterigmatocystin and afla-
toxin in Aspergillus species are predominantly found in 
the mycelial fraction and a complex fusion network of 
vesicles containing different precursors and biosynthetic 
enzymes that ensure correct cellular localization of these 
secondary metabolites is being unveiled by several stud-
ies [32, 42, 49]. Additionally, pioneering work in A. fumig-
atus has demonstrated that certain natural products are 
predominantly produced in the asexual spores (conidia) 
[27, 29]. These findings suggest that conidial directed cel-
lular pathways in the native host (Fusarium) may differ 
significantly from Aspergillus as location of β-carotene is 
not the same in the native and heterologous host. Deter-
mining which factors control the direction of fungal 
natural products to certain developmental structures in 
different fungal species will be a fascinating future task.

Conclusions
This study presents a new heterologous expression sys-
tem for fungal natural products in the genetic model 
organism A. nidulans. The system described here makes 
use of the ability to co-express, minimally, eight promot-
ers by a fungal-specific Zn(II)2Cys6 transcription factor, 
AflR, and its cofactor AflS. By replacing the intrinsic 
bidirectional aflR/S promoter with a nitrate bidirectional 

Fig. 4 Tissue‑ and media‑specific β‑carotene production. a Comparison of β‑carotene production in spores and mycelia of TJSF3.1 in triplicates. 
The strains were grown under nitrate inducing conditions and carotenoid production was normalized to the amount produced in mycelia. b 
Comparison of β‑carotenoid production between TJSF1.1 (carRA and carB) and TJSF3.1 (ggs1, carRA and carB). Strains were grown under nitrate 
inducible conditions and β‑carotene was quantified based on normalized dry weight in triplicates. No significant difference be could be detected. 
c Comparison of β‑carotene production between TJSf1.1 (carRA and carB) and TJSF3.1 (ggs1, carRA and carB) grown on nitrate inducible conditions 
either supplemented with (+) or without (−) 10 mM mevalonate in triplicates. No significant difference be could be detected
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inducible promoter, all eight identified genes can be 
simultaneously activated and repressed. As all eight iden-
tified promoters differ in their DNA sequence, the system 
has the potential to utilize one-step yeast recombina-
tional cloning for assembly of entire secondary metabo-
lite gene clusters. Here, we demonstrate the production 
of β-carotene by heterologous expression of three genes 
from F. fujikuroi. The inducibility of the system also is 
useful for production of toxic metabolites at a stage when 
the host strain has accumulated a significant biomass.
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Regulation of plant cell wall degradation by 
light in Trichoderma
Monika Schmoll* 

Abstract 

Trichoderma reesei (syn. Hypocrea jecorina) is the model organism for industrial production of plant cell wall degradat-
ing enzymes. The integration of light and nutrient signals for adaptation of enzyme production in T. reesei emerged 
as an important regulatory mechanism to be tackled for strain improvement. Gene regulation specific for cellulase 
inducing conditions is different in light and darkness with substantial regulation by photoreceptors. Genes regulated 
by light are clustered in the genome, with several of the clusters overlapping with CAZyme clusters. Major cellu-
lase transcription factor genes and at least 75% of glycoside hydrolase encoding genes show the potential of light 
dependent regulation. Accordingly, light dependent protein complex formation occurs within the promoters of 
cellulases and their regulators. Additionally growth on diverse carbon sources is different between light and darkness 
and dependent on the presence of photoreceptors in several cases. Thereby, also light intensity plays a regulatory 
role, with cellulase levels dropping at higher light intensities dependent in the strain background. The heterotrimeric 
G-protein pathway is the most important nutrient signaling pathway in the connection with light response and trig-
gers posttranscriptional regulation of cellulase expression. All G-protein alpha subunits impact cellulase regulation in 
a light dependent manner. The downstream cAMP pathway is involved in light dependent regulation as well. Connec-
tions between the regulatory pathways are mainly established via the photoreceptor ENV1. The effect of photorecep-
tors on plant cell wall degradation also occurs in the model filamentous fungus Neurospora crassa. In the currently 
proposed model, T. reesei senses the presence of plant biomass in its environment by detection of building blocks 
of cellulose and hemicellulose. Interpretation of the respective signals is subsequently adjusted to the requirements 
in light and darkness (or on the surface versus within the substrate) by an interconnection of nutrient signaling with 
light response. This review provides an overview on the importance of light, photoreceptors and related signaling 
pathways for formation of plant cell wall degrading enzymes in T. reesei. Additionally, the relevance of light depend-
ent gene regulation for industrial fermentations with Trichoderma as well as strategies for exploitation of the observed 
effects are discussed.

Keywords: Trichoderma reesei, Hypocrea jecorina, CAZymes, Light response, Signal transduction, Surface sensing, 
Carbon source utilization, EMSA, Genomic clusters

Background
The continuing alteration between light and darkness 
on earth caused by its rotation resulted in an evolution-
ary adaptation of the majority of living beings to day and 
night. The physiological changes connected to day and 
night are triggered by the circadian clock, which gov-
erns preparation to the upcoming day or night. Exposure 

to light at unexpected times causes phase shifts in the 
clock controlled cycles and hence alters the connected 
gene regulation. Nevertheless, control by the circadian 
clock and response to changing light conditions are dis-
tinct processes [1]. This adaptation does not only con-
cern obvious necessities such as the protection against 
harmful UV light during the day or dealing with higher 
temperatures and lower humidity levels connected to 
sunlight versus darkness. Also, the adjustment of meta-
bolic processes to light and darkness has evolved—not 
only in humans, but also in fungi [2, 3],—which raises 
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the question whether fungi do have an equivalent to the 
physiological condition of sleep or the physiologically dif-
ferent situation in day and night in humans.

In fungi, light is highly relevant to diverse physiologi-
cal regulation mechanisms and impacts many signaling 
pathways that integrate light response with metabolism, 
stress response and development [4]. Even though many 
of the fungi currently investigated in academia and 
industry never experience natural conditions of day and 
night, their gene expression levels and physiology still 
follow circadian rhythms [5], which also target metabo-
lism [6–8]. Groundbreaking work in elucidation of the 
molecular machinery governing circadian rhythmicity 
and light response has been done in Neurospora crassa 
[9–11], which involves transcriptional cascades as well 
as epigenetic and posttranslational modifications [12, 13] 
and many of the studies on light effects in dthe fungi built 
on the discoveries from N. crassa thereafter.

Trichoderma reesei represents one of the most impor-
tant filamentous fungi nowadays used in industry for 
production of homologous and heterologous enzymes—
predominantly for biofuel production [14, 15]. T. ree-
sei expresses diverse carbohydrate active enzymes 
(CAZymes), the most important being cellulases and 
hemicellulases [16]. Induction of these enzymes occurs 
on different carbon sources such as cellulose or lactose 
or in the presence of sophorose, but also on other carbon 
sources representing building blocks of plant cell wall 
material [17, 18]. Repression occurs on easily metaboliz-
able carbon sources like glucose by the function of car-
bon catabolite repression. Secondary metabolism has not 
been studied in detail in T. reesei yet, but harmful myco-
toxins are not known to be produced by this fungus [19]. 
T. reesei was the first industrially relevant filamentous 
fungus for which the method of sexual crossing became 
available. Sexual development is dependent on specific 
conditions of light, temperature and carbon source in the 
medium and numerous regulators, including the T. ree-
sei photoreceptors and several signaling compounds [20, 
21].

In this review, I will first give a short overview on com-
position of plant cell walls and their degradation followed 
by a general introduction to the light response path-
way and known physiological effects of light on fungi in 
order to familiarize the reader with the two topics con-
nected in this review. Thereafter I briefly describe the 
discovery of the influence of light on cellulase regulation 
along with some general findings on the topic later on. 
Subsequently, I explain the impact of light and the light 
response machinery on regulatory pathways influenc-
ing metabolic functions in Trichoderma with an empha-
sis on plant cell wall degradation and interconnections 
between nutrient and light signaling pathways (Fig.  1). 

Individual regulatory factors as well as their genome/
transcriptome wide effects in dependence of light will 
be discussed including alterations on different carbon 
sources, non random distribution of light regulated genes 
and the interplay of light response with carbon catabolite 
repression. Based on that, light dependent differences at 
the promoter level and in carbon source utilization are 
outlined. Finally, the relevance of light for regulation of 
specific, known factors crucial for highly efficient plant 
cell wall degradation as well as aspects of light influenced 
processes for research and industry (Fig. 2) are discussed.  

The plant cell wall and the enzymes degrading it
Lignocellulosic plant biomass represents the most impor-
tant carbon source on our planet and it is hence of high 
ecological importance as major component in the global 
carbon cycle. Plant biomass is composed of several poly-
mers including the recalcitrant cellulose, hemicellulose 
and lignin, but also pectin and starch [22]. Filamentous 
fungi are highly efficient degraders of plant biomass and 
have evolved a complex yet very efficient machinery for 
degradation of plant cell walls [23, 24]. The involved Car-
bohydrate Active enZymes (CAZys) act on glycoside link-
ages in the plant cell wall polysaccharides and can have 
a broad range of activities [25, 26]. It is assumed that 
glycoside hydrolases, the most important enzymes for 
plant cell wall degradation, have evolved from a common 
ancestor. In the course of the subsequent specialization, 
saprotropic fungi like T. reesei appear to have lost a sig-
nificant number of genes including glycoside hydrolases 
[27]. Since cellulases are usually found coregulated, the 
cellobiohydrolases CBH1/Cel7a and CBH2/CEL6a are 
frequently used as representatives for cellulase expres-
sion. In recent years, the oxidation of cellulose by poly-
saccharide monooxygenases (previously assigned to 
glycoside hydrolase family 61) was shown to significantly 
contribute to plant cell wall degradation [28, 29]. Inter-
estingly, an involvement of light and photosynthetic pig-
ments in oxidation of polysaccharides was postulated 
[30].

Regulation of plant cell wall degrading enzymes is com-
plex and occurs at the transcriptional level involving a 
plethora of transcription factors and regulators, some of 
the most important being XYR1, ACE1, ACE2, ACE3, 
VIB1 and the HAP complex [23, 31, 32]. Recently, also a 
post-transcriptional section of cellulase regulation was 
shown [33]. Thereby, a considerable number of substrates 
cause induction of expression of plant cell wall degrading 
enzymes [16–18]. Importantly, the mechanism of carbon 
catabolite repression, with its major transcription factor 
CRE1 serves to avoid biosynthesis of enzymes in the pres-
ence of easily metabolizable carbon sources [23, 34]. By 
application of their sophisticated regulatory machineries, 
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fungi adjust the amount and type of enzymes to produce 
to their environment—be it a tropical forest or an indus-
trial fermentor.

The light response pathway in Trichoderma spp.
Trichoderma spp. have a long tradition of research 
towards fungal light responses and their physiological 
consequences [35, 36]. Eight proteins are considered to 
be responsible for light perception [36] including BLR1 
and BLR2 (blue light regulators 1 and 2): two GATA-type 
transcription factors predominantly acting as a photo-
receptor complex, the photoreceptor ENV1, two pho-
tolyases, a cryptochrome, a phytochrome and an opsin, 
which is however only present in the genome of Tricho-
derma atroviride, but not in T. reesei [36, 37].

The major blue light photoreceptors BLR1 and BLR2, 
which are the homologues of N. crassa WC-1 and WC-2 
(white collar 1 and 2) [38], were first characterized in T. 
atroviride, where they are essential for blue light induced 
conidiation [39]. Thereafter, ENV1, a homologue of 
N. crassa VVD [40] and the third photoreceptor was 
detected in T. reesei and an unexpectedly broad range of 
physiological functions in light response, development, 
stress response and metabolism was shown for ENV1 
that exceed those of BLR1 or BLR2 [41, 42]. In contrast 
to T. atroviride, deletion of blr1 or blr2 does not abolish 
conidiation in T. reesei [43, 44], while lack of ENV1 causes 
a severe growth phenotype in light [42], which does not 
occur on every carbon source [45, 46]. In both fungi, 
BLR1 and BLR2 exert common as well as independent 

Fig. 1 Schematic overview of pathways involved in light regulation of plant cell wall degradation
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functions and also influence gene expression in darkness 
[46, 47]. Consequently, while there is considerable over-
lap in functions, there are also some differences in the 
light response machinery in Trichoderma spp. which may 
cause altered responses.

BLR1 and BLR2 are GATA type zinc finger transcrip-
tion factors and are assumed to act in a complex. BLR1 
contains three PAS domains, and a PAS/LOV domain, 
which is responsible for reception of the light signal due 
to the flavin moiety bound in this domain. BLR2 contains 
only one PAS domain and ENV1 contains a PAS/LOV 
domain like BLR1 [36]. Light dependent induction of 
env1 is strictly dependent on the presence of both BLR1 
and BLR2 [43, 48, 49]. Nevertheless, phenotypic effects of 
deletion of blr1 or blr2 are much less severe than deletion 
of env1 in light [41–44, 46].

The hierarchy in the light response cascade thereby 
depends on the function of the respective regulators in T. 
reesei. In many cases, ENV1 acts via BLR1 and BLR2, for 
example with respect to growth and sexual fertility [48]. 
Like BLR1 and BLR2, also ENV1 has individual func-
tions [46], albeit often effects reminiscent of photoadapa-
tion occur: If the negative effect of ENV1 is relieved by 
its deletion, the usually balancing positive effect of BLR1 
and BLR2 becomes obvious [48]. This balanced function 
of ENV1, BLR1 and BLR2 further explains the rescue of 
the severe growth phenotype of strains lacking ENV1 in 
light in ∆env1 double or triple mutants with blr1 and/or 
blr2 deletions [48].

In T. atroviride, enhanced expression of blr2 causes 
increased photoconidiation and higher transcript levels 
of light induced genes, while the opposite effect is caused 
by overexpression of blr1. Blr2 overexpression further 
causes higher sensitivity to blue light and complex forma-
tion of BLR1/BLR2 is assumed to be required for appro-
priate light perception in T. atroviride [50].

Physiological responses to light in Trichoderma
Life in soil—a mainly dark environment—and on the sur-
face of a substrate are fundamentally different in terms 
of UV radiation, oxygen, temperature stability, humidity 
and levels of reactive oxygen species (ROS). Also dur-
ing day and night many of these environmental proper-
ties change and hence, fungi evolved to use light as a fast 
indicator of the expected changes and prepare for daily 
alterations by applying circadian rhythms [51].

Blue light responses in T. reesei include enhanced 
conidiation [43] and sexual reproduction [21, 52], sec-
ondary metabolism [46, 53, 54], growth [45] and altered 
regulation of enzyme gene transcription [46, 53], expres-
sion and activity [55]. Genes of the light response 
machinery including phr1 encoding a photolyase, the 
photoreceptor gene env1 and frq, which is required for 
circadian rhythmicity in N. crassa, the MAPkinase gene 
tmk3 [45] as well as several genes involved in sexual 
development are light dependently regulated irrespective 
of the carbon source [33].

The earliest response to light evaluated in T. reesei 
was after 15  min [45], albeit much shorter light pulses 

Fig. 2 Schematic representation of strategies for strain improvement by exploiting of light dependent effects. Gene regulation in T. reesei is consid-
erably influenced by light, with the light signal coordinated with nutrient signals via the signal transduction pathways of heterotrimeric G-proteins 
and cAMP signaling. Posttranscriptional regulation of cellulase gene expression is triggered by a G-protein coupled receptor, whose signal is chan-
neled through the G-protein pathway and its subunits. The consequences of light exposure include changes in normal enzyme production, pro-
duction of heterologous proteins and secondary metabolites expressed from homologous or heterologous gene clusters. Once the mechanisms of 
light dependent regulation are understood, this information can serve to improve performance under currently applied industrial conditions (dark 
fermentors) by knowledge based genetic engineering. Additionally, screening procedures are recommended to be performed under controlled 
light conditions and inoculum production can be improved. For high value products, illumination or specifically applied light regimes in photobio-
reactors can be evaluated
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are assumed to be sensed and can cause altered gene 
regulation. Thereby it has to be considered that not only 
the duration but also the light intensity (fluence rate) is 
important [55]. An effect of red light on the regulation of 
few genes was detected for T. atroviride [56], while in T. 
reesei no effect of red light was observed so far [43].

In T. atroviride, light stimulates the tolerance to 
osmotic stress through the Hog1-related MAPkinase 
TMK3. This stimulation of stress signaling pathways by 
light is considered a benefit for the cell [57]. Interestingly, 
T. reesei TMK3 was found to regulate cellulase produc-
tion [58, 59], albeit an influence of light was not tested 
in this study. Together these findings indicate that the 
MAPkinase pathway contribute to light dependent mod-
ulation of cellulase gene expression.

In T. reesei an involvement of ENV1 in stress response 
was observed, which requires the conserved amino acids 
C96 and T101 [60, 61]. Thereby, C96 is evolutionar-
ily conserved in Hypocreaceae, which in contrast to for 
example N. crassa, indicating the integration of stress and 
light responses via ENV1.

An unexpected effect of light and photoreceptors 
on cellulase gene expression
Traditionally, filamentous fungi were grown under ran-
dom light conditions, except for investigation of circa-
dian rhythms or photoreceptor functions in N. crassa. 
Trichoderma spp. also served as models for analysis of 
light responses in the 1970s and 80s [36], but this did 
not lead to cultivation under controlled light conditions 
thereafter because no connection to carbon metabolism 
was assumed.

A screening assay for genes differentially expressed 
between the cellulase negative mutant strain QM9978 
and the early high production mutant QM9414 surpris-
ingly yielded the photoreceptor gene env1 as differen-
tially regulated between the two strains under inducing 
conditions (cellulose and sophorose) [62]. ENV1 is a 
homologue of the N. crassa photoreceptor VIVID (VVD), 
which negatively acts on the photoreceptor complex 
established by WC-1 and WC-2, the homologues of 
BLR1 and BLR2 [63, 64]. However, T. reesei env1 could 
not complement a N. crassa vvd non-functional mutant 
and is hence not considered a functional homologue [42]. 
Still, subsequent research revealed a considerable func-
tional overlap of ENV1 and VVD.

Consequently, cultivation of T. reesei was performed 
under controlled light conditions and with the cellulase 
inducing carbon sources cellulose and lactose in order 
to assess a potential effect of light on enzyme expres-
sion [42]. Indeed, striking differences in cellulase tran-
script levels between growth in light and in darkness 
were observed upon growth on cellulose, which did not 

correlate with previous results in a conventional incu-
bator with random light pulses—neither in light nor in 
darkness. Transcript levels of cbh1 increased by roughly 
50% upon growth in constant light on cellulose and an 
important function of ENV1 in this regulation became 
obvious, with decreased cbh1 levels on lactose, transient 
increase on cellulose in darkness and decrease in light in 
the mutant strain [42]. Upon induction of cellulase gene 
expression by the natural inducer sophorose, we found 
that in darkness, cellulase transcript levels increase with 
time, while in light cellulase induction appears to be 
accelerated, but transient [65].

Functions of the light response machinery 
in cellulase regulation
Searching for the basis of light dependent regulation of 
cellulase genes, comparison of the promoters of env1 and 
vvd revealed two potential DNA binding motifs, EUM1 
(envoy upstream motif; 5′ CTGTGC 3′) and EUM2 (5′ 
ACCTTGAC 3′). EUM1 is also present in the promot-
ers of the cellulase genes cbh1 and cbh2 as well as in the 
promoters of blr1 and blr2 suggesting a potential for co-
regulation or feedback [42] (see also below). Additionally, 
the same study revealed that env1 is not expressed in the 
cellulase negative strain QM9978, which has a muta-
tion in the EUM1 promoter motif in the env1 promoter. 
However, complementation with the entire env1 gene 
that included this promoter region did not rescue cellu-
lase expression in QM9978 [42]. EUM1, light responsive 
elements (LREs) [66] and GATA sites, which all might be 
predictive for binding of the photoreceptor complex or 
other light regulatory factors, were found in numerous 
promoters of known cellulose and hemicellulose degrad-
ing enzymes [67].

Later on, investigation of the genome of QM9978 and 
comparison to that of QM6a recently led to the finding 
that the PhoG homologue VIB1 is responsible for the 
defect in cellulase induction of this strain. A transloca-
tion of the gene abolished expression of vib1 in QM9978 
[68]. Interestingly, vib1 is strongly down-regulated in 
light upon growth on cellulose in the wild-type strain 
QM6a (Stappler and Schmoll, unpublished). Downregu-
lation of vib1 in light is further observed upon growth on 
lactose or sophorose [33]. Transcriptome analysis upon 
growth on cellulose showed that vib1 is strongly regu-
lated by ENV1 in light and by the adenylate cyclase ACY1 
in light [33, 49]. Consequently, vib1 is a cAMP dependent 
target of the light response pathway [49], which is also in 
agreement with the finding of the gene encoding ENV1 
as a regulator of vib1 to be down-regulated in QM9978 
compared to QM9414 under inducing conditions [42] 
[62].
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BLR1 and BLR2 positively regulate transcript levels of 
cbh1 in T. reesei [43] and in T. atroviride [69]. Interest-
ingly, effects are obvious in light and darkness, indicating 
that these photoreceptors also have a function in dark-
ness in T. reesei [43, 46]. Accordingly, effects of ENV1, 
BLR1 and BLR2 were also observed in largely dark fer-
mentor cultivations in T. reesei. Under these conditions, 
∆env1 secretes a more efficient enzyme mixture and for 
BLR2 an effect on secretion capacity was found, which 
leads to increased cellulase activities as well. ∆blr1 forms 
more biomass, but its lower secretion capacity counter-
acts its efficiency in production of cellulose degrading 
enzymes [67].

Abundance of secreted proteins is considerably altered 
in light [55] including such important enzymes as CBH1, 
BGL1, XYN2 or CEL61B. BLR1 and BLR2 have a major 
impact in this light dependent regulation. While initial 
analyses on light response of cellulase regulation were 
performed in the QM9414 strain background, we later 
found significant differences between light and dark-
ness also for QM6a [55], RutC30 and industrial pro-
duction strains as well (unpublished results). Thereby, 
QM6a shows a much lower light tolerance than QM9414 
in terms of alteration of cellulase gene expression. In 
QM9414 cbh1 transcript levels initially increase with 
increasing light intensities and only drop at 5000  lx, 
while in QM6a already low light intensities abolish cbh1 
transcription. In ∆blr1 and ∆blr2, this drop at high light 
intensities does not occur [55].

In addition to the photoreceptors, further regulators 
involved in light dependent signaling were identified as 
cellulase regulators. In Aspergillus nidulans, VeA and 
LaeA coordinate the light signal with fungal development 
and secondary metabolism [70]. Their homologues in T. 
reesei, VEL1 and LAE1 are important regulators of cel-
lulase gene expression [71, 72]. Unfortunately, the latter 
studies were done under uncontrolled light conditions 
and hence a light dependent relevance of this regulation 
is not known. Since the function of VEL1 in development 
shows light dependent differences and a connection to 
photoreceptors [73, 74], this can also be expected for cel-
lulase regulation.

Signaling pathways involved in light dependent 
modulation of cellulase gene expression
For the presence of cellulose to be sensed in the environ-
ment, low molecular weight degradation products liber-
ated from degradable plant material are likely signals that 
may be sensed by membrane bound receptors. Alter-
natively, an inducer synthesized outside the cell may be 
taken up via diffusion or a permease and initiate cellulase 
formation by an intracellular process. Both hypotheses 

are likely to describe contributions to the regulation of 
cellulase gene expression.

The heterotrimeric G‑protein pathway
The prime candidate pathway for sensing and transmis-
sion of an extracellular cellulose related signals is the 
heterotrimeric G-protein pathway. Signal transduction 
via the heterotrimeric G-protein pathway starts with 
reception of a signaling compound by a G-protein cou-
pled receptor (GPCR). Once such a ligand binds to the 
GPCR, the heterotrimeric G-protein complex composed 
of G-protein alpha, beta and gamma subunits, dissoci-
ates, GDP is exchanged for GTP on the G-alpha subunit 
for activation and all subunits then modulate their target 
pathways [37, 75, 76].

T. reesei has 50 GPCRs, 3 G-alpha subunits (GNA1, 
GNA2 and GNA3), one G-beta subunit (GNB1) and one 
G-gamma subunit (GNG1). Additionally, two phosducin 
like proteins (PhLP1 and PhlP2), which are assumed to 
act as co-chaperones for G-protein beta and gamma fold-
ing are encoded in the genome as well as 7 RGS (regu-
lator of G-protein signaling) domain proteins [37]. The 
G-protein alpha subunits GNA1 and GNA3 impact cel-
lulase gene expression and this function is dependent on 
light [77, 78]. Constitutive activation of GNA3 led to a 
strong increase in cellulase transcripts upon growth on 
cellulose (around tenfold), but only in light. In darkness, 
neither constitutive activation nor knock down altered 
cellulase transcript levels [77]. Interestingly, upregulation 
of gna3 without constitutive activation caused somewhat 
increased cellulase levels in light, which however did by 
far not reach the strong up regulation seen for the con-
stitutive activation of GNA3. It is therefore likely that the 
rate of inactivation of the alpha subunit by the intrinsic 
GTPase of GNA3 plays a role. This function is enhanced 
by RGS (regulator of G-protein signaling) proteins, which 
are consequently assumed to be involved in cellulase 
regulation in T. reesei [77]. Of those, rgs1 represents a 
light independent regulatory target of GNB1, GNG1 and 
PhLP1 [53].

Lack of GNA1 causes a strong increase of cellulase 
gene expression in darkness and abolishment in light 
upon growth on cellulose. Constitutive activation of 
GNA1 caused—like for GNA3—an increase in cellulase 
transcript levels in light [78]. For both GNA1 and GNA3, 
constitutive activation did not enable inducer independ-
ent cellulase gene expression. Consequently, the signal 
for induction of cellulase gene expression is separate 
from that transmitted by GNA1 and GNA3 and may 
indeed involve intracellular detection of an inducer.

The G-protein beta and gamma subunits GNB1 and 
GNG1 as well as the phosducin-like protein PhLP1, 
which is assumed to act as a chaperone for complex 
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formation of GNB1 and GNG1, influence regulation of 
several glycoside hydrolases including cbh1 and cbh2 
[53]. Cellulase activity increases in all three mutants, 
while transcript abundance of several genes encoding 
plant cell wall degrading enzymes decreases, indicat-
ing posttranscriptional regulation [53]. However, the 
light dependent effects of GNB1, GNG1 and PhLP1 are 
considerably less pronounced than the strongly positive 
impact of the G-alpha subunits GNA1 and GNA3 [53]. In 
summary, these findings are in line with a positive effect 
of phosducin-like proteins on the efficiency of G-protein 
signaling [79].

Only recently, a new aspect was added to the func-
tion of the heterotrimeric G-protein pathway in cellulase 
regulation. The class XIII of G-protein coupled recep-
tors (GPCRs) was found to have only a minor influence 
on cellulase transcript levels (up to 50%), but both were 
required for normal specific cellulase activities on lac-
tose. In the absence of CSG1, representing one of the two 
class XIII GPCRs of T. reesei, secreted activity levels even 
decreased to basal levels upon growth on cellulose and 
lactose [33]. Hence it is assumed that the signal received 
by CSG1 is responsible for posttranscriptional regula-
tion of cellulase gene expression, a mechanism previously 
not known to be involved. Based on the light depend-
ent function of GNA1 and GNA3 it can be assumed that 
these downstream subunits integrate the light dependent 
relevance with the signal received by CSG1 to a physi-
ological response adapted to the change of day and night.

The cAMP pathway
Cyclic adenosine monophosphate (cAMP) is one of the 
most important secondary messengers in living organ-
isms. cAMP levels function as coincidence detectors due 
to their regulation by diverse environmental cues that are 
integrated to a defined level, which determines the extent 
of the effect on downstream pathways. Adenylate cyclase 
synthesizes cAMP and phosphodiestereases, which are 
activated by the presence of cAMP [80, 81], degrade it 
[82], forming a feedback cycle for adjustment of lev-
els [80, 81]. Protein kinase A is cAMP dependent and 
consists of catalytic and regulatory subunits [37]. Light 
dependent effects on cAMP levels and adenylate cyclase 
activity have been shown previously for Trichoderma 
[83–85].

The cAMP dependent protein kinase A plays an impor-
tant role in regulation of light responses in T. atroviride 
[86]. In T. reesei, the cAMP pathway is one of the tar-
gets of the heterotrimeric G-protein pathway and cAMP 
levels are impacted by both GNA1 and GNA3 [77, 
78]. Investigation of the function of adenylate cyclase 
(ACY1) and the catalytic subunit 1 of protein kinase A 
(PKAc1) showed a light dependent effect on cellulase 

gene expression in both cases upon growth on lactose 
[87]. Deletion of acy1 and pkac1 caused increased light 
responsiveness of cellulase genes i.e. strongly increased 
differences between cellulase levels in light and dark-
ness compared to the light dependent regulation in the 
wild-type. Regulation of the transcript levels of the tran-
scription factors ACE1 and ACE2 that regulate transcrip-
tion of cellulase genes show a response to light, but do 
not correlate well with cellulase levels. Modification of 
transcript levels of the cellulase regulator XYR1 strongly 
resembles the pattern of regulation seen for cellulase 
genes. Hence, it is assumed that the cAMP pathway does 
not directly target phosphorylation of XYR1, but rather 
causes phosphorylation of a regulator of XYR1, which by 
modification of XYR1 acts on cellulase transcription [87].

In this respect it is interesting that deletion of acy1 or 
pkac1 also causes decreased levels of the photorecep-
tor gene env1 [87], which regulates cellulase levels [42]. 
Phosphorylation of the photoreceptor complex by pro-
tein kinase A was shown in N. crassa [88] and critically 
impacts the function of the circadian clock by establish-
ing a negative feedback loop. A similar mechanism may 
be responsible for regulation of env1 levels in T. reesei. 
In turn, strains lacking ENV1 show strongly decreased 
cAMP levels, which is attributed to an impact of ENV1 
on the function of phosphodiesterases rather than ade-
nylate cyclase [89]. Such a mechanism would be in agree-
ment with a feedback mechanism for fine-tuning of the 
integration of light response with nutrient signaling. 
Only recently we could confirm the involvement of a 
phosphodiesterase in light dependent cellulase regulation 
and the connection to ENV1 (E. Stappler et  al., manu-
script in preparation).

Interconnections between light response machinery 
and nutrient signaling pathways
The finding that light and its photosensors are involved 
in regulation of cellulase gene expression, indicated that 
nutrient utilization is interrelated with light response. 
The findings of the influence of the light signaling path-
way on carbon-compound and carbohydrate metabolism 
[53] further raised the question as to the interconnec-
tions between nutrient signaling and sensing light. More 
detailed investigation of the heterotrimeric G-protein 
pathway and the cAMP pathway indicated that the light 
signal must be integrated with the transmitted nutrient 
signals.

BLR1 and BLR2 do not have a major impact on the 
G-protein signaling pathway [49]. ENV1 negatively 
influences blr1 and blr2 transcript levels, which in turn 
are required for induction of env1 in light. This mutual 
regulation causes a steady state level of transcripts for 
these three genes [49]. ENV1 is required for the positive 
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feedback cycle of GNA1, which increases gna1 transcript 
levels upon constitutive activation. In turn, GNA1 nega-
tively regulates env1 transcript levels [89]. Concerning 
the regulation mechanism of GNA3/gna3, ENV1 is not 
involved in establishing the gna3 feedback cycle, but 
negatively regulates gna3 transcript levels in light [89]. 
During investigation of the mutual regulatory effects of 
BLR1, BLR2 and ENV1 as well as GNA1, GNA3, GNB1, 
GNG1 and PhLP1, a pair with regulatory interaction at 
early light response emerged: PhLP1 and ENV1 [49]. 
With its negative effect on transcript levels of phlp1, gnb1 
and gng1, ENV1 dampens G-protein signaling during 
early light response, presumably to provide resources for 
protection from light. Thereafter, PhLP1 can exert a posi-
tive effect on complex formation of GNB1 and GNG1 
and G-protein signaling in general, which is likely to be 
important for metabolic adaptation to light [49]. The 
striking overlap in regulatory targets of photoreceptors, 
G-protein pathway components and ACY1 suggests that 
this interrelationship constitutes a core function in adap-
tation beyond transient effects in early light response.

Surprisingly, these interconnection studies revealed 
that it is not the photoreceptor complex comprising the 
two BLR proteins, but rather ENV1 that acts in a central 
position as a checkpoint, which is in line with its strong 
effect on gene regulation in light [46]. The more promi-
nent role of ENV1 in comparison to BLR1 and BLR2 
is also obvious in the role of ENV1 in the regulation of 
other physiological processes such as sexual development 
or stress response [41].

The strikingly low cAMP levels in mutants lacking 
ENV1 indicated that ENV1 could exert at least part of 
its function via the cAMP pathway adding another link 
between light response and nutrient signaling (see also 
above). The ∆acy1 strain showed a striking overlap of 
regulated genes in light, but not in darkness [49]. These 
genes have in common their regulation in the presence 
of strongly decreased or abolished cAMP levels. Among 
these cAMP targets there are numerous glycoside hydro-
lases, auxiliary proteins of cellulose degradation as well 
as the cellulase and hemicellulase regulator gene xyr1 
[49]. Functional category analysis of these genes showed 
a strong enrichment in C-compound and carbohydrate 
metabolism. Consequently, the regulatory function of 
ENV1 in targeting regulation of enzyme expression is to a 
considerable extent mediated by its effect on cAMP levels 
[49]. Interestingly, many of the genes down-regulated in 
∆env1 and ∆acy1 in the light are also down-regulated on 
soluble carbon sources compared to the insoluble carbon 
source cellulose [33]. Consequently, the cAMP depend-
ent output of the regulatory cascade triggered by ENV1 
could be targeted at sensing and/or reaction to a surface 

of specifically to cellulose, but not to a soluble carbon 
source [33].

In summary, ENV1 emerged as a major checkpoint 
between nutrient and light signaling [41]. However, it 
still remains to be shown whether this interrelationship 
is established directly by protein–protein interaction and 
an influence on activity of the targeted regulators or if the 
influence is indirect by an impact on regulation of abun-
dance and/or activity of signaling factors, for example 
kinases, which in turn target regulatory factors. The con-
siderable impact of deletion of env1 on the transcriptome 
in light [46] makes the latter hypothesis more likely.

Light dependent regulation of cellulose 
degradation as influenced by the sulphur source
Genes involved in metabolic processes are major targets 
of light response in T. reesei [46, 53]. Amino acid metabo-
lism and sulphur metabolism are among these targets 
[33, 46, 53] and these functional categories are further 
found correlated with altered levels of cellulase produc-
tion and carbon catabolite repression [90–92].

Studies aimed at identification of regulators binding 
to CAE within the cbh2 promoter revealed the sulphur 
related regulator protein LIM1, a homologue of N. crassa 
SCON2, as a candidate regulator [93]. Investigation of 
expression of lim1 under cellulase inducing conditions 
(cellulose, sophorose) in light and darkness supported 
this hypothesis. Interestingly, in the absence of a sulphur 
source, the methionine content, which can be used as a 
sulphur source, was important for cellulase gene expres-
sion and high sulphur conditions (5 mM) were even del-
eterious for growth in light. In the presence of normal 
sulphur levels in the MA minimal medium on cellu-
lose, the same amount of methionine causes an increase 
of cellulase gene expression in darkness, but abolish-
ment of cbh1 transcription in light. Therefore, methio-
nine appears to represent a signal molecule with a light 
dependent impact on cellulase regulation [93].

Additionally, sulphate uptake upon growth on cellulose 
is regulated by light, while this is not the case with glu-
cose as carbon source [93]. Hence, light dependence of 
sulfur metabolism is dependent on the carbon source.

Interestingly, we found a significant enrichment (p 
value > 0.05) of genes involved in amino acid metabolism 
among those specifically down-regulated under cellulase 
inducing conditions [33]. Thereby, significant enrichment 
in methionine metabolism was detected only in dark-
ness [33]. Moreover, significant enrichment in functions 
in methionine metabolism and sulphur metabolism were 
detected for down-regulated genes in ∆env1 on cellu-
lose [46]. Only recently, metabolic modelling of T. reesei 
under chemostat conditions with controlled growth rate 
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revealed sulphur assimilation as a major limiting factor of 
protein production [94].

Light dependent gene regulation patterns 
in Trichoderma spp.—a genome wide view
First data on the influence of light on the transcriptome 
showed regulation of 2.8% of genes in response to light 
in T. atroviride [56]. In T. reesei, a comparable extent of 
light dependent gene regulation (2.7%) was detected 
in the early high cellulase expression mutant QM9414 
upon growth on cellulose [53]. The gene set up-regulated 
upon growth in light on cellulose is significantly enriched 
in metabolic functions (p-value 1.39e-04), particularly 
C-compound and carbohydrate metabolism (p-value 
7.74e-06) and polysaccharide metabolism (p-value 1.28e-
04), but also in nitrogen, sulfur and selenium metabolism, 
carbohydrate transport and peptide transport. Among 
down-regulated genes, significant enrichment occurs for 
metabolism of polyketides and toxin transport [53].

The same study however also showed that in the 
absence of components of the heterotrimeric G-protein 
pathway, considerably higher differences in gene regula-
tion between light and darkness occur, with up to 23% of 
differential regulation in mutants lacking the G-protein 
beta subunit GNB1. Thereby, a high number of genes 
with decreased transcript abundance in light compared 
to darkness was found in strains lacking PhLP1, GNB1 
or GNG1. Many of these genes are not simply down-
regulated in light compared to the wild-type, but rather 
not up-regulated anymore because the light signal is not 
transmitted correctly. Accordingly, the highest number of 
consistently regulated genes in ∆gnb1, ∆gng1 and ∆phlp1 
is found in the set of genes downregulated in light (628 
genes including 21 glycoside hydrolase genes). This gene 
set includes a high number of genes associated with 
metabolism including 89 genes involved in C-compound 
and carbohydrate metabolism, but significant enrichment 
was only detected for functions in secondary metabolism 
(p-value 1.43e-08), photoperception and related func-
tions. The strongest enrichment was observed for unclas-
sified functions, indicating that the major function of 
GNB1, GNG1 and PhLP1 upon growth on cellulose still 
remains to be determined [53]. Available data confirm 
that PhLP1, GNB1 and GNG1 act in the same pathway 
and suggest that GNB1 and GNG1 may adjust sensitivity 
of the fungus to environmental signals.

Investigation of the transcriptomes of strains with 
mutations in the blr1, blr2 or env1 genes showed the same 
tendency of increased differences between transcript lev-
els in light and darkness compared to wild-type. Light 
responsiveness of transcript abundances in ∆env1 even 
exceeds that of ∆gnb1 [46]. This analysis showed that the 
major function of BLR1 and BLR2 is observed in light, 

but clearly their absence did not abolish light response 
as the mutant strains are not blind. The majority of the 
regulatory targets of BLR1 and BLR2 was found in light, 
most of them being down-regulated in ∆blr1 and ∆blr2 
(769 in ∆blr1 and 873 in ∆blr2) and only few genes being 
up-regulated. In light and darkness, BLR1 and BLR2 have 
a considerable number of regulatory targets with major 
functions in C-compound and carbon metabolism, poly-
saccharide metabolism and transport [46]. Thereby, BLR1 
and BLR2 share many targets, but in addition their func-
tion extends to individual targets as well, indicating that 
BLR1 and BLR2 not only act as a transcription factor 
complex but have individual functions as well. Independ-
ent roles have also been shown for their homologues in T. 
atroviride and N. crassa [47, 92]. In contrast to BLR1 and 
BLR2, ENV1 also exerts considerable negative effects on 
gene regulation in light [46].

In darkness, there are no shared targets between BLR1, 
BLR2 and ENV1. Only 20 genes show consistent upreg-
ulation, while 564 genes are down-regulated in light in 
∆blr1, ∆blr2 and ∆env1. These genes are dominated by 
functions in metabolism, including C-compound and 
carbohydrate metabolism including 22 glycoside hydro-
lase encoding genes, sulphur metabolism and with 
enrichment in secondary metabolism and an unexpect-
edly high number of genes with no assigned function.

Hence, for the photoreceptors, like for GNB1, GNG1 
and PhLP1 their major function lies in up-regulation of 
their target genes in the presence of light, which is aimed 
at the light dependent modulation of metabolic functions 
of primary and secondary metabolism [46, 53].

Considering light dependent regulation patterns in 
wild-type and the available mutants in BLR1, BLR2, 
ENV1, GNB1, GNG1 and PhLP1, members of all glyco-
side hydrolase (GH) families—a remarkably high 75% of 
all GH encoding genes—show potential light dependent 
regulation.

cAMP signalling represents one of the most important 
output pathways of the heterotrimeric G-protein signal-
ing cascade [95] and is hence the prime candidate for a 
coincidence detector between nutrient and light signal-
ing. Transcriptome analysis of the major components of 
the cAMP pathway in T. reesei, adenylate cyclase (acy1) 
and protein kinase A (catalytic subunit 1, pkac1) revealed 
that their deletion causes an increase in light depend-
ent gene regulation ([49]; unpublished data on ∆pkac1). 
ACY1 targets a broad array of genes involved in metabo-
lism, Particularly, significant enrichment in metabolic 
functions was found for its positive regulatory targets in 
light [49], which is also the condition under which BLR1, 
BLR2, ENV1, GNB1, GNG1 and PhLP1 show their major 
function [49]. Comparable with ∆acy1, cAMP levels in 
∆env1 are very low [89]. Of the 136 positive targets of 
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ACY1 in light, 114 overlap with those of ENV1 includ-
ing 25 glycoside hydrolase encoding genes, for example 
xyn2, xyn4, bxl1, cel3a, cel3b, egl1,egl2, egl6 and cbh2, the 
lytic polysaccharide monooxygenase encoding cel61a and 
cel61b as well as swollenin, cip1, cip2 and the major tran-
scription factor gene xyr1. Additionally 16 genes involved 
in sulphur metabolism are in this gene set [49].

These findings on altered numbers of light responsive 
genes lead to the conclusion that the signaling pathways 
for nutrient (heterotrimeric G-protein pathway, cAMP 
pathway) and light response balance gene expression and 
this balance is perturbed if single factors are removed. 
Since a sizable number of the targets of the investigated 
signaling factors show broad functions in plant cell wall 
degradation it can be assumed that this balance is aimed 
at adjustment of substrate utilization to day and night as 
well as growth within and on the surface of a substrate.

Gene regulation specific for induction of cellulases 
is light dependent
Cellulases are expressed on diverse carbon sources, 
mostly representing degradation products of plant 
cell walls [18, 23, 96, 97]. Cellulase gene expression is 
not consistently regulated by light on different carbon 
sources [43, 65, 87, 93], indicating a different relevance 
of light under different conditions. Therefore, of interes-
tis the a core gene set that is specifically regulated under 
inducing conditions and whether this gene set is different 
in light and darkness [33]. This two-dimensional analy-
sis (5 carbon sources including inducing and repressing 
ones, 2 light conditions) revealed 1324 induction spe-
cific genes, comprising a set of 530 genes to be cellulase 
induction specific in light and in darkness, but also a con-
siderable number of genes, that show regulation specific 
for cellulase induction only in light or only in darkness. 
The gene set of cellulase induction specific genes only 
in darkness includes 16 CAZyme encoding genes and 
comprises such important genes as egl3 (cel12a), the pre-
dicted oxidoreductase TR_56840 (more than eightfold 
regulation in both cases), bgl1 (cel3a), egl5 (cel45a), cel5b 
and bgn1 [33]. Genes of the central pathways of primary 
metabolism, including the pentose phosphate pathway 
and glycolysis turned out to be targets of light responses, 
with a particularly important function of ENV1. Gener-
ally, photoreceptors clearly contribute to regulation of 
induction specific genes both in light and darkness [33].

In several cases, specific regulation for cellulase induc-
tion [33] and positive regulation by ENV1 [46] overlaps 
with negative correlation of the specific protein pro-
duction rate in continuous fermentations controlled for 
growth rate [98]. Consequently, light dependent pro-
cesses and their regulation is are to be considered in 
fermentations as well. Of the 1324 induction specific 

genes, only 218 were neither light regulated nor photo-
receptor targets and this gene set does not include the 
known cellulase regulators, glycoside hydrolases or pro-
teins involved in oxidative degradation of cellulose [33]. 
Comparison of gene regulation on the insoluble cellulase 
inducing carbon source cellulose with the soluble induc-
ing carbon sources lactose and sophorose [33] revealed 
indications that T. reesei may sense surfaces, particularly 
in light, due to cellulose specific expression of hydro-
phobin genes, swollenin, cip1 and cip2, which play a role 
in the attack on cellulose [17, 99, 100]. Because of over-
lapping regulation with the cAMP dependent targets of 
ENV1 [33, 49, 89], surface sensing may be one of the out-
puts of the function of ENV1.

The pathways described above signal to the cell, among 
other information inputs, which carbon source is avail-
able in the surroundings of the cell. In this respect it is 
interesting that the number of light regulated genes 
varies on different carbon sources, like seen with dif-
ferent signaling mutants. In particular, the number of 
genes increases on lactose, sophorose and glycerol while 
upon growth on glucose, the number of genes down-
regulated in light increases [33]. This finding explains at 
least in part why perturbing signaling pathways leads to 
altered light response: the adjustment of gene regulation 
according to nutrient availability does not work properly 
anymore.

Genome wide transcription patterns as influenced 
by light
Genome wide transcriptome patterns are reflect the 
physiological state of the organism under the tested con-
ditions. Therefore we wanted to assess general effects on 
deletion of certain signaling genes and how they relate to 
light response on a given carbon source. For that we re-
analyzed transcriptomic data under growth on cellulose 
in wild-type and signaling mutants in light and darkness 
for the whole genome and for different gene groups [33]. 
Generally we found that light dependent gene regula-
tion does not break carbon source dependent regulation 
[49]. This finding is also in agreement with the higher 
relevance of the carbon source versus the light status: in 
other words, light modulates gene expression, but induc-
tion or repression is not initiated or abolished by light.

Hierarchical clustering of transcript levels across dif-
ferent carbon sources and in the absence of nutrient and 
light signaling genes revealed that in mutant strains, the 
genome wide patterns of carbon source specific regula-
tion are largely retained. Transcripts from cultures grown 
on cellulose still cluster separately from those grown on 
soluble carbon sources. Within soluble carbon sources 
i.e. comparing growth on glucose, glycerol, lactose or 
sophorose, also patterns on inducing and repressing 
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carbon sources are more similar within the group than 
with each other. Similarly, transcript profiles from light 
and dark grown cultures clustered together ([33], our 
unpublished results). The only exception to these group-
ings was gene regulation in the ∆env1 strain upon growth 
in light: although grown on cellulose, gene expres-
sion patterns clustered with soluble inducing carbon 
sources, indicating a certain malfunction in carbon sens-
ing. Accordingly, 77% of the cAMP dependent targets of 
ENV1 [49] overlap with those potentially involved in cel-
lulose/surface sensing [33].

With respect to environmental sensing, the cluster-
ing of genes encoding G-protein coupled receptors indi-
cated perturbed carbon sensing in ∆env1 and also in 
∆gnb1 [33]. Although deletion of env1 causes a consider-
able growth defect in light [42], which is at least in part 
dependent on altered cAMP levels [49], deletion of gnb1 
does not result in strongly altered growth or morphology 
in light [53]. Consequently, this strong increase in light 
responsiveness of gene regulation is not simply due to 
altered growth in light and darkness. Moreover, altered 
gene regulation in light is correlating with altered growth 
and reflects a significant physiological modification in 
response to light and indicates different relevance of the 
targeted pathways in light and darkness.

Non‑random distribution of light regulated genes 
in the genome
Genes operative in the same pathway are often clustered 
in a genomic region, facilitating their enhanced regula-
tion or co-regulation for example due to an open chro-
matin structure in this area as exemplified in secondary 
metabolite clusters [101]. In the genome of T. reesei, clus-
tering was found for CAZyme encoding genes and in sev-
eral cases genes associated with secondary metabolism 
were present in these genomic areas as well [102]. In T. 
reesei, light regulated genes are clustered in 15 genomic 
clusters (containing 66 genes) have clusters of light regu-
lated genes when grown on cellulose, but only one cluster 
for growth on sophorose and 2 for growth on glucose. On 
lactose and glycerol no significant clusters were found 
[33]. In part, the light dependent clusters found on cel-
lulose overlap with CAZyme clusters. One cluster con-
tains the lytic polysaccharide monooxygenase encoding 
cel61a gene along with two polyketide synthase genes 
[33] and overlaps with a cluster positively correlated with 
the specific protein production rate of T. reesei under 
constant cultivation conditions [98]. This cluster rep-
resents a secondary metabolite cluster, called the “SOR 
cluster” which was recently characterized [54, 103]. It is 
responsible for production of the yellow pigment of T. 
reesei [103] and regulates biosynthesis of sorbicillin com-
pounds [104] and their derivatives trichodimerol and 

dihydrotrichotetronine [54]. Interestingly, this cluster 
overlaps with a CAZyme cluster comprising a candidate 
chitinase, acetylxylanesterase axe1, the auxiliary protein 
encoding cip1 in addition to cel61a [102].

The most interesting of the clusters with respect to cel-
lulase gene regulation comprises cbh2/cel6a, one of the 
two major cellulase encoding genes of T. reesei, cel5a/
egl2, a predicted sugar transporter, a putative urea trans-
porter and an FMN dependent oxidoreductase [33]. Nor-
mal transcript levels of this cluster require the presence 
of BLR1, BLR2 and ENV1 in light.

Another cluster contains the mannitol dehydrogenase 
gene lxr1 [105]. On mannitol, growth of the wild-type 
in light is slightly slower than in darkness [46]. A cluster 
of 9 genes around lxr1 is regulated negatively by ENV1 
in light on cellulose (up to 40 fold). This cluster overlaps 
with a light regulated cluster on cellulose [33, 46].

Light influences carbon catabolite repression
Biosynthesis of enzymes is very energy consuming and 
hence only initiated by the fungus if the environmental 
conditions require these enzymes for survival [23, 34]. 
This is mainly the case for insoluble plant material that 
cannot be taken up by the cell without liberation of low 
molecular compounds that serve as carbon sources. The 
most important process for this regulation is carbon cat-
abolite repression, which shuts down enzyme production 
when easily metabolizable carbon sources are sensed in 
the environment.

The carbon catabolite repressor CRE1 regulates cel-
lulase gene expression not only upon growth on glucose 
[106], but also on cellulose [54]. Upon growth on cellu-
lose the regulatory targets of CRE1 are different in light 
and darkness and few genes were consistently regulated 
irrespective of the light condition, and targeted func-
tions of CRE1 are different in light and darkness as well 
[54]. The genes regulated by CRE1 are non-randomly 
distributed in the genome and form 36 clusters, several 
of which contain CAZyme encoding genes. Five clusters 
are found, of which one comprises two CAZyme encod-
ing genes (TR_32243/carbohydrate esterase family 1 and 
TR_62182/glycosyltransferase family 1) that are consist-
ently upregulated in darkness in ∆cre1 [54]. One of the 
clusters shows light dependent regulation by CRE1 and 
photoreceptors i.e. the recently characterized SOR clus-
ter [54, 103, 107].

Of the 1324 genes with cellulase induction specific 
regulation, 409 are regulated by CRE1. Of those, only 
14 are downregulated in ∆cre1 in light and darkness and 
only 6 (including the hydrophobin gene hfb5) are upregu-
lated in light and darkness [54]. Additionally, genes regu-
lated by CRE1 are in part non-randomly distributed in 
the genome. Interestingly, 142 genes are upregulated in 
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∆cre1 only in light, while 251 genes are upregulated in 
this strain only in darkness. Consequently, the relief from 
carbon catabolite repression by deletion of cre1 has also 
light dependent effects [54].

Among the light dependent targets of CRE1, the pre-
dicted glucose/ribitol dehydrogenase gene grd1 was ana-
lyzed in more detail [65]. Grd1 is positively regulated 
by CRE1 in darkness (more than eightfold) and its tran-
script size increases upon onset of inducing conditions, 
indicating a role of alternative splicing in its regulation. 
Transcript levels of grd1 are thereby strictly correlated 
with those of cbh1 and also follow the transient pattern 
upon sophorose induction in light [65]. GRD1 acts on 
cellobiose as a substrate with the likely reaction product 
cellobiitol, which could inhibit beta glucosidase function. 
With respect to cellulase regulation, GRD1 influences 
transcript levels, activity and protein abundance of the 
major cellulases in a light dependent manner. These find-
ings suggest that GRD1 acts in intracellular sensing of 
cellulase efficiency and adaptation of cellulase levels for 
optimization of gene regulation [65].

Regulation of plant cell wall degradation by light is 
conserved in fungi
After the finding that cellulases are regulated by light and 
photoreceptors in T. reesei, we were interested if this is 
a conserved phenomenon or specific to Trichoderma. 
Transcriptome analysis of N. crassa upon growth on cel-
lulose showed that regulation of cellulases by photore-
ceptors is conserved [92]. Lack of photoreceptors causes 
initially elevated secreted cellulase activity upon growth 
on cellulose in N. crassa. After prolonged cultivation, 
the increased levels are only maintained in ∆vvd, while 
in the white collar mutants lower levels occur, which is 
likely due their function in regulation of energy metabo-
lism [92]. Targets of the light response machinery in N. 
crassa include numerous genes encoding plant cell wall 
degrading enzymes, including several lytic polysaccha-
ride monooxygenases as well as functions in amino acid 
metabolism and sulphur metabolism. 55 genes are con-
sistently regulated in one or more of the photoreceptor 
mutants in N. crassa and T. reesei including the glycoside 
hydrolase encoding xyn1, xyn3, cbh1 and cbh2. However, 
the important transcription factor encoding genes xyr1, 
cre1, clr1 and clr2 are not among these genes [92].

In contrast to T. reesei, gene regulation by the white 
collar proteins did not overlap with that of VVD, but 
indications for photoadaptation (contrasting regula-
tion between white collars and VVD) were found. Also 
the striking difference of gene regulation in ∆env1 com-
pared to wild-type in T. reesei was not observed in ∆vvd 
compared to wild-type in N. crassa in the same extent. 
Targets of this photoadaptation include the carbon 

catabolite repressor CRE1, which is also not the case in 
T. reesei. It was particularly obvious that ribosomal genes 
were among those regulated by photoreceptors, which 
supported the hypothesis of posttranscriptional regula-
tion of cellulase expression.

In general, this study indicates that light dependent 
regulation of plant cell wall degradation is a conserved 
process in fungi, albeit some steps of individual regula-
tion of degradation and photoadaptation are not [92]. 
Exploration of light dependent gene regulation in further 
fungi will reveal if this conservation is indeed general.

Light alters complex formation in promoters 
of cellulase genes and their regulators
Regulation of cellulase gene expression at the transcrip-
tional level was shown to involve the CAE (cbh2 acti-
vating element) motif in the cbh2 promoter [108] and 
a similar motif in the cbh1 promoter [109]. This DNA 
motif is bound by protein complexes both under induc-
ing (sophorose) and repressing (glucose) conditions [108] 
and induction specific chromatin rearrangement occurs 
at this site [110]. Thereby, the CAE (cellulase activating 
element) is crucial for regulation of cbh2 and at least in 
part similar proteins bind to a comparable motif in cbh1 
[111].

The findings that both cbh1 and cbh2 are subject to reg-
ulation by light [42, 43] indicated that complex formation 
within these promoters may be influenced by light. Light 
dependent promoter binding of the white collar complex 
(WCC) in N. crassa was shown previously and complex 
formation of the WCC on its target promoters is influ-
enced by light even in cell free extracts [112].

In T. reesei complex formation at the CAE motif of the 
cbh2 promoter is clearly different between light and dark-
ness upon growth on lactose [87]. Additionally, one of the 
formed complexes at CAE is dependent on the presence 
of the protein kinase A catalytic subunit (PKAC1) [87].

Light dependent alterations in complex formation 
were also shown at the EUM1 motif, which was found 
as a conserved motif in the T. reesei env1 promoter and 
the promoter of the N. crassa homologue vvd [42, 113]. 
This motif is also present in the cbh1 and cbh2 pro-
moters. Cellulase gene expression is modulated by the 
G-protein alpha subunit GNA3 in light [77]. The EUM1 
was detected in the gna3 promoter as well. In order to 
investigate a possible connection or feedback between 
gna3 and env1, we analyzed complex formation at the 
gna3 promoter in darkness and after illumination upon 
growth on glycerol [113]. Indeed, we found light depend-
ent changes in complex formation at the EUM1 motif in 
the promoters of gna3 and env1. The patterns of the pro-
tein complexes strongly resembled each other in the two 
promoters and competition experiments confirmed that 
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similar proteins bind to EUM1 in gna3 and env1 [113]. 
Consequently, env1 and gna3 are at least in part regu-
lated by similar regulators and due to the regulation of 
gna3 by ENV1 a feedback mechanism mediated by an as 
yet unknown transcription factor is likely.

However, the studies on complex formation at EUM1 
mentioned above were done under non-inducing condi-
tions. For growth on cellulose, complex formation also 
occurs within the EUM1 motifs of the cbh2 promoter as 
well as on the EUM1 motifs in the env1, vvd and gna3 
promoters in a light dependent manner. Preliminary data 
suggest that part of the proteins binding to the EUM1 
motif in these promoters also bind to the EUM1 motifs 
in the env1 and in the gna3 promoter, particularly in light 
(Schmoll, unpublished results).

Carbon source utilization by Trichoderma is altered 
by light and regulated by photoreceptors
Early analysis of fungal light responses indicated that the 
influence of light on growth of a fungus is dependent on 
the carbon source it grows on [114]. Thereby, a carbon 
source close to its natural conditions would cause the 
least growth defect [115].

Using Biolog phenotype microarrays allows for simul-
taneous testing of growth on 95 different carbon sources 
[116]. Our analysis showed that there are considerable 
differences between growth on many of these carbon 
sources, particularly on substrates associated with plant 
cell wall degradation such as D-sorbitol, L-arabinose, 
d-fructose, D-galactose or xylitol [46]. Additionally, 
the photoreceptor ENV1 caused significantly different 
growth patterns on many carbon sources [45]. Correlat-
ing these results with gene regulation data from tran-
scriptome analyses showed that the pentose-phosphate 
pathway responsible for utilization of substrates like 
xylose or lactose, is a target of light response and subject 
to regulation by photoreceptors. At several of the enzy-
matic steps in this pathway, modification of growth cor-
related with light dependent alteration of enzyme gene 
transcript levels [46].

In addition, the positive regulator of cellulase gene 
expression, GRD1, influences light dependent growth 
patterns, especially on several intermediates of lactose 
and D-galactose carabolism, like D-xylose, D-galactose, 
d-fructose, D-mannitol and D-xylose. This influence 
on growth on intermediates of a cellulase inducing car-
bon source (lactose) is in agreement with the function of 
GRD1 in cellulase regulation and potentially inducer for-
mation [65].

In T. atroviride, stimulation of growth in light was 
observed on many carbon sources, particularly 17 car-
bon sources which are well utilized by this fungus [117]. 
These carbon sources comprise common building blocks 

of plant cell walls like fructose, mannose, galactose, glu-
cose or xylose, while growth on the best carbon source 
for T. atroviride, glycerol, is not influenced by light and 
growth on sorbitol even decreased in light. The increase 
in growth rate on several carbon sources in light is 
dependent on the presence of BLR1 and BLR2. Lack of 
these factors even causes decreased growth, albeit some 
exceptions on certain carbon sources for ∆blr1 and ∆blr2 
confirm that these strains are not totally blind, but rather 
show altered and diminished responses [117].

The clear connection between the cAMP pathway and 
cellulase regulation by light and photoreceptors indicated 
a role of BLR1 and BLR2 in introducing the light signal 
into the cAMP pathway upon regulation of utilization 
of diverse carbon sources. In T. atroviride stimulation 
of growth by addition of cAMP was observed only on a 
few carbon sources (glucose, gentiobiose, cellobiose and 
xylose) and this response was dependent on BLR1 and 
BLR2. On these carbon sources, stimulation of growth 
was also achieved by addition of menadione that causes 
oxidative stress, which should simulate oxidative stress 
caused by light. Also for this response functional BLR1 
and BLR2 are required. However, a general correlation 
of responses to cAMP and oxidative stress with the pres-
ence or absence of BLR1 or BLR2 across all 95 carbon 
sources tested could not be confirmed [117].

Consequently, light influences growth and carbon uti-
lization of T. atroviride and the cAMP pathway as well as 
oxidative stress response are involved in this regulation 
mechanism. Additionally, BLR1 and BLR2 play important 
roles in this connection particularly on carbon sources 
representing building blocks of plant cell walls, hence 
confirming carbohydrate degradation as a major target of 
light response.

Crucial factors for plant cell wall degradation 
as targets of light response
The long history of research towards improvement of cel-
lulase gene expression yielded a considerable number of 
regulators enhancing or decreasing efficiency of plant cell 
wall degradation [23, 31]. Transcriptome analysis showed 
that carbon metabolism and degradation of polysaccha-
rides are important targets of light dependent gene regu-
lation in T. reesei and N. crassa [53, 92]. For N. crassa it 
has been shown that the photoreceptors themselves act 
on regulation of further transcription factors, constitut-
ing a flat hierarchy of regulation [118]. Consequently, the 
transcription factors involved in plant cell wall degrada-
tion are of particular interest as targets of light response.

Therefore we screened the recently published, com-
prehensive list of transcription factors involved in plant 
biomass utilization [31] for genes differentially regulated 
in light and darkness or by photoreceptors. Interestingly, 
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we found that among them, the transcript levels of xyr1, 
ace1, ace2, ace3, vib1 and amyR are decreased in light 
compared to darkness in QM6a upon growth on cellulose 
(Table 1). Also the T. reesei homologues of the important 
N. crassa transcription factors clr-1 and clr-2 show reg-
ulation in QM6a by light, but they do not regulate cel-
lulase expression in T. reesei ([119] and our unpublished 
results). Xyr1 is regulated by BLR1 and ENV1. Interest-
ingly, the mating type protein MAT1-2-1 interacts with 
XYR1 and is recruited to the cbh1 promoter in a XYR1 
and light dependent manner [120]. The finding that 
ENV1 considerably regulates mat1-2-1 [44], the hypoth-
esis that this light dependent effect is due to the function 
of photoreceptors is supported. Ace3, vib1 and amyR are 
regulated by ENV1 upon growth on cellulose (Table  1; 
[46]).

A further important parameter for plant cell wall deg-
radation is the hydrolysis performance as determined by 
the secretome of T. reesei [121]. This study identified 12 
proteins to be limiting for hydrolysis. Ten of them were 
found to be regulated in a cellulase induction specific 
manner in light or darkness or both [33] (Table  2). But 
most importantly, all of the genes encoding these limiting 
proteins were strongly downregulated in light in QM6a 
upon growth on cellulose and regulated by ENV1 under 
the same conditions. Additionally, all those genes except 
xyn4 are regulated by BLR1 and man1, xyn2 and bgl1 are 
regulated by BLR2 as well [46].

These findings are in perfect agreement with poly-
saccharide degradation being a major target of light 
response in T. reesei [53]. Moreover, these results indicate 
that for stable and predictable performance of strains in 
research and industry, light conditions and random light 
pulses have to be considered of equal importance as for 
example pH and oxygen supply and a defined cultivation 
medium.

Implications for research, industrial application 
and strain improvement
Fungi sense their environment and adjust growth and 
enzyme production for efficient use of resources accord-
ingly. They use complex signal transduction pathways 
to integrate these environmental signals for a defined 
response to the conditions they perceive—in their natu-
ral environment as well as in an industrial setting. Con-
sequently, knowledge on signal transduction pathways 
is highly relevant for efficient and stable gene expression 
[122].

In order to draw reliable conclusions on gene regula-
tion, we have to ensure that the growth conditions of the 
organisms we are testing remain to same. Reproducibility 
of results requires defined growth media in terms of car-
bon source, nitrogen source, pH, temperature etc. Often, 

different standard media and growth conditions for dif-
ferent fungi are discussed as problematic for compara-
bility of data. The research reviewed here clearly shows 
that light is an important environmental cue not only in 
T. reesei where light can alter regulation of cellulase genes 
tenfold and more. Nevertheless, even in T. reesei there is 
still research towards gene regulation and cellulase gene 
expression performed under random light conditions. 
With transcriptional regulation, it is known that even a 
few seconds of light cause a response in gene regulation. 
Considering the broad metabolic regulations by light, this 
compares to using a random mixture of carbon sources 
in an assay, which may show a beneficial effect first and 
no effect at all upon repetition. Moreover, we recently 
showed that cellulase regulation additionally involves a 
posttranscriptonal section, which is triggered by the light 
sensitive heterotrimeric G-protein pathway [33]. Conse-
quently, good laboratory practice has to include the use 
of controlled light conditions in order to draw any rea-
sonable conclusions as to the function of a gene. Espe-
cially for transcriptome studies, the effect of random light 
pulses—for example during harvesting or due to an open 
shaker—can be dramatic and lead to wrong conclusions 
on the function of a gene in enzyme production.

The implementation of such data from uncontrolled 
laboratory experiments into industrial strain improve-
ment may hence lead to costly failures either early in 
testing or later in upscaling. For example, if constitutive 
activation of the G-protein alpha subunit GNA3 [77] 
would be tested for improvement of cellulase fermenta-
tions: Shake flask cultivations on table top shakers in the 
lab (in light) and subsequently in a glass fermentor would 
lead to beneficial effects on cellulase expression, because 
GNA3 exerts its function in light. However, upon (cost 
intensive) upscaling in a dark steel fermentor, the strain 
would not show benefits anymore, because in darkness 
constitutive activation of GNA3 does not have an effect 
on cellulase regulation [77]. Research done under ran-
dom conditions bears such costly risks for surprises, 
because based on current knowledge the difference in the 
function of a given regulator in light and darkness can-
not be predicted reliably. Only if part of the pathway is 
already known, like for the heterotrimeric G-protein 
pathway, some perspectives can be suggested.

Exploitation of light dependent effects
Available data show that enzyme production is most effi-
cient in darkness in T. reesei. Nevertheless, the strong 
differences between light and darkness indicate an effi-
cient regulatory mechanism, that—due to previous 
negligence of light dependent phenomena—bears the 
chance to identify novel regulators that can be artificially 
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misregulated for dark specific cellulase enhancement in 
an industrial fermentor (Fig. 2).

Since light does not override the induction process 
[33, 49], the use of photofermentors for enzyme pro-
duction in a mass fermentation is unlikely to be cost 
effective. However, for special high value products like 
secondary metabolites, the use of light dependent pro-
moters for precisely triggered regulation should be kept 
in mind. Similarly, secondary metabolism can be altered 
by application of light which might be beneficial for 
co-production or production of valuable metabolites. 
Additionally, the striking differences between light and 
darkness can be used to select light responsive promot-
ers to enable triggering or abolishing protein production 
using light pulses. Exemplary studies in yeast [123] and 
T. reesei [124] have already proven that this approach is 
successful.

Besides the actual production process, also inoculum 
production is crucial for stable and high level produc-
tion. Production of spores is regulated by light in fungi. 
Moreover, conditions of spore production are crucial for 
physiology of the next generation of fungi grown from 
it, particularly with respect to stress response. Accord-
ingly, our own research showed that reproducible results 
require constant conditions for inoculum generation 
(precultivation on plates) prior to cultivation in liquid 
culture and analysis (Schmoll and Tisch, unpublished). 
Although a circadian rhythmicity has not yet been dem-
onstrated for T. reesei, our experience strongly suggests 
its operation. Therefore, random light pulses, which reset 
the molecular circadian clock should be avoided during 
spore production to ensure reliable production in the cul-
tivation thereafter. It remains to be determined whether 
constant light or constant darkness or light cycles of 
defined length during preculture can be used to increase 
production capacity for fermentations.

Conclusions
Since the discovery that light influences regulation of cel-
lulases and more generally carbohydrate active enzymes, 
several regulation mechanisms were shown to govern this 
influence. In some cases, regulators only show an effect 
under one light status but not another. Growth, enzyme 
regulation, carbon utilization, carbon catabolite repres-
sion and even cross talk with secondary metabolism and 
sulfur metabolism were shown. Therefore, in order to 
obtain scientifically meaningful results on gene regula-
tion aimed at investigation of plant cell wall degradation, 
application of controlled light conditions is mandatory 
and even short random light pulses are to be avoided.
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Improved microscale cultivation 
of Pichia pastoris for clonal screening
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Ulrich Schwaneberg2,4, Lars M. Blank3,4, Wolfgang Wiechert1,4,5 and Marco Oldiges1,2,4* 

Abstract 

Background: Expanding the application of technical enzymes, e.g., in industry and agriculture, commands the accel-
eration and cost-reduction of bioprocess development. Microplates and shake flasks are massively employed during 
screenings and early phases of bioprocess development, although major drawbacks such as low oxygen transfer rates 
are well documented. In recent years, miniaturization and parallelization of stirred and shaken bioreactor concepts 
have led to the development of novel microbioreactor concepts. They combine high cultivation throughput with 
reproducibility and scalability, and represent promising tools for bioprocess development.

Results: Parallelized microplate cultivation of the eukaryotic protein production host Pichia pastoris was applied 
effectively to support miniaturized phenotyping of clonal libraries in batch as well as fed-batch mode. By tailoring a 
chemically defined growth medium, we show that growth conditions are scalable from microliter to 0.8 L lab-scale 
bioreactor batch cultivation with different carbon sources. Thus, the set-up allows for a rapid physiological compari-
son and preselection of promising clones based on online data and simple offline analytics. This is exemplified by 
screening a clonal library of P. pastoris constitutively expressing AppA phytase from Escherichia coli. The protocol was 
further modified to establish carbon-limited conditions by employing enzymatic substrate-release to achieve screen-
ing conditions relevant for later protein production processes in fed-batch mode.

Conclusion: The comparison of clonal rankings under batch and fed-batch-like conditions emphasizes the necessity 
to perform screenings under process-relevant conditions. Increased biomass and product concentrations achieved 
after fed-batch microscale cultivation facilitates the selection of top producers. By reducing the demand to conduct 
laborious and cost-intensive lab-scale bioreactor cultivations during process development, this study will contribute 
to an accelerated development of protein production processes.

Keywords: Pichia pastoris, High throughput, Screening, Bioprocess development, Microbioreactor, Fed-batch, 
Phytase

Background
The methylotrophic yeast Pichia pastoris is frequently 
used for the heterologous high-level expression of pro-
teins for industrial and pharmaceutical applications [1, 
2]. Advantages of this expression host are, among others, 
the availability of strong promotors enabling the heter-
ologous production of proteins up to several grams per 

liter, growth to high cell densities in mineral medium in 
fed-batch cultivation, the possibility to target proteins for 
secretion and the low amount of secreted endogenous 
proteins [3].

As recently reviewed by Ahmad et al. [4], heterologous 
protein production in P. pastoris is affected by a num-
ber of biological and process parameters. For P. pastoris, 
the most important parameters are the selection of host 
strain, expression vector, promotor for target gene tran-
scription, signal peptide for protein secretion, and clonal 
selection after transformation, which is necessitated by 
a pronounced variability, e.g., due to differences in the 
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integration locus in the host genome, the gene copy num-
ber, or the orientation of multiple expression cassettes 
[5–11].

Further, protein production with P. pastoris is also 
affected by several process parameters, e.g., growth 
medium composition [12–14], carbon source selection 
[15, 16], temperature [17, 18], pH value [18, 19], and the 
dissolved oxygen concentration (DO) [20, 21].

Unfortunately, there is no straight forward way to com-
bine these factors to achieve optimal production of dif-
ferent target proteins. With the advent of new tools for 
the generation of biological diversity (for a review see 
[22]), the bottleneck in bioprocess development is cur-
rently shifted from strain engineering to the evaluation of 
resulting strains. This creates a need for a repeated rapid 
testing of a large number of parameter combinations 
during bioprocess development, even if statistical tools 
for experimental design (DoE) are applied to reduce the 
experimental effort [23, 24].

High cultivation throughput for microbial screen-
ings is currently achieved by the use of microtiter plates 
and shake flasks [25, 26], although drawbacks of these 
systems for aerobic cultivation are well documented 
[27, 28]. This can lead to results that are not reproduc-
ible in bioreactors and the false selection of production 
strains [19, 29]. On the other hand, bioreactor cultivation 
is laborious and expensive and its use is limited to later 
stages of process development [25, 26]. Parallel microbio-
reactor systems developed in recent years have evolved 
to promising alternative tools for screening and process 
development and have been successfully used for the cul-
tivation of industrially important microorganisms [30, 
31]. As reviewed earlier [27], especially the severe effect 
of oxygen limitation on cellular metabolism, resulting 
from low maximal oxygen transfer rates in microplates 
and shake flasks, may prevent the success of a screening 
experiment. To prevent oxygen limitation, low substrate 
and therefore low biomass concentrations are prevailing 
conditions during screening and represent striking differ-
ences to the conditions applied during protein produc-
tion processes with P. pastoris. These are usually designed 
as carbon-limited fed-batch processes, in which the spe-
cific growth rate is determined by the applied feeding 
profile. The metabolic state of the cell at excess carbon 
conditions (e.g., carbon catabolite repression, overflow 
metabolism) clearly differs from carbon-limited condi-
tions during fed-batch, as recently shown, e.g., on tran-
scriptional and translational level [32]. In addition, only a 
limited insight into microbial physiology can be gained in 
screening experiments if growth is not monitored.

Taken together, insufficient data and inappropriate 
operational conditions can lead to the false selection of 
production strains in screening experiments [5, 25, 27]. 

Conditions in screening and early stages of process devel-
opment should therefore already resemble those of the 
final production process [25, 33, 34]. Different mini- and 
microbioreactor systems have been developed in recent 
years to bridge this gap. Either shaken or stirred paral-
lel vessels or plates, both allowing high oxygen transfer 
rates and mixing of the culture broth [26, 35], are used 
to perform parallel aerobic batch cultivation with culture 
volumes between < 1 and 100 mL [36]. The endowment 
with non-invasive optical monitoring allows the record-
ing of important process parameters, biomass concentra-
tion and fluorescence as well as pH and DO with sensor 
spots. Thereby the informative content of parallel cultiva-
tion experiments is substantially increased.

Mini- and microscale cultivation have been applied for 
different microorganisms and results comparable to labo-
ratory scale bioreactor cultivations have been reported 
in many cases [37–40]. Thus, such devices represent 
promising screening tools and can reduce the number of 
laborious and expensive bioreactor cultivations during 
process development [26, 30].

Considering both the potential of this technology 
and the importance of P. pastoris for protein produc-
tion processes, surprisingly few application examples for 
microscale cultivation of this host have been published 
so far. Isett et  al. established glycerol batch cultivation 
of P. pastoris in 4 mL medium in a 24 well plate minia-
ture bioreactor system and showed successful control of 
temperature, DO and pH at increased cell densities after 
repeated manual substrate addition [41]. Using App-
likon’s M24 miniscale cultivation device with controlled 
temperature, DO and pH, Holmes et al. [19] report a DoE 
approach to optimize methanol inducible  (PAOX1) GFP 
production. In a further study, the influence of different 
feeding strategies on clone screening for inducible lipase 
production using  PAOX1 was investigated in a RoboLector 
microscale cultivation platform and the obtained clone 
ranking could be confirmed in laboratory bioreactor cul-
tivation [31, 42]. However, the realization of fed-batch 
processes in microscale cultivation systems is still in its 
infancy [31, 36, 43] and batch cultivation is prevailing for 
large clonal screenings [44].

We here adapt a BioLector microbioreactor system [39] 
for parallel cultivation of P. pastoris. 48-well baffled Flow-
erPlates used for cultivation ensure high oxygen transfer 
rates by high-frequency shaking. Online process param-
eters are recorded non-invasively by means of optical 
detection of scattered light as biomass-dependent signal 
and of online fluorescence for pH and DO using inte-
grated optodes [39]. The aim of this study is to enable a 
facile and reliable screening of P. pastoris clonal librar-
ies for protein production using the GAP-promotor. We 
therefore modified a high cell density cultivation medium 
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for the parallel cultivation of P. pastoris in the BioLector 
system with different carbon sources and investigated 
scalability to laboratory bioreactor cultivation in terms of 
process characteristics like yields and growth rates. The 
application of this powerful set-up is applied to screen a 
P. pastoris library constitutively expressing Escherichia 
coli AppA phytase for the best production strain under 
different process conditions. Finally, fed-batch-like pro-
cess conditions were realized in microscale cultivation 
to allow screening under process-relevant conditions, i.e. 
increased biomass and product concentrations.

Results
Adjustment of medium composition for microscale 
cultivation
To accelerate bioprocess development for the eukaryotic 
protein production host P. pastoris, the aim of this study 
was to increase the cultivation throughput and to enable 
screening under process-relevant, defined conditions. 
Therefore, the BioLector microbioreactor system was 
adapted for miniaturized parallel cultivation of P. pasto-
ris. In a first step, a basal salts medium (BSM) suitable 
for high cell density bioreactor cultivation was selected 

[45]. Customization of the medium for microscale cul-
tivation was necessary since it does not contain a suffi-
cient pH buffer, which is not required during bioreactor 
cultivation with controlled pH. Further, nitrogen is usu-
ally supplied partly by the use of ammonia, which is not 
possible in the BioLector. Therefore, 75.7 mM  (NH4)2SO4 
and 150 mM PIPPS pH 5.0 were added as nitrogen source 
and buffer, respectively. 4% d-glucose was used as carbon 
source. However, precipitation of medium components 
was observed at the standard cultivation pH 5.0, which 
caused a high background of the scattered light signal in 
the BioLector and thus interfered with online biomass 
detection (Fig.  1a). Therefore, further adjustment of the 
medium composition was necessary to meet the specific 
demands of BioLector microscale cultivation. Compar-
ing the medium composition to growth media for other 
organisms, the iron concentration in BSM is remarkably 
high (0.92 mM  FeSO4). In order to prevent the likely pre-
cipitation of iron salts in the medium, a reduction of the 
 FeSO4 concentration and its influence on cellular growth 
was tested. When reducing the initial concentration to 
0.46  mM (2-fold reduction), 92  µM (10-fold reduction), 
or 9.2 µM (100-fold reduction, Fig. 1b–d), the backscatter 
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signal at the beginning of the cultivation, in case of the 
lowest concentration tested, decreased to a value similar 
to the backscatter of medium without  FeSO4, thus show-
ing that iron ions were the reason for precipitation which 
was avoided by a 100-fold reduction of  FeSO4.

The online data for biomass, pH and DO (Fig.  1a–d) 
represent typical growth curves for batch cultivation of 
P. pastoris. After a lag phase, during which the backscat-
ter, pH and DO remained constant for several hours, the 
increasing backscatter and the falling pH and DO reflect 
cellular growth. After the end of the growth phase, a sec-
ond decrease of the DO signal occurred at t ~ 20–22  h, 
indicating the metabolization of by-products, which 
accumulated during batch cultivation. In accordance 
with a reduction in batch times, specific growth rates cal-
culated from the backscatter signal (see methods) during 
the exponential growth phase slightly increased with the 
reduction of the  FeSO4 concentration. While the specific 
growth rate was 0.18 ± 0.01 h−1 for 0.92 mM, it increased 
significantly (p < 0.05) to 0.22 ± 0.00  h−1 (0.46  mM), 
0.26 ± 0.01  h−1 (92  µM) and 0.24 ± 0.01  h−1 (9.2  µM), 
respectively. The final backscatter was comparable for all 
conditions. Thus, the reduction of the  FeSO4 content did 
not reduce the biomass yield and even increased the spe-
cific growth rate, showing sufficient supply of iron with 
no growth phenotype. A concentration of 9.2 µM  FeSO4 
in BSM  (BSMmod) was used for all further cultivations.

A requirement for microscale cultivation in the Bio-
Lector is the addition of a buffer to the medium since the 

pH is not maintained otherwise. The choice of a buffer 
is crucial and can strongly influence the results of a cul-
tivation experiment. We therefore selected two differ-
ent buffers at pH 5.0. PIPPS was chosen because of its 
 pKa value  (pKa = 3.7). It is a tertiary amine sulfonic acid 
not showing weak organic acid characteristics and is 
thus assumed to be an inert buffer. Potassium hydrogen 
phthalate  (pKa,1 = 5.4,  pKa,2 = 3.0) is a common buffer 
for the cultivation of P. pastoris at low pH [45, 46]. Fig-
ure  2 shows growth curves for P. pastoris in  BSMmod 
containing 4% d-glucose and either 100  mM potassium 
hydrogen phthalate or 150  mM PIPPS at pH 5.0 in the 
BioLector. Online data for dry cell weight (DCW) cal-
culated from the backscatter signal with the help of a 
calibration function (Additional file  1: Figure S1), pH, 
DO and experimental values for DCW, substrate and 
by-product concentrations are also shown. For the cul-
tivation with potassium hydrogen phthalate a biphasic 
growth was observed. The specific growth rate dropped 
from 0.17 ± 0.0 to 0.06 ± 0.0 h−1 after 15 h.

In the presence of PIPPS the DCW values reveal 
exponential growth with a significantly increased 
(p < 0.05) specific rate of 0.23 ± 0.02  h−1. This is con-
firmed by the monotone decline of both the DO to a 
minimum of 14% and of the pH to 4.16 ± 0.16, which 
means no significant reduction compared to potas-
sium hydrogen phthalate. Subsequently, in a second, 
short phase at t ~ 21–23  h the metabolization of etha-
nol, which was produced as by-product in the late 
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exponential growth phase with maximal concentration 
of 70 ± 14 mM, was observed.

When comparing the results of cultivations with either 
PIPPS or potassium hydrogen phthalate as buffer, it is 
obvious that the latter exerted a negative effect on growth 
of P. pastoris. Therefore, all further cultivations in the 
BioLector were carried out using PIPPS.

Scalability of microscale to laboratory bioreactor 
cultivation
Cultivations in laboratory bioreactors were carried out to 
evaluate the scalability of the microscale cultivation set-up 
for P. pastoris. Cells were grown in a stirred tank reactor 
in 0.8 L  BSMmod with controlled pH (5.0) and DO (30%), 
respectively, representing an up-scale of the culture vol-
ume by a factor of thousand. Two different carbon sources, 
d-glucose and glycerol, were tested. Parameters for growth 
of P. pastoris::pGAPZαB_appA in the BioLector and the 
bioreactor are summarized in Table 1. Growth on 4% glyc-
erol in the BioLector and bioreactor was exponential in 
both cases (Fig.  3). While the DO was controlled at 30% 
in the bioreactor, it steadily decreased during cultivation 
in the BioLector and was zero for the last 1.5 h. Neverthe-
less, no significant differences were measured for both the 
specific growth rate and the biomass yield, which were 
0.23 ± 0.01  h−1 (bioreactor) and 0.24 ± 0.01  h−1 (BioLec-
tor), and 0.60 ± 0.02  g/g (both systems), respectively. No 
by-products were detected via HPLC-RI analysis in the 
culture supernatants in both cultivation setups.

In contrast, the biomass yield for 4% d-glucose in the Bio-
Lector (0.48 ± 0.03 g/g, Table 1) was increased compared to 
the bioreactor cultivation (0.30 ± 0.02  g/g, Table  1), while 
the specific growth rate remained unchanged. The analysis 
of culture supernatants revealed differences in by-product 
accumulation with d-glucose as substrate between the two 
systems. In the BioLector, a transient maximal accumula-
tion of 70 ± 14  mM ethanol was the only detectable by-
product during aerobic growth (Fig. 2b), while the ethanol 
titer during bioreactor cultivation peaked at 141 ± 39 mM. 
In the latter case, the ethanol peak was followed by a tran-
sient acetate accumulation, which was then further metab-
olized (Additional file 1: Figure S2).

In conclusion, microscale cultivation of P. pastoris was 
successfully established using a modified high cell den-
sity growth medium. Reduction of the  FeSO4 content was 
necessary to prevent precipitation of media components. 
PIPPS was chosen over potassium hydrogen phthalate 
for growth at pH 5.0. Growth parameters with glycerol 
as carbon source were in good agreement with results 
from laboratory-scale bioreactor cultivations, providing 
evidence that comparable results were achieved in both 
systems. However, cultivations with d-glucose point out 
important differences between both systems. After vali-
dation, the established microscale cultivation protocol 
for P. pastoris was applied to investigate the influence 
of clonal variability on protein production, both under 
batch and fed-batch-like conditions, and the results are 
described in the following section.

Application of microscale cultivation for screening 
of clonal libraries under batch and fed‑batch conditions
Initial selection of phytase secreting clones under batch 
conditions
Microscale cultivation in the BioLector was applied to 
screen a clonal library of P. pastoris::pGAPZαB_appA 
constitutively expressing and secreting AppA phytase 
from E. coli under control of  PGAP. 47 individual clones 
resulting from the transformation of P. pastoris X-33 with 
the plasmid pGAPZαB_appA, previously linearized to 
facilitate chromosomal integration of the expression cas-
sette, were cultivated in triplicate in the BioLector with 
4% d-glucose as substrate to compare growth of individ-
ual clones and to identify the best phytase secreting ones.

Online backscatter signals for all clones were recorded 
during cultivation and converted to dry cell weight con-
centrations (Additional file  1: Figure S3 A). The result-
ing biomass data were used to calculate specific growth 
rates while biomass yields were determined experimen-
tally at the end of the cultivation. Results for individual 
clones are shown in Additional file 1: Figures S4 and S5. 
Specific growth rates ranged from 0.22 to 0.26 h−1, while 
the mean biomass yield was 0.44 ± 0.02  g/g. A signifi-
cant deviation (p < 0.05) of the specific growth rate from 
the parental strain was observed for 11 clones and for 9 
clones with regard to the biomass yield, as determined by 
ANOVA and multiple comparison of means.

The online DO signal revealed two distinct phases dur-
ing cultivation for all clones (Additional file 1: Figure S3 
B), indicating transient accumulation of ethanol as a by-
product in the presence of excess d-glucose. pH profiles 
for all clones were highly similar with the value decreas-
ing steadily to a minimum of approximately 4.1 (Addi-
tional file 1: Figure S3 C).

The purpose of this screening was the identifica-
tion of transformants secreting phytase to the culture 

Table 1 Specific growth rates and biomass yields for biore-
actor and BioLector cultivations of P. pastoris

4% d-glucose or 4% glycerol were used as substrate in  BSMmod pH 5.0 (BioLector: 
150 mM PIPPS, 0.8 mL, 1500 rpm, 30 °C; bioreactor: 0.8 L, pH = 5.0  (NH4OH/
H2SO4), DO = 30%, 30 °C). Mean values ± standard deviations of at least 3 
cultivations are shown

d‑Glucose Glycerol

Bioreactor BioLector Bioreactor BioLector

µ  (h−1) 0.22 ± 0.01 0.23 ± 0.02 0.23 ± 0.01 0.24 ± 0.01

Yx/s (g/g) 0.30 ± 0.02 0.48 ± 0.03 0.60 ± 0.02 0.60 ± 0.02
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supernatant. Therefore, total protein concentrations in 
the supernatants collected after complete substrate and 
by-product consumption were initially used to identify 
protein secreting clones. On average, the supernatants 
of all tested transformants contained 11.5 ± 2.7  mg/L 
protein (Fig. 4a). As confirmed by ANOVA and multiple 
comparison of means, only clones 12 (20.3 ± 1.4  mg/L) 
and 18 (21.8 ± 0.8 mg/L) produced protein titers signifi-
cantly (p < 0.05) exceeding the level of the parental strain 
(10.8 ± 0.3 mg/L). For these two as well as for clones 1, 23, 
27, and 30 phytase activities were determined (Fig.  4b). 
The parental strain was used as negative control. Activi-
ties were highest for clone 18 (31.5 ± 1.0 U/L) and second 
highest for clone 12 (9.2 ± 1.6  U/L). Differences to the 
parental strain were found to be significant (p < 0.05) for 
all tested clones but clones 1, 23, 27 and 30 showed only 
very low phytase activities. Notably, values for protein 
concentrations in the supernatant do not fully correlate 
to phytase activities, since clone 12 showed protein con-
centrations similar to clone 18 but less than one third of 
its phytase activity.

This example points out the feasibility of screen-
ing of clonal libraries applying microscale cultivation 
of P. pastoris::pGAPZαB_appA in the BioLector. Best 
performing clones in terms of phytase secretion were 
identified and additional information on physiological 
parameters for individual clones, and qualitative infor-
mation on substrate consumption and by-product forma-
tion was obtained.

In a next step, the microscale cultivation protocol was 
extended to enable clonal screenings under fed-batch-
like conditions.

Adjusting carbon‑limited conditions during microscale 
cultivation enables screening under process‑relevant 
fed‑batch conditions
Limiting the specific growth rate by controlled feeding of 
substrate allows taking control of metabolic rates during 
fed-batch cultivation.

We enabled fed-batch-like conditions for micro-
scale cultivation of P. pastoris by the use of dextrin as a 
non-metabolizable glucose polymer and highly stable 
amyloglucosidase from Aspergillus niger for enzymatic 
glucose release. In a first experiment, different volu-
metric amyloglucosidase activities were tested to iden-
tify the boundaries for carbon-limited growth.  BSMmod 
was supplemented with 0.5% glycerol and 1.8% dextrin. 
After consumption of the batch substrate after 7 h (5 g/L 
DCW), 0–120 U/L amyloglucosidase was added to pro-
vide glucose monomers as additional carbon source at 
a constant rate (Fig.  5). A constant glucose release rate 
leads to linear growth and a decrease of the specific 
growth rate over time. After enzyme addition, increas-
ing biomass concentrations were observed except for 
the negative control, confirming that P. pastoris does not 
thrive on dextrin as substrate. For high amyloglucosidase 
activities from 60 to 120 U/L (12–24 U/g DCW), growth 
curves are nearly identical and show exponential and thus 
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non-limited growth. At 45  U/L (9  U/g DCW), growth 
started exponentially but became substrate-limited with 
increasing biomass concentration. In contrast, a linear 
increase of the DCW as expected for carbon limitation 
was observed after the addition of 20 U/L amyloglucosi-
dase (4 U/g DCW). Thus, the specific amyloglucosidase 
activity of 4 U/g DCW was regarded as the upper limit 
of the specific glucose release rate in order to establish 
carbon-limited conditions in further cultivations.

Next, clones of P. pastoris::pGAPZαB_appA selected in 
batch screening (clones no. 1, 12, 18, 23, 27, 30, compare 
Fig. 4) were re-screened using the presented microscale 
fed-batch approach. Therefore,  BSMmod was supple-
mented with 2% glycerol and 10% dextrin as initial batch 
substrate and as substrate for enzymatic glucose release, 
respectively. After consumption of glycerol, 2.6  U/g 
DCW amyloglucosidase was added (25  U/L). Since this 
specific glucose release rate is below the defined upper 
limit of 4  U/g DCW, carbon limited growth conditions 
were ensured in the experiment. Addition of 25  U/L 
amyloglucosidase was repeated after 41.8  h (2.1  U/g 
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DCW) and 66.0  h (1.8  U/g DCW) to re-adjust the glu-
cose release rate in order to prevent a strong glucose lim-
itation for the increasing biomass concentration.

Time profiles of the online values for biomass, DO and 
pH (Fig.  6a–c) are nearly identical for all tested clones 
and the parental strain. Final dry cell weight concentra-
tions were determined experimentally after 72  h and 
reached between 44.9 and 46.4  g/L. The exponentially 
increasing biomass concentrations indicate unlimited cell 
growth during the batch phase with a specific growth rate 
of 0.20 ± 0.00  h−1. At the same time, the DO decreased 
constantly and shortly dropped below 10% due to the 
high biomass concentrations at the end of the batch 
phase, before a DO peak reflected the consumption of 
the substrate. This oxygen limited phase could be avoided 
with lower batch substrate concentration. However, the 
likely short time by-product accumulation is expected 
to be rapidly consumed in the following carbon-limited 
phase. Then, the fed-batch phase was started by the addi-
tion of amyloglucosidase, resulting in a linear increase 
of the biomass signal over time. As expected, repeated 

addition of amyloglucosidase after 41.8 and 66.0 h lead to 
an accelerated but still limited growth due to the increase 
of the glucose release rate. Since the addition was per-
formed offline under a sterile work bench, which took 
approximately 5  min, it caused short phases of oxygen 
limitation, but DO values recovered quickly. pH values 
decreased from 5.2 to 4.6 during batch cultivation but re-
increased to > 5.0 at the end of the experiment.

The clonal ranking according to final protein titers and 
phytase activities (Fig.  6d) of the fed-batch screening 
confirmed batch results with one exception. In contrast 
to batch screening, protein titers and phytase activities 
were similar within the experimental error for clones 
12 and 18 under substrate-limited conditions (153 ± 11 
and 173 ± 18  mg/L, and 652 ± 43 and 630 ± 60  U/L). 
The background level of 59 ± 13 mg/L protein measured 
for the parental strain approximately corresponds to 
the amount of added amyloglucosidase, and no phytase 
activity was detected in this case. Clones 1, 23, 27, and 
30 produced intermediate protein titers and phytase 
activities at similar levels (111 ± 12 to 128 ± 21 mg/L and 
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157 ± 30 to 270 ± 37 U/L, respectively). All culture super-
natants were also analyzed via SDS-PAGE (Additional 
file 1: Figure S6). A protein band at 95 kDa visible after 
Coomassie staining represents amyloglucosidase, and 
one additional band is observed at 55  kDa. The native 
size of AppA phytase is 45 kDa, giving rise to the conclu-
sion that AppA was secreted in non-native form and had 
been glycosylated by the posttranslational modification 
machinery in P. pastoris as observed earlier [47].

In conclusion, screening under batch- and substrate-
limited conditions resulted in different clonal rankings 
since the performance of the second-best producer under 
batch conditions was identical to that of the best pro-
ducer under carbon-limited conditions. Most strikingly, 
product titers were markedly increased after fed-batch 
cultivation. After correction for the background pro-
tein concentration of the parental strain the protein titer 
and phytase activity for clone 18 was increased 10-and 
20-fold, respectively. Although batch-screening reli-
ably distinguishes clones with low and increased protein 
secretion in shorter cultivation times, higher product 
titers produced during screening under carbon-limited 
conditions obviously facilitate the selection of best per-
forming clones. The low increase of protein titers even 
for best phytase producers compared to the background 
level caused by the secretion of host proteins (parental 
strain) in batch cultivation presents a possible source of 
error. Therefore, screening under fed-batch conditions 
has the advantage of resulting in more reliable and pro-
cess-relevant results, especially for proteins that are pro-
duced at low levels in P. pastoris only.

Discussion
In this study, we applied the 48 well plate based BioLec-
tor microbioreactor system [39] for the cultivation of P. 
pastoris, which is an important protein production host. 
By tailoring a defined high cell density medium for batch 
and carbon-limited parallel growth experiments, we 
show that process-relevant and scalable screening condi-
tions can be achieved. Although simple in its application, 
successfully setting up microscale BioLector cultivation 
for P. pastoris required to consider several aspects. The 
selection of a suitable pH buffer is a crucial requirement 
since the BioLector does not allow pH control. P. pasto-
ris grows at a broad pH range between 3 and 7 [48], but 
changes in pH alter the specific growth rate, can activate 
host proteases [49], and were shown to affect GFP pro-
duction [19]. We thus compared growth at pH 5.0 using 
two different buffers, PIPPS and potassium hydrogen 
phthalate. It was obvious that phthalate severely inhibits 
growth. This was probably attributed to an uncoupling 
of the proton motive force due to its weak organic acid 
properties combined with aromatic carbon backbone, 

facilitating membrane diffusion. Additionally, a biochem-
ical inhibition of glycolytic enzymes from Saccharomyces 
cerevisiae by phthalic acid has been noted earlier in vitro 
[50]. In contrast, no growth inhibition after the addition 
of PIPPS was observed.

Precipitation of media components is a frequent draw-
back of high cell density growth media. This has been 
recognized as a problem potentially leading to nutrient 
starvation and interfering with optical process analyses 
[26, 51]. Reliable process information via optical online 
detection of biomass, pH, and DO in the BioLector was 
mandatory for the success of this study, which made sta-
bilizing the medium by adjusting its composition a prime 
task. It was found that reducing the original  FeSO4 con-
centration (0.92  mM) by a factor of 100 prevented pre-
cipitation (Fig.  1). High iron ion concentrations above 
1  mM are also found in other Pichia media described 
in literature [52, 53] and possibly are needed to support 
growth to very high biomass concentrations in fed-batch 
cultivation. In a study on medium optimization, Isidro 
et al. report that iron ions inhibit metabolic activity of P. 
pastoris even after 10-fold reduction to 0.1 mM [54]. In 
our experiments, a slight increase of the specific growth 
rate was measured upon  FeSO4 reduction to 9.2 µM. Fur-
ther, the biomass yield was not altered up to the maxi-
mum tested substrate concentration of 4%, thus showing 
that cells did not face iron limitation at reduced  FeSO4 
concentrations.

When testing the scalability of physiological param-
eters for P. pastoris between BioLector and laboratory 
scale bioreactor cultivations, specific growth rates and 
biomass yields were in good agreement for glycerol. 
Surprisingly, growth yields on d-glucose were lower for 
bioreactor cultivations. This effect was observed repro-
ducibly in biological triplicate bioreactor cultivation. 
Main differences between the two cultivation systems 
are the absence of pH and DO control in the BioLector as 
well as in aeration. As a consequence of the high and con-
stant oxygen transfer rate at the adjusted setting of the 
device (110 mM/h as specified by the manufacturer), cells 
were exposed to high DO levels in the BioLector for the 
major part of the cultivation. According to earlier obser-
vations [15], the lower and constant DO setpoint of 30% 
in the bioreactor probably accounted for the formation of 
ethanol and acetate as by-products and the reduced bio-
mass yield, pointing towards the necessity of increased 
DO levels to fully saturate the respiratory chain under the 
applied conditions. Further, oxygen is supplied by surface 
aeration in the BioLector while the medium is supplied 
with a constant air stream in the bioreactor. In the latter 
case, this might lead to an increased loss of volatile by-
products like ethanol via evaporation and might thereby 
prevent its re-assimilation. We also observed a reduced 
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by-product accumulation during bioreactor cultivation 
at lower constant pH values of 3 and 4 (own unpublished 
results), indicating a combined effect of both DO and pH 
on the physiology of P. pastoris.

The presented microscale cultivation set-up was 
applied to screen a library of P. pastoris::pGAPZαB_appA 
transformants secreting AppA phytase from E. coli.

By screening of 47 P. pastoris::pGAPZαB_appA trans-
formants in  BSMmod with 4% d-glucose in microscale 
cultivation, significantly increased protein concentrations 
and phytase activities in the supernatant compared to the 
parental strain were measured for two clones. Protein 
titers still were only low, which might be due to the fact 
that we did not include steps for the selection of multi-
copy clones during strain construction. Clones carrying 
multiple copies of the expression cassette often show 
higher expression levels than those with only one or few 
copies [55]. This correlation not always holds true, espe-
cially in the case of secreted proteins, where the secretion 
apparatus may become a bottleneck in protein produc-
tion [10, 56].

Specific growth rates and biomass yields were very sim-
ilar. Nevertheless, it is common knowledge that protein 
overproduction can lead to reduced biomass yields and 
growth rates [57, 58]. The possibility for parallel pheno-
typing with the help of online process data already during 
screenings makes it possible to select those that promise 
to perform well after scale-up to bioreactor cultivation. 
Non-invasively monitoring DO and pH during screening 
further assures reproducible conditions and is an advan-
tage compared to cultivation in standard microplates.

Some solutions to transfer carbon-limited fed-batch 
cultivation to microscale have been established in the 
past as recently reviewed [59]. For example, repeated 
dosing of a substrate bolus to the culture has been used 
to increase biomass and product concentrations in 
microscale cultivation [31]. However, this approach can-
not be regarded as a true fed-batch process because it 
leads to alternating conditions of excess substrate (maxi-
mum specific growth rate) and substrate limitation (zero 
growth). Continuous feeding of small volumes required 
for microscale fed-batch cultivation is currently still lim-
ited by the availability of suitable micropumps, although 
first prototypic examples have been described [43, 59, 
60]. This problem has been circumvented by provid-
ing substrate via diffusion [61, 62]. Another possibility 
is the enzymatic substrate release from oligo- or poly-
meric inert compounds like starch [31, 60, 63] or sucrose 
[43] at a constant rate. Contrary to exponential substrate 
feeding, which can be applied during lab-scale bioreac-
tor cultivation to adjust a constant specific growth rate, 
a constant substrate release rate will lead to a decreasing 
specific growth rate over time. Since an interdependence 

of specific growth rate and protein production rate is well 
documented [15, 64, 65], the development of more flex-
ible feeding strategies suitable for microscale cultivation 
remains an important issue for further optimization.

A thorough characterization of cultivation profiles 
in batch-mode was performed in this study to enable a 
direct comparison of results from microscale and labo-
ratory scale to ensure scalability of the developed culti-
vation setup before advancing to the development of a 
microscale fed-batch cultivation protocol. For the lat-
ter, we employed enzymatic substrate release, since it is 
easily applicable and well suited to infer carbon-limited 
conditions during microscale cultivation. When screen-
ing a clonal library of phytase producing P. pastoris under 
carbon-limited conditions, biomass concentrations, pro-
tein titers and phytase activities in the supernatant were 
strongly increased compared to batch cultivation. In 
batch screening, it was possible to identify clones with 
increased phytase production in a shorter time, but the 
clonal ranking for fed-batch-like screening was differ-
ent concerning the two best producers. Even more dras-
tic changes in clonal rankings for different operational 
modes were reported by Scheidle et al. for GFP produc-
tion in Hansenula polymorpha [33]. Further, clones with 
a reduced maximum growth rate, e.g., due to a metabolic 
burden caused by protein overproduction, might be dese-
lected after batch screening, although they could be well 
suited for protein production in a carbon-limited process 
Taken together, the possibility to perform clonal selec-
tions under fed-batch conditions clearly presents a major 
advantage over screening in batch mode.

Application of the microscale cultivation protocol 
could comprise not only screening, but also the rapid 
initial testing of process parameters during process opti-
mization. Variables like C- and N-source, media compo-
sition, temperature and initial pH could be tested, e.g., as 
part of DoE studies, to reduce the number of bioreactor 
cultivations. Further, the developed microscale cultiva-
tion set-up for P. pastoris also allows an easy integration 
into liquid handling stations [31, 42]. Miniaturization and 
parallelization of microbial cultivation will eventually 
contribute to an acceleration of bioprocess development.

Conclusions
In this study, we developed, validated and applied a setup 
for the screening of clonal libraries of protein producing 
P. pastoris employing the constitutive GAP promotor in a 
parallel microbioreactor system. First, a defined high cell 
density cultivation medium was modified by the addition 
of N-source, the selection of an inert buffer for cultiva-
tion at pH 5 and the  FeSO4 concentration was reduced 
to prevent precipitation. Scalability of cultivation results 
from microscale to laboratory bioreactor cultivation was 
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ensured by the comparison of physiological parameters 
 (YX/S, µ) for growth on d-glucose and glycerol as sub-
strates in both scales and for d-glucose even an improve-
ment of  YX/S was found in microscale. In addition to 
laborious offline measurements, online growth signals 
provided by the cultivation system were used for the par-
allel determination of physiological parameters, e.g., the 
calculation of specific growth rates from online backscat-
ter measurements, and online monitoring of DO and pH 
ensured reproducible conditions throughout the con-
ducted screening experiments.

Enzymatic substrate release was adopted using a glu-
cose polymer and glucose liberating amyloglucosidase 
to impose carbon-limited growth conditions, allowing 
screening under process relevant fed-batch conditions 
in microscale cultivation. Therefore, different glucose 
release rates were adjusted by the addition of amyloglu-
cosidase and suitable cultivation conditions could be 
identified.

The established microscale cultivation was applied for 
the screening of a clonal library of P. pastoris::pGAPZαB_
appA constitutively secreting AppA phytase from E. coli 
both in batch and fed-batch mode. Although the former 
allowed a rapid selection of clones producing increased 
extracellular protein titers and phytase activities, protein 
concentrations and phytase activities were increased 10- 
and 20-fold, respectively, in fed-batch microscale cultiva-
tion. DCW concentrations > 45 g/L were reached at fully 
aerobic conditions, exceeding maximum DCW concen-
trations during batch cultivation more than 2-fold. Most 
importantly, differences in the clonal ranking were found 
between the two operational modes, i.e. batch and fed-
batch. This confirms the necessity of reliable advanced 
screening technologies such as is presented in this study 
to accelerate the future development of bioprocesses.

Methods
Chemicals and growth media
All chemicals and enzymes were obtained from Sigma 
Aldrich (Steinheim, Germany) or Carl Roth (Karlsruhe, 
Germany) if not mentioned otherwise and were of ana-
lytical grade. PIPPS was purchased from Merck (Darm-
stadt, Germany).

YPD complex medium consisted of 10  g/L yeast 
extract, 20  g/L peptone and 20  g/L d-glucose. For solid 
YPD medium, 16  g/L agar–agar was added. Basal salts 
medium (BSM) [45] was used with modifications, con-
sisting of 81.1  mM ortho-phosphoric acid, 9.4  mM 
 MgSO4 × 7  H2O, 1 mM  CaSO4 × 2  H2O, 16.4 mM  K2SO4, 
and 75.7  mM  (NH4)2SO4. The pH was adjusted to 5.0 
with KOH. A suitable buffer was added for cultivations 
without pH control (see results). After sterilization, 
4 mL/L trace salts solution was added containing 24 mM 

 CuSO4 × 5  H2O, 0.53 mM NaI, 19.87 mM  MnSO4 × H2O, 
0.83  mM  Na2MoO4 × 2  H2O, 0.32  mM  H3BO4, 2.1  mM 
 CoCl2 × 6  H2O, 150 mM  ZnCl2, 230 mM  FeSO4 × 7  H2O 
and 0.82  mM biotin. For  BSMmod, the concentration of 
 FeSO4 × 7  H2O in the trace salts solution was reduced to 
2.30 mM.

Strain construction
Escherichia coli DH5α [66] was used for general clon-
ing, whereas P. pastoris X-33 (Invitrogen, Carlsbad, USA) 
was used for gene expression. The gene appA (gene ID 
946206) from E. coli K-12 substrain MG1655 was codon 
optimized for P. pastoris and synthesized by GeneArt™ 
(Regensburg, Germany) and inserted, after digestion with 
PstI and NotI, into the vector pGAPZαB (Invitrogen). 
The resulting plasmid pGAPZαB_appA was transformed 
into P. pastoris X-33 by electroporation using the method 
described by Wu and Letchworth [67], resulting in the 
strain P. pastoris::pGAPZαB_appA.

Cultivation of P. pastoris
Strains were preserved as cryocultures in 30% glycerol at 
− 80  °C. For cultivation of P. pastoris strains, cells were 
plated on YPD agar containing 100 µg/mL Zeocin (Invi-
vogen, Toulouse, France) if required and incubated at 
30 °C for 2 days. Then, 10 mL YPD liquid medium were 
inoculated and incubated in a rotary shaker (Multitron 
Standard, Infors HT, Einsbach, Germany) at 250  rpm 
and 30  °C for 8  h. A second pre-culture in 10–100  mL 
basal salts medium supplemented with 150  mM PIPPS 
(pH 5.0) and 1% of the same carbon source as in the 
main culture was inoculated and cultivated under the 
same conditions for 16  h. Pre-cultures were grown in 
baffled shake flasks ten times the volume of the culture 
broth.

Microscale cultivation of P. pastoris in a BioLector 
(m2p-labs, Baesweiler, Germany) was performed using 
MTP-48-BOHL FlowerPlates, which are equipped with 
pre-calibrated optodes for online DO (dynamic range 
0–100% saturation) and pH (dynamic range pH 2.25–
5.75) measurement (m2p-labs). The plates were sealed 
with gas-permeable F-GP-10 sealing foils (m2p-labs). 
Cultivation settings were 30  °C, 1500  rpm, and atmos-
pheric humidity control ≥ 85%. 800 µL BSM or  BSMmod 
were supplemented with 150 mM PIPPS pH 5.0 and 4% 
of either d-glucose or glycerol. For cultivation under car-
bon-limited conditions, 10% dextrin from potato starch 
and amyloglucosidase from A. niger (see “Results”) were 
added. Media were inoculated from a pre-culture to an 
initial  OD600 between 0.1 and 1.7. Growth was monitored 
online by backscatter measurement (620 nm, gain = 15).

Bioreactor cultivations were carried out in 0.8  L 
 BSMmod with 75.7 mM  (NH4)2SO4 without buffer at 30 °C 
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in DASGIP Bioblock stirred tank reactors (DASGIP,  
Jülich, Germany) equipped with electrodes for pH and 
DO and off-gas analysis for  O2 and  CO2. The pH was 
maintained at 5.0 by addition of 18% (v/v)  NH4OH and 
8% (v/v)  H2SO4. The DO was controlled by applying a 
stirrer cascade (400–1200  rpm), while the airflow was 
constant at 60 L/h sterile ambient air (0.2 µm PTFE filter, 
DIAFIL, Wieliczka, Poland).

Analytical procedures
DCW concentrations were determined gravimetrically. 
0.5–2 mL sample were collected in dried Eppendorf tubes 
(2 days at 80 °C, 1 day in a desiccator) and centrifuged for 
5 min at 13,000 rpm (Biofuge pico, Heraeus, Hanau, Ger-
many). The pellet was washed in 0.9% NaCl solution and 
dried as described above.

Protein concentrations in culture supernatants were 
determined using Bradford reagent (Sigma Aldrich) 
according to the manufacturer’s instructions with bovine 
serum albumin as standard. SDS-PAGE for analy-
sis of culture supernatants was performed using 12% 
TruPAGE™ (Sigma Aldrich) polyacrylamide gels and 
Coomassie staining according to the manufacturer’s 
instructions.

A fluorescence assay was applied to determine phytase 
activities in culture supernatants using 4-MUP as sub-
strate [68]. Proteins excreted to the culture supernatant 
were separated from low molecular weight compounds 
via ultrafiltration (Nanosep Omega 10 kDa, Pall, Dreieich, 
Germany) using 3 volumes of 50  mM sodium acetate 
(pH 5.0) for washing and as exchange buffer. 50 µL of the 
resulting sample was mixed with 50 µL 1 mM 4-MUP in 
50  mM sodium acetate buffer (pH 5.0) in a transparent 
96 well plate and the increase of fluorescence (excita-
tion 336 nm, emission 448 nm, 25  °C) was recorded for 
15  min in an Enspire microplate reader (Perkin Elmer, 
Rodgau, Germany). Enzyme activities were calculated 
from the resulting slope using a calibration curve of the 
reaction product.

Sugars and organic acids in the culture supernatant 
were analyzed on an Agilent 1100 series HPLC system 
equipped with RI and DAD detector (Agilent Technolo-
gies, Waldbronn, Germany). As stationary phase, an 
organic acid resin (300 × 8  mm, CS-Chromatographie 
Service, Langerwehe, Germany) was used at 80  °C and 
isocratic elution with 0.6  mL/min 100  mM  H2SO4. 
Samples were analyzed quantitatively by external 
calibration.

Calculation of physiological parameters and rates
Biomass yields were calculated from final DCW con-
centrations and initial substrate concentrations. For the 
calculation of specific growth rates from the backscatter 

measurement in the BioLector, the signal was converted 
to DCW concentrations with the help of a non-linear 
calibration (Additional file  1: Figure S1) and by fit-
ting an exponential growth model to the progression of 
the DCW over time. For the calculation of all rates and 
yield coefficients for BioLector cultivations, the culture 
volumes were corrected for 9.09% evaporation per day, 
which was determined gravimetrically and assumed to be 
linear over time.

Statistical analysis
ANOVA and multiple comparison of means tests were 
performed with Matlab R2016b (The MathWorks GmbH, 
Ismaning, Germany).
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Gene regulation associated with sexual 
development and female fertility in 
different isolates of Trichoderma reesei
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and Monika Schmoll1* 

Abstract 

Background: Trichoderma reesei is one of the most frequently used filamentous fungi in industry for production of 
homologous and heterologous proteins. The ability to use sexual crossing in this fungus was discovered several years 
ago and opens up new perspectives for industrial strain improvement and investigation of gene regulation.

Results: Here we investigated the female sterile strain QM6a in comparison to the fertile isolate CBS999.97 and back-
crossed derivatives of QM6a, which have regained fertility (FF1 and FF2 strains) in both mating types under conditions 
of sexual development. We found considerable differences in gene regulation between strains with the CBS999.97 
genetic background and the QM6a background. Regulation patterns of QM6a largely clustered with the backcrossed 
FF1 and FF2 strains. Differential regulation between QM6a and FF1/FF2 as well as clustering of QM6a patterns with 
those of CBS999.97 strains was also observed. Consistent mating type dependent regulation was limited to mat-
ing type genes and those involved in pheromone response, but included also nta1 encoding a putative N-terminal 
amidase previously not associated with development. Comparison of female sterile QM6a with female fertile strains 
showed differential expression in genes encoding several transcription factors, metabolic genes and genes involved 
in secondary metabolism.

Conclusions: Evaluation of the functions of genes specifically regulated under conditions of sexual development 
and of genes with highest levels of transcripts under these conditions indicated a relevance of secondary metabolism 
for sexual development in T. reesei. Among others, the biosynthetic genes of the recently characterized SOR cluster 
are in this gene group. However, these genes are not essential for sexual development, but rather have a function in 
protection and defence against competitors during reproduction.

Keywords: Trichoderma reesei, Hypocrea jecorina, Sexual development, Female fertility,  
Secondary metabolism, Mating type

Background
The parental strain of Trichoderma reesei (syn. Hypocrea 
jecorina) strains that dominated research and indus-
try, QM6a, has been isolated during WWII in the trop-
ics [1–3]. For decades it was considered asexual, which 
was a drawback for genetics research and industrial 

applications [4]. In 2009, sexual development of T. reesei 
under laboratory conditions was achieved [5, 6], albeit at 
the same time, female sterility of QM6a was discovered. 
Later on, a mutation in the gene encoding the WD-40 
protein IDC1/HAM-5 [7, 8] was identified to cause 
female sterility in QM6a [9, 10].

Sexual development is dependent on the presence of a 
functional pheromone system in fungi [11] as well as on 
precisely defined environmental conditions [12, 13]. In T. 
reesei, in contrast to many other fungi, sexual develop-
ment is initiated upon growth on complex media such as 
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malt extract agar (MEA) or potato dextrose agar (PDA) 
and occurs preferentially in light [14]. T. reesei requires 
one of the two mating type associated pheromone pre-
cursor—pheromone receptor pairs (hpp1–hpr1 or 
ppg1–hpr2) to be functional in order to undergo mating 
successfully [15]. Interestingly, T. reesei has no conven-
tional a-type peptide pheromone precursor, but employs 
a novel type of pheromones, with HPP1 as the first repre-
sentative of h-type pheromones [16].

The blue light photoreceptor ENV1 is crucial for light 
dependent balancing of regulation of the pheromone sys-
tem. Its abolishment causes female sterility in light due 
to deregulation of the expression of pheromone receptor 
and precursor genes, predominantly in the mating type 
MAT1-2 [17]. This female sterility is conditional and can 
be overcome by application of an altered light regime 
[18]. In contrast to ENV1, the BLR1-BLR2 photorecep-
tor is not essential for sexual development as mutation of 
the genes causes only minor modulations in its efficiency 
as well as some morphological alterations in the fruiting 
body [17, 19].

Besides the light signaling pathway also protein kinase 
A and adenylate cyclase, the major components of the 
cAMP pathway of T. reesei, influence efficiency of sexual 
development [20]. For the heterotrimeric G-protein path-
way, functions in sexual development are known for the 
G-protein beta and gamma subunits GNB1 and GNG1 
[21].

Chemical communication via the secretion of sec-
ondary metabolites was shown to be important for 
sexual development in T. reesei. The pattern of second-
ary metabolites secreted into the medium changes if 
a compatible mating partner is sensed. Thereby, VEL1 
was found to be crucial for triggering recognition asso-
ciated signaling [22]. Secretion of secondary metabolites 
is regulated by light in T. reesei and a connection to car-
bon catabolite repression has been shown [23]. Moreo-
ver, among the genes regulated in a cellulase induction 
specific manner, several secondary metabolism associ-
ated genes were found, including the polyketide synthase 
pks4 [24], which is responsible for the green coloration of 
spores of T. reesei among other functions [25].

The genome of the natural isolate CBS999.97 [6, 26] 
was published recently [10] and showed a particularly 
low occurrence of non-synonymous SNPs within gen-
esets enriched in functions of metabolism, signal trans-
duction and stress response, while genes comprising a 
high number of SNPs are involved in secondary metabo-
lism or photoperception [10]. Comparative analysis of 
CBS999.97, QM6a and FF1/FF2, female fertile strains 
backcrossed from CBS999.97 to gain the QM6a pheno-
type revealed different carbon utilization characteris-
tics between the two strain backgrounds. Additionally, 

secondary metabolite profiles were different between 
CBS999.97 and QM6a and regulatory differences asso-
ciated with female fertility and female sterility were 
detected, which include regulation of CAZyme and 
transporter encoding genes [10].

In this study we investigated the transcriptome of 
QM6a representing strains applied in research and indus-
try as well as those of the female fertile isolate CBS999.97 
and backcrossed strains (FF1, FF2) under conditions of 
sexual development. Besides differential gene regulation 
between different mating types and strain backgrounds, 
we also found altered regulation between female fertile 
strains and QM6a. Moreover, a relevance of secondary 
metabolism for sexual development in T. reesei became 
obvious.

Results
Gene expression patterns in strains with QM6a 
background versus CBS999.97
We performed transcriptome analysis under conditions 
facilitating sexual development and enable the associ-
ated chemical communication using the wild-isolate 
CBS999.97 in both mating types [6], the female sterile 
strain QM6a and female fertile derivatives of QM6a in 
both mating types (FF1 and FF2), which were prepared by 
repeated backcrossing [10, 22]. Hierarchical cluster anal-
ysis of gene expression revealed 4 clusters (Fig.  1). This 
analysis clearly showed that under conditions of sexual 
development, QM6a is more similar to FF1 and FF2 than 
to CBS999.97 and hence confirms that the backcrossing 
procedure largely restored the QM6a phenotype. A simi-
lar result was also achieved for conditions of cellulase 
gene expression [10].

Of the identified 4 clusters, clusters 2 and 3 show the 
most interesting patterns (Fig.  1). Cluster 2 comprises 
genes upregulated in QM6a compared to FF1/FF2 as 
well as CBS999.97. Functional category analysis of these 
genes showed numerous metabolic genes in this cluster, 
but significant enrichment (p-values below 5E − 03) was 
only found for functions in RNA processing, sesquiterpe-
nes metabolism, cellular import and defense. In cluster 3 
there are genes for which QM6a clusters with CBS999.97 
rather than FF1/FF2. This gene set was enriched for 
functions in detoxification as well as C-1 compound 
metabolism. Interestingly, this gene set also contained an 
unusually high proportion of unclassified proteins sug-
gesting that yet unknown functions may be shared by 
QM6a and CBS999.97.

Hierarchical clustering of the subset of genes annotated 
as involved in sexual development [3] showed a compa-
rable distribution, and a clear similarity between QM6a 
and FF1/FF2 (data not shown).
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Gene regulation in female fertile strains compared 
to female sterile QM6a

We were interested whether the difference between 
female fertility and female sterility is reflected in differ-
ential gene expression between crossings of QM6a and 
those of female fertile strains. Therefore we first com-
pared gene regulation in FF2 strains versus QM6a. We 
found 210 genes to be up-regulated and 170 genes to be 
downregulated in FF2 strains compared to QM6a (Addi-
tional file 1). In order to get a more robust evaluation of 
potential alterations in QM6a, we checked how many 
of these genes are consistently regulated in CBS999.97 
MAT1-2. Only 93 of the upregulated genes are also 
upregulated in CBS999.97 MAT1-2 and 74 of the down 
regulated genes show the same regulation in this strain 
(Additional file 1). The gene set of upregulated genes in 
female fertile MAT1-2 strains was significantly enriched 
in functions of drug/toxin transport (p value 1.39e−04), 
type I protein secretion (p-value 1.20e−03), disease, viru-
lence and defense (p-value 3.28e−03) and detoxification 
by export (p-value 1.80e−03).

Interestingly, also the gene encoding SOR4/TR_43701, 
which was recently shown to influence production of 
sorbicillin derivatives in T. reesei [23], was among these 
genes. Its deletion does not impact sexual development 
of T. reesei (A. Monroy, unpublished results). Further up-
regulated genes include a ccg-13 homologue potentially 
involved in asexual development, three CAZyme encod-
ing genes, 6 transcription factor genes and several pre-
dicted transporter genes (Additional file 1).

Genes down-regulated in female fertile MAT1-2 com-
pared to QM6a were significantly enriched in functions 
in metabolism (p-value 5.89e−04), particularly secondary 
metabolism (p-value 2.46e−05). However, also functions 
in disease, virulence and defense were enriched, indicat-
ing a consistent shift in regulation of genes within similar 
functional groups between female fertile MAT1-2 strains 
and QM6a. This gene set comprises moreover three tran-
scription factors, several transporters as well as the pol-
yketide synthase gene pks6g and the terpenoid synthase 
encoding tps7. Interestingly, also lae1, which encodes 
a putative methyltransferase and impacts secondary 
metabolism in several fungi [27–29] is up to three-fold 
downregulated compared to QM6a (Additional file 1).

Few genes only are consistently differentially regulated 
in different mating types
Differences in gene expression between different mating 
types have been reported previously, also in T. reesei [10]. 
Therefore we were interested whether such differences 
are detectable in T. reesei under conditions of sexual 
development and if they are consistent in different strain 
backgrounds (CBS999.97 vs. FF1/FF2 which have the 
QM6a genetic background).

In CBS999.97 we found 18 genes to be differentially 
regulated between MAT1-1 and MAT1-2 (at least two-
fold, p-value 0.01), 12 were downregulated and 6 were 
upregulated in MAT1-1 (Additional file 2). For FF1/FF2 
we detected differential regulation for 39 genes, with 13 
genes upregulated in FF1 and 26 genes downregulated. 
Of those genes, only 6 were consistently regulated in 
CBS999.97 and FF1/FF2 and can hence be considered 
consistently mating type regulated in T. reesei. These 
genes comprise the two peptide pheromone receptor 
genes hpr1 and hpr2, as well as the mating type genes 
mat1-2-1, mat1-1-1 and mat1-1-3. Thereby, hpr1 is up-
regulated in MAT1-1 and hpr2 is upregulated in MAT1-
2, as would be expected due to the associate mating types 
[15]. The genes of the mating type locus can be consid-
ered to be regulated above background, as they are not 
present in the opposite mating types and show up-regu-
lation in their cognate mating types (mat1-2-1 in MAT1-
2; mat1-1-1 and mat1-1-3 in MAT1-1). In contrast, 
mat1-1-2 was not found to be regulated and only very 

Fig. 1 Hierarchical clustering of gene expression patterns. Regulation 
patterns under conditions of sexual development (22 °C, malt extract 
agar 2% w/v, light–dark cycles) of strains with different genetic back-
ground. Average expression patterns for clusters 2 and 3 are shown 
separately
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low transcript levels we observed, indicating that this 
gene may be relevant for a different stage of sexual devel-
opment than investigated here.

Only one further gene showed mating type specific 
regulation, TR_121284, with more than 200-fold down-
regulation in MAT1-1 in both strain combinations. This 
gene is related to the Saccharomyces cerevisiae N-termi-
nal amidase NTA1 (domain accession: cd07566; p-value 
4.99e−141), which functions in the N-end rule protein 
degradation pathway. Hence, T. reesei NTA1 may be 
involved in mating type specific regulation of protein 
stability. RTqPCR confirmed the MAT1-2 specific regu-
lation of nta1 under conditions of sexual development, 
asexual development and growth on cellulose in liquid 
culture (Fig. 2). Since transcript levels of nta1 in MAT1-1 
were under the detection level of our assay, the differ-
ence between MAT1-1 and MAT1-2 is at least 50000fold 
and signals for MAT1-1 in our transcriptome data can be 
considered background.

Female sterility related gene expression under different 
conditions
In order to assess a more general defect in QM6a, we com-
pared gene regulation in QM6a with that in the female fer-
tile strains of both mating types under conditions of sexual 
development with differential regulation in the same 
strains (female fertile vs. QM6a), but upon growth on cel-
lulose [10]. Principal component (PCA) analysis of these 
gene sets shows that QM6a patterns are closely related 
to those of FF1 and FF2 strains, which have largely the 
same background, and are distinct from CBS999.97, both 

with respect to growth on cellulose and under conditions 
of sexual development (Fig.  3a). 16 genes were differen-
tially regulated between female fertile strains and QM6a 
on cellulose and 127 under conditions of sexual develop-
ment (Fig.  3b). Only two genes showed significant regu-
lation in this comparison, TR_35534 (roughly three-fold 
upregulation), a gene potentially involved in diterpene 
metabolism and TR_105242 (6- to 16-fold upregulation in 
female fertile strains), a putative SAM dependent methyl-
transferase. Therefore we designated TR_105242 as FFR1 
(female fertility related 1) and deleted the encoding gene in 
FF1b in order to assess its function in sexual development 

Fig. 2 Regulation of nta1 in both mating types. Strains were grown 
on malt extract agar for investigation of sexual development (contact 
stage, before fruiting body formation) and asexual development 
(strain alone on the plate). For liquid culture on cellulose (1% w/v), 
strains were grown in minimal medium in constant darkness for 72 h. 
Errorbars show standard deviations

Fig. 3 Comparision between cellulose and sexual development. 
a PCA analysis of gene expression patterns of different strains 
(CBS999.97 MAT1-1, CBS999.97 MAT1-2, FF1, FF2, QM6a) and upon 
growth on cellulose in liquid media as well as under conditions of 
sexual development. b Venn diagram of the comparison between 
genes differentially regulated between female fertile strains and 
QM6a versus the same gene set upon sexual development. c Venn 
diagram of the comparison between genes differentially regulated 
between cellulose and sexual development in CBS999.97 versus FF1/
FF2 upon growth on cellulose compared to sexual development. 
Overlapping areas in the Venn diagrams show differentially regulated 
genes under both conditions or in both strains
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(Fig.  4). ∆ffr1 showed normal fruiting body formation 
and ascospore discharge in crosses with wild-type or 
QM6a (Fig.  4a). Upon crossing of ∆ffr1 MAT1-1 with 
∆ffr1 MAT1-2, we found that fruiting body formation was 
delayed by 2 days and ascospore discharge by 3 days. After 
18 days we found that the fruiting bodies of this cross were 
less mature than the wild-type, while after 25 days strains 
this difference was not visible anymore (Fig.  4b). Hence, 
although the absence of ffr1 from the genome is relevant 
for sexual development, ffr1 is neither essential for mating 
nor for female fertility.

Gene regulation specific for sexual development
The availability of datasets of the same strains under con-
ditions of sexual development and cellulase gene expres-
sion enabled us to narrow down the gene set specific for 
sexual development. Genes with highly regulated expres-
sion under sexual development conditions compared to 
cellulase conditions are expected to be more specific for 
sexual development. We compared gene regulation in 
CBS999.97 strains upon growth on cellulose versus under 
sexual development conditions and made the same com-
parison separately for FF1/FF2 strains to consider the dif-
ferent strain backgrounds and increase the significance 
of results (Additional file  3). 388 genes were more than 
fivefold (p-value threshold 0.01) differentially regulated 
under these conditions in CBS999.97 and FF1/FF2 strains 
(Fig.  3c). Of those, 168 were up-regulated on cellulose 
versus sexual development and 220 were down-regulated 
(Additional file 3).

No significant functional enrichment was detected in 
the gene set downregulated upon sexual development (up 
on cellulose, 168 genes), with the exeption of an enrich-
ment in unclassified proteins (p-value 6.80e−09). How-
ever, this gene set contains 10 CAZyme encoding genes 
including rgx1 (rhamnogalacturonase) and xyn5 (xyla-
nase; [30]), three genes involved in asexual development, 
the cellulose specific gene ooc1 [31], the hydrophobin 
genes hfb2, hfb3 and hfb5, the ceratoplatanin encoding 
gene epl1, involved in elicitation of plant responses [32], 
as well as the polyketide synthase encoding pks4 gene 
(Additional file 3).

The gene set of upregulated genes upon sexual devel-
opment (down on cellulose) is enriched in functions in 
metabolism (p-value 3.88e−07), particularly nitrogen, 
sulphur and selenium metabolism (p-value 3.34e−05), 
secondary metabolism (p-value 1.47e−13), C-compound 
and carbohydrate transport, amino acid transport and 
peptide transport (p-values below 3.5e−03), electron 
transport (p-value 8.61e−05) and fruit body development 
(p-value 4.15e−03) (Additional file  3). Twenty CAZyme 
encoding genes including several alpha- and beta-gly-
cosidases and a chitinase were in this gene set as well as 8 
PTH11 like G-protein coupled receptor encoding genes, 
8 genes involved in secondary metabolism including 
several polyketide synthases, and 9 transcription factor 
genes. Interestingly, the whole SOR cluster with excep-
tion of the transcription factor gene ypr2 [23, 33], which 
was recently found to be responsible for biosynthesis of 
the sorbicillin compounds trichodimerol and dihydrotri-
chotetronine [23], is upregulated on sexual development 
compared to growth on cellulose with fold regulations of 
around 20- up to 70-fold (Additional file 3).

Ten genes showed contrasting regulation between sex-
ual development specific genes in CBS999.97 and strains 

Fig. 4 Relevance of FFR1 for sexual development. a Strains were 
crossed under standard conditions and showed normal sexual 
development. b If ffr1 is lacking in both mating partners, fruiting 
body formation is delayed and fruiting bodies of this cross are not yet 
mature after 18 days. After 25 days, ascospore discharge commences 
as in the wildtype in the ∆ffr1 crosses. Microscopic pictures show 
400x magnification
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with QM6a background. They include a candidate alpha 
xylosidase and cel3d, the alcohol oxidase gene aox1 as 
well as two transporter genes (Additional file 3).

Resource distribution specific to sexual development
Increased transcript levels under a certain condition 
represent the first step to high level expression of the 
respective genes i.e. biosynthesis of the gene products. 
This investment of resources can be considered a prepa-
ration to exert the associated functions if translation and 
processing continues. However, a considerable num-
ber of highly expressed genes are unspecific housekeep-
ing genes. Therefore we selected the 1000 genes with the 
highest transcript levels of CBS999.97 upon growth under 
conditions of sexual development and removed those 
that are among the 1000 most highly transcribed ones 
on cellulose. From this gene set we selected those genes 
that fulfilled the same criteria in FF1/2. Ninety four genes 
remained, which are likely to represent the most strongly 
expressed genes under sexual development conditions 
(Additional file  4). This gene set contains 5 CAZyme 
encoding genes, 2 PTH11-type G-protein coupled recep-
tors, a protein phosphatase, 7 transcription factors and 
three transporters (Additional file  4). Among the tran-
scription factor genes, a homologue of the N. crassa grainy 
head like transcription factor encoding csp-2, which is 
involved in conidial separation, development and cell wall 
remodeling [34], was found. However, the most interest-
ing finding was the high level transcription of the three 
biosynthetic genes of the recently described SOR cluster 
[23, 33, 35] with TR_73618/sor2/pks10s, TR_73621/sor1/
pks11s and TR73623/sor5 being among the 10 genes with 
highest overall transcript levels in CBS999.97. We there-
fore tested transcript abundance of sor1 under conditions 
of sexual development (contact stage, before fruiting body 
formation) compared to cellulose (Fig.  5a). The strong 
overexpression of sor1 upon growth under conditions 
favouring sexual development compared to liquid culture 
on cellulose was confirmed. However, testing transcript 
abundance in the absence of a mating partner showed 
similarly high transcript levels (Fig. 5a). Hence, for sor1 a 
specific significance for sensing of a mating partner is not 
supported, albeit a relevance for growth under conditions 
favouring sexual development cannot be excluded.

Analysis of the function of the SOR cluster in sexual 
development
As the biosynthetic genes of the SOR cluster show par-
ticularly high transcript levels, we were interested in its 
relevance for sexual development. Also the correspond-
ing up-regulation obtained for CBS999.97 and FF1/2 
strains upon sexual development supports an importance 
for sexual development.

This cluster is responsible for light modulated produc-
tion of the yellow compounds trichodimerol and dihy-
drotrichotetronin [23]. For regulators, similar expression 
levels as the regulated genes have been reported previ-
ously in T. reesei [20, 36] and were expected also in this 
case. Interestingly, the most important regulators of the 
cluster, ypr1 and ypr2 [33], are not among those with 
the highest transcript levels in CBS999.97, although 
their expression level upon sexual development is still 
higher than on cellulose. Additionally, differential regu-
lation between CBS999.97 and FF1/FF2 occurs, which 
was not the case for the SOR biosynthetic genes. There-
fore we consider it possible that other transcription fac-
tors contribute to regulation of the SOR cluster under 
conditions of sexual development. In order to identify 
candidates for such a function we performed a coregu-
lation analysis. Coregulated genes are enriched in aro-
mate metabolism (p-value 3.07e−03) and secondary 
metabolism (p-value 2.72e−04), supporting the hypoth-
esis that secondary metabolism is highly important under 
sexual development conditions. We found several tran-
scription factor encoding genes with a similar regula-
tion pattern as TR_73618/sor2/pks10s, TR_73621/sor1/
pks11s and TR73623/sor5 with consistently high regula-
tion in CBS999.97 and FF1/FF2 under sexual develop-
ment versus low levels on cellulose. However, none of 
them reached comparably high transcript levels as these 
genes. Promising candidates for a contribution to regu-
lation of sor1, sor2 and sor5 upon sexual development 
are TR_71823, TR_1941, TR_60761, TR_56141 and 
TR_3449.

Due to the high expression levels of sor1, sor2 and sor5, 
we checked whether deletion of these genes, which abol-
ishes or strongly reduces production of trichodimerol 
and dihydrotrichotetronin [23], would be essential for 
sexual development. Crossings with mutants in these 
genes showed that sor1, sor2 and sor5 are not essential 
for fruiting body formation and ascospore discharge of T. 
reesei (Fig. 5b). However, we observed that in the absence 
of sor5 fruiting body formation is somewhat delayed 
(Fig.  5b). Hence neither these genes nor their biosyn-
thetic products are essential for sexual development in T. 
reesei, but may have a beneficial influence.

Discussion
Since the discovery of sexual development in T. reesei, the 
environmental conditions supporting this process as well 
as gene regulation required for mating to happen are sub-
ject of ongoing investigations [14]. Here we studied gene 
regulation patterns under conditions of sexual develop-
ment in strains of different genetic background and com-
pared them to the female sterile isolate QM6a. While a 
number of interesting targets for investigating female 
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sterility of QM6a emerged from this study, the most 
striking finding was the differential regulation of genes 
involved in secondary metabolism in several of our eval-
uations. Hence, our analysis indicated an importance of 
secondary metabolism for sexual development both due 
to a strong enrichment in most highly expressed genes 
upon sexual development as well as consistent elevated 
transcript levels in a comparison of sexual development 
conditions with growth on cellulose.

Connections between development and secondary 
metabolism have been subject to intense research in 
fungi for decades [37–39] with the velvet family of pro-
teins as important connecting factors [40]. Additionally, 
the A. nidulans transcription factor NsdD [41, 42] and 
its homologues, like SUB-1 in N. crassa [43], emerged 
as regulators of secondary metabolism and development 
[44–46].

Fig. 5 Relevance of SOR cluster genes for sexual development. a Transcript levels of sor1 under conditions of sexual or asexual development or 
on cellulose. Strains were grown on malt extract agar for investigation of sexual development (contact stage, before fruiting body formation) and 
asexual development (strain alone on the plate). For liquid culture on cellulose (1% w/v), strains were grown in minimal medium in constant dark-
ness for 72 h. Errorbars show standard deviations. b Analysis of sexual development in strains lacking biosynthetic genes of the SOR cluster. Strains 
grown in light cycles at 22 °C are shown after 7 or 22 days. Fruiting body formation started after 7 days, no changes were observed after 22 days. 
Ascospore formation was indistinguishable from wild-type
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In T. reesei, the light dependent transcription factor 
SUB1, a homologue of NsdD, was only recently shown to 
be required for female fertility and plays a role in regula-
tion of the pheromone system and secondary metabolism 
[47]. SUB1 thereby influences abundance of a product 
of the SOR cluster, trichodimerol [23] in darkness, but 
not in light upon growth on cellulose [47]. In general, 
deletion of sub1 causes altered abundance of secondary 
metabolites under different growth conditions, including 
sexual development albeit the nature of these metabolites 
remains to be determined in most cases [47].

LAE1 is a further known regulator of secondary metab-
olism and required for formation of the yellow pigment 
in T. reesei and at the same time essential for cellulase 
gene expression [48]. Therefore it can be assumed that 
LAE1 targets the SOR cluster as well. In A. nidulans, lack 
of laeA negatively influences sexual development, and the 
defect becomes even more severe if the T. reesei homo-
logue is expressed in such a strain [49]. Deletion of lae1 
abolishes sporulation [48] and although a function in 
mating is likely, it is not yet known whether LAE1 influ-
ences sexual development in T. reesei as well.

Functions in both development and secondary metabo-
lism have also been shown for VELVET, which controls the 
ratio of sexual/asexual development in response to light in 
Aspergillus nidulans [50]. However, VeA only has a small 
effect on the SUB1 homologue NsdD [50]. Also in T. reesei, 
the VeA homologue VEL1 has functions in sexual devel-
opment as well as in secondary metabolism [22]. There, 
we could show a specific change in secondary metabolite 
patterns if a mating partner was present on the same plate. 
Consequently, VEL1 regulates chemical communication in 
T. reesei [22]. The nature of the secondary metabolites cru-
cial for this communication is not yet known.

Our study revealed a considerable importance of 
genes involved in secondary metabolism during sexual 
development in T. reesei. Interestingly, the products of 
the SOR cluster, with the associated genes being highly 
expressed under conditions of sexual development in T. 
reesei, appear to be not essential for sexual development, 
because deletion of the biosynthetic genes shows that 
they are not required for mating (Fig. 5). Consequently, it 
is also unlikely that the sorbicillin derivatives biosynthe-
sized by the SOR cluster enzymes are essential for devel-
opment associated chemical communication.

The importance of the high level transcription of the 
SOR cluster genes upon sexual development can there-
fore be rather attributed to a protective mechanism, 
which can protect fruiting bodies against predators or 
competitors as suggested previously [51]. Our results are 
in agreement with earlier data showing that deletion of 
polyketide synthase genes does not abolish sexual devel-
opment [52].

In our analysis, effects of the carbon source as well 
as the difference between cultivation on solid or in liq-
uid media have to be kept in mind. However, available 
transcriptome data do not support a regulation of the 
SOR cluster genes here other than specific to develop-
ment: sor1, sor2 and sor5 are up-regulated upon growth 
on cellulose and glucose compared to glycerol, lactose 
or sophorose [24]. Therefore the specific up-regulation 
under mating conditions cannot be attributed simply to 
an altered carbon source, because expression levels on 
carbon sources other than cellulose are similar or lower 
than on cellulose [24], but not strongly elevated as the 
results for sexual development shows.

Upon growth on cellulose, the SOR cluster genes 
are down-regulated upon growth in light compared to 
darkness [23, 53]. In contrast, in our study, these genes 
are strongly up-regulated under conditions of sexual 
development (light, malt extract medium) compared to 
growth on cellulose (darkness). We conclude that indeed 
conditions of sexual development, but not merely illumi-
nation or a specific carbon source are responsible for the 
elevated transcript levels of sor1, sor2 and sor5.

Conclusions
In summary we found that generally, the strain back-
ground (CBS999.97 versus QM6a) is more relevant for 
gene regulation than the mating type. While in differ-
ent strain backgrounds a number of genes are regulated 
according to mating type, consistent regulation in the 
different strains and hence in general in T. reesei appears 
limited to the pheromone system and mating type genes. 
Our data support the role of secondary metabolism for 
chemical communication as postulated earlier. Hence 
the interrelationship between secondary metabolism and 
sexual development warrants further investigation.

Methods
Strains and cultivation conditions
QM6a (ATCC13631; [2]), CBS999.97 MAT1-1, 
CBS999.97 MAT1-2 [6], FF1 and FF2 [22, 24] along with 
sister strains from different crossing lines of FF1 and FF2, 
(FF1a, FF1b, FF2a, FF2b) were used in this study. FF1 
and FF2 were prepared by backcrossing the female fertile 
CBS999.97 MAT1-1 with female sterile QM6a 10 times 
in order to acquire sexual competence while retaining the 
QM6a phenotype [22]. For testing the influence of SOR1, 
SOR2 and SOR5 on sexual development, the respec-
tive deletion strains [23] were used (Table  1). Strains 
were propagated on malt extract medium. For inoculum 
preparation, strains were grown in constant darkness 
for 10  days, thereby avoiding an influence of random 
light pulses or circadian rhythmicity on gene regulation. 
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Crossings were done on malt extract medium (2% w/v) 
in light–dark cycles at 22 °C as described previously [6].

For transcriptome analysis, strains were grown 
under conditions facilitating sexual development 
as described previously [6, 22]. Strains with simi-
lar genetic background were combined in crosses 
(CBS999.97 MAT1-1 × CBS999.97 MAT1-2; QM6a 
MAT1-2 × QM10a MAT1-1 [6]; FF1a × FF2a; 
FF1b × FF2b). 40 plates per combination were used, 
strains were harvested separately at subjective noon at 
the contact stage, separated in two groups per combi-
nation and pooled resulting in two biological replicates 
based on 20 individual plates each. Contamination of 
samples by the other strain of different mating type on 
the same plate was tested as described previously [15] 
and was generally below 0.1%.

Transcriptome analysis
Isolation of total RNA and quality control using the Bio-
Rad Experion system (Hercules, CA, USA) was done as 
described previously [54]. The quality threshold for use of 
samples in transcriptome analysis was set to a RIN (RNA 
integrity number) value of 9. The NimbleGen (Madi-
son, WI, USA) gene expression full service was used as 
described previously [10, 21] using custom arrays for 
QM6a and CBS999.97. Data are available at NCBI GEO 
(https://www.ncbi.nlm.nih.gov/geo/) under accession 
number GSE89104.

Bioinformatic analysis was performed using the Partek 
Genomics Suite 6.5 (Partek Inc., St. Louis, MO, USA), 
which applies ANOVA analysis for identification of 
statistically significant gene regulation. Datasets were 

grouped according to the specific scientific question and 
treated as replicates (for example, all strains with the 
CBS999.97 background were compared to all strains with 
the QM6a background).

Hierarchical clustering analysis and analysis of expres-
sion patterns was performed using the open source soft-
ware HCE3.5 [55]. The online analysis platform at MIPS 
(http://mips.helmholtz-muenchen.de/funcatDB/) [56] 
was used for functional category analysis of gene sets 
with its latest version of May 2014. The p-values shown 
with this analysis indicate the extent of significant enrich-
ment of a given gene group within a gene set of regulated 
genes.

Annotation of genes listed in additional files was done 
using the comparative genome study on T. reesei, T. atro-
viride and T. virens [3] and complemented by data pro-
vided in [57].

Quantitative reverse transcription PCR
RTqPCR was performed as described previously [23, 
54] using rpl6e and sar1 as reference genes, which were 
shown to be appropriate for the conditions we used 
here [47]. For analysis of sor1 primers RT_73621_F 
(5′ GCAACCTCGTCGATTTGGCTGC 3′) and 
RT_73621_R (5′ AAGTGTCTCGAGAAGGACGCGC 
3′) [23] and for nta1, primers 121284RTq1F (5′ ACTCTC 
ATGCTGAATGTTCAC 3′) and 121284RTq1R (5′ 
TGGAGGCAGAGTAGCTCAC 3′) were used. Data were 
evaluated using the CFX Maestro software (Bio-Rad, 
Hercules, USA).

Gene deletion
The gene encoding TR_105242, ffr1, was deleted in 
the female fertile strain FF1b. Therefore, the vector 
pDEL105242 was constructed by yeast recombination 
cloning as described in [58] for selection using hygro-
mycin. Transformation and selection of deletion strains 
was performed by protoplasting as described previously 
[59]. The 5′ flanking region was amplified using primers 
105242_5F (5′ GTAACGCCAGGGTTTTCCCAGTC 
ACGACGGCGTAGGCTACTCAGTCTGC 3′) and 
105242_5R (5′ ATCCACTTAACGTTACTGAAATCTCC 
AACATCCTGTGTCACTCCTATCC 3′) and the 3′ flank-
ing region was amplified using primers 105242_3F (5′ 
CTCCTTCAATATCATCTTCTGTCTCCGACATATGG 
AGGTCGAGGAAACC 3′) and 105242_3R (5′ GCGGA 
TAACAATTTCACACAGGAAACAGCCTCCGAGTT 
GCAATAGTAGC 3′). Removal of the open reading 
frame was confirmed by PCR using primers 105242_qF 
(5′ ATTCGCACGACCACTCTCAC 3′) and 105242_qR 
(5′ CGCCATGCTTGGAGATTGTG 3′).

Table 1 Strains used in this study

Strain Code Characteristics Source/
reference

CBS999.97 
MAT1-1

CBS1-
1

Wild-type MAT1-1, female fertile [6]

CBS999.97 
MAT1-2

CBS1-
2

Wild-type MAT1-2, female fertile [6]

FF1a, FF1b FF1 Backcrossed wild-type strain 
MAT1-1

[22]

FF2a, FF1b FF2 Backcrossed wild-type strain 
MAT1-2

[22]

QM6a Wildt-type MAT1-2, female sterile [2]

QM6a ∆sor1 ∆sor1∆ku80::hph + MAT1-2 [23]

QM6a ∆sor2 ∆sor2∆ku80::hph + MAT1-2 [23]

QM6a ∆sor5 ∆sor5∆ku80::hph + MAT1-2 [23]

FF1 ∆ffr1 ∆ffr1∆ku80::hph + MAT1-1 This study

FF2 ∆ffr1 ∆ffr1∆ku80::hph + MAT1-2 This study
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Evolutionary freedom in the regulation 
of the conserved itaconate cluster by Ria1 
in related Ustilaginaceae
Elena Geiser1,2† , Hamed Hosseinpour Tehrani1†, Svenja Meyer1, Lars M. Blank1* and Nick Wierckx1

Abstract 

Background: Itaconate is getting growing biotechnological significance, due to its use as a platform compound for 
the production of bio-based polymers, chemicals, and novel fuels. Currently, Aspergillus terreus is used for its industrial 
production. The Ustilaginaceae family of smut fungi, especially Ustilago maydis, has gained biotechnological interest, 
due to its ability to naturally produce this dicarboxylic acid. The unicellular, non-filamentous growth form makes these 
fungi promising alternative candidates for itaconate production. Itaconate production was also observed in other 
Ustilaginaceae species such as U. cynodontis, U. xerochloae, and U. vetiveriae. The investigated species and strains var-
ied in a range of 0–8 g L−1 itaconate. The genes responsible for itaconate biosynthesis are not known for these strains 
and therefore not characterized to explain this variability.

Results: Itaconate production of 13 strains from 7 species known as itaconate producers among the family Usti-
laginaceae were further characterized. The sequences of the gene cluster for itaconate synthesis were analyzed by 
a complete genome sequencing and comparison to the annotated itaconate cluster of U. maydis. Additionally, the 
phylogenetic relationship and inter-species transferability of the itaconate cluster transcription factor Ria1 was investi-
gated in detail. Doing so, itaconate production could be activated or enhanced by overexpression of Ria1 originating 
from a related species, showing their narrow phylogenetic relatedness.

Conclusion: Itaconate production by Ustilaginaceae species can be considerably increased by changing gene clus-
ter regulation by overexpression of the Ria1 protein, thus contributing to the industrial application of these fungi for 
the biotechnological production of this valuable biomass derived chemical.

Keywords: Activation of silent cluster, (S)-2-hydroxyparaconate, (S)-2-hydroxyparaconic acid, Itaconic acid, 
Itatartarate, Secondary metabolites, Transcription factors, Basidiomycota, Ustilago maydis

Background
Secondary metabolites are organic, naturally produced, 
bioactive compounds with a low molecular weight, that 
are produced by fungi, bacteria, and plants via pathways 
not belonging to the primary metabolism of this organ-
ism [1, 2]. In 2000, a literature survey identified more than 

23,000 already discovered secondary metabolites mainly 
from the fungal kingdom [1, 3]. Closely related species 
usually produce related compounds and each compound 
is produced in a highly-narrowed taxonomy [2, 4]. Genes 
coding for the biosynthesis of secondary metabolites are 
usually co-localized in a gene cluster with a size of approx-
imately over 10,000  bp depending on the complexity of 
the metabolite and regions of non-coding base pairs of 
up to 2000 bp between the coding genes [2, 5, 6]. In cases 
of polyketide synthases these regions are more extended 
[7]. These clusters contain genes coding for corresponding 
biosynthesis enzymes and transporters, regulatory pro-
teins like transcription factors, and optionally modifying 
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enzymes. Secondary metabolite clusters are often con-
trolled by a complex regulatory network [8]. Several levels 
of regulation exist, which allow the organism to respond 
to various environmental influences. Transcription of 
these clusters can be regulated either by specific/narrow-
domain or by global/broad-domain transcription factors 
or regulators or a combination thereof. Alternatively, reg-
ulation can be chromatin-mediated by histone acetylation 
or methylation [8].

Itaconate and its lactone (S)-2-hydroxyparaconate are 
examples of secondary metabolites. Itaconate is pro-
duced by fungi like Aspergillus terreus and Ustilago may-
dis, but also by less well-known Ustilaginaceae species, 
such as Ustilago cynodontis, Ustilago vetiveriae, and Usti-
lago xerochloae [9–12]. Itaconate has industrial applica-
tions as a co-monomer, for example in the production 
of acrylonitrile–butadiene–styrene and acrylate latexes 
in the paper and architectural coating industries [13]. 
According to an independent evaluation report of the 
U.S. Department of Energy (DoE) in 2004 [14], itaconate 
was assigned to be among the top 12 building blocks with 

a high biotechnological potential, enabling a conversion 
into a range of new interesting molecules such as 2-or 
3-methyltetrahydrofuran with applications as novel bio-
fuels [15, 16]. Recent studies showed that genes for the 
biosynthesis of itaconate are co-localized in the genome 
and co-regulated in U. maydis [17], and therefore ful-
filling the main criteria to be a secondary metabolite. 
U. maydis’ itaconate cluster (GenBank: KT852988.1) 
contains two itaconate biosynthesis genes UMAG_tad1 
and UMAG_adi1 encoding a trans-aconitate decarboxy-
lase (Tad1) and an aconitate-Δ-isomerase (Adi1), and 
two transporter genes UMAG_itp1 and UMAG_mtt1 
encoding an itaconate transport protein (Itp1) and a 
mitochondrial tricarboxylate transporter (Mtt1), respec-
tively (Fig.  1). Their expression is co-regulated by the 
transcriptional regulator Ria1, also encoded in this clus-
ter, which is considered as an itaconate cluster specific/
narrow domain transcription factor, triggering the tran-
scription of the itaconate biosynthesis genes [17]. Over-
expression of UMAG_ria1 upregulated the expression 
of biosynthesis core-cluster genes and transporters [17]. 

Fig. 1 Proposed intracellular organization of the (S)-2-hydroxyparaconate biosynthesis pathway in U. maydis. Cis-aconitate is secreted by the 
mitochondrial tricarboxylate transporter Mtt1. In the cytosol cis-aconitate is converted into itaconate via the intermediate trans-aconitate. Itaconate 
can be further converted to (S)-2-hydroxyparaconate by Cyp3. (S)-2-hydroxyparaconate might be converted to itatartarate with the help of Rdo1. 
Secretion of itaconate and possibly (S)-2-hydroxyparaconate and itatartarate into the medium is mediated by the major facilitator Itp1. Updated 
pathway from Geiser et al. [18]
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Additionally, the (S)-2-hydroxyparaconate biosynthesis 
gene UMAG_cyp3 encoding the cytochrome P450 fam-
ily 3 monooxygenase Cyp3 and UMAG_rdo1 encoding 
a putative ring cleaving dioxygenase are adjacent to the 
itaconate gene cluster of U. maydis, the former of which 
converts itaconate to (S)-2-hydroxyparaconate [18]. Fur-
ther, it was reported by Guevarra and Tabuchi that (S)-
2-hydroxyparaconate is converted to itatartarate by a 
lactonase [11, 19]. UMAG_cyp3 and UMAG_rdo1 are 
not part of the core cluster and not directly upregulated 
by overexpression of UMAG_ria1 [17]. However, all ita-
conate cluster genes including the two adjacent to the 
core cluster, UMAG_cyp3 and UMAG_rdo1, are strongly 
upregulated during teliospore formation in the late bio-
trophic growth stage during plant colonization [20–22].

The number of so far undiscovered secondary metabo-
lites produced by enzymes encoded by cryptic or orphan 
gene clusters are innumerably high [23, 24]. However, the 
availability of numerous whole fungal genome sequences 
and in silico gene prediction by bioinformatic algo-
rithms, such as SMURF [25], MiBiG [26], antiSMASH 
[27], and FungiFun [28], allow the identification of these 
cryptic gene clusters. These bioinformatic tools enable 
‘genome mining’ via comparison of protein sequence and 
structure homology. Traditional ways of activating the 
expression of secondary metabolites clusters include the 
variation in the cultivation conditions, such as medium, 
pH, temperature, aeration, or light, or co-cultivation with 
other microbes to simulate the natural expression condi-
tions [8]. Often these physiological or ecological triggers 
are not sufficient to activate these clusters, and there-
fore several strategies have been developed to induce 
undiscovered silent secondary metabolite cluster [8]. 
The most prominent strategies are genetic engineering 
approaches: the overexpression of a cluster-specific tran-
scription factor gene allowing the increased expression of 
the whole cluster [24]. In this case, the overexpression of 
the enzymes encoded within the cluster leads to diverse 
products, a potential challenge for natural product pro-
duction [18, 24]. In addition, the endogenous promot-
ers of secondary metabolism biosynthesis genes can be 
exchanged for strong inducible or constitutive promoters 
or global regulators can be overexpressed or deleted. A 
prominent example of the activation of a silent gene clus-
ter is the overexpression of the transcriptional regulator 
gene apdR in Aspergillus nidulans, which induced the 
expression of all cluster genes, leading to the discovery of 
the cytotoxic aspyridones [24].

Itaconate production is naturally induced by nitrogen 
limitation in U. maydis and was also observed in other 
related Ustilaginaceae species such as U. cynodontis, U. 
xerochloae, U. vetiveriae that show high potential to be 
promising and effective itaconate producers [10, 12, 29]. 

However, the investigated species and strains varied in 
their product spectra and the amount of secreted prod-
uct. Among the species, individual strains of U. maydis 
differed highly in their itaconate and (S)-2-hydroxypara-
conate production [10]. Some of the species investigated, 
for example U. vetiveriae strain CBS 131474, produced 
itaconate or (S)-2-hydroxyparaconate only with glyc-
erol as carbon source. Also, itaconate production varied 
depending on extracellular pH. While in wild type U. 
maydis itaconate production is only possible in the pH-
range of 5–7, U. cynodontis strains also produce itaconate 
at pH values below 3. The genes responsible for itaconate 
biosynthesis and how they are regulated to explain this 
variation in production levels and environmental inputs 
are not known for these specific strains.

In the current study, 13 itaconate producers of the Usti-
laginaceae family were further characterized towards 
their itaconate cluster sequence-function relationship. 
The itaconate gene clusters of these strains were identi-
fied by genome sequencing [29] and comparison to the 
annotated itaconate cluster of U. maydis strain MB215. 
To explore the evolutionary conservation of regulation of 
the itaconate cluster in respect to itaconate production by 
members of the Ustilaginaceae family, the phylogenetic 
relationship and inter-species transferability of the ita-
conate cluster transcription factor Ria1 was investigated. 
Itaconate production could be activated or enhanced by 
overexpression of Ria1 originating from related species. 
This is the first time that activation of silent itaconate 
clusters by overexpression of a cluster-specific transcrip-
tion factor in Ustilaginaceae species other than U. maydis 
is shown.

Results and discussion
Variation in itaconate and (S)‑2‑hydroxyparaconate 
production among Ustilaginaceae
Previous studies showed a high variation in natural ita-
conate production among related Ustilaginaceae spe-
cies cultured on glucose and glycerol as carbon sources 
[10, 12]. Besides their varying amounts of product and 
product spectrum, they also differed in their efficiency 
of carbon utilization. Some of the species produced ita-
conate only on a single carbon source like glycerol or 
glucose. These differences motivated us to investigate 
itaconate and derivates production on glucose and glyc-
erol in more detail (Fig.  2, Additional file  1: Fig. S1). 
U.  maydis  ΔUmag_ria1 was used as a negative control, 
since the transcriptional regulator gene ria1 is deleted 
and therefore itaconate production abolished. In U. may-
dis  strain AB33P5Δ five extracellular proteases are 
deleted [30]. With these deletions, the strain is well suited 
for the secretion of heterologous or intrinsic extracellu-
lar biomass degrading CAZymes. This strain would be an 
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optimal candidate for the synthesis of itaconate or other 
valuable chemicals directly from biomass-derived sub-
strates [31]. However, it does not produce itaconate and 
the lack of extracellular proteases significantly reduces 
the growth rate of this mutant.

All wild type strains consumed at least 50% of the glu-
cose in the 120  h except of U. maydis  AB33P5Δ, which 
utilized 40% (Additional file  2: Fig. S2). The growth on 
glycerol is slower in comparison to glucose, therefore 
samples were taken after 384  h. At this time point, all 
strains consumed at least 30% of the glycerol, except of 

U. maydis AB33P5Δ, which used 13% (Additional file 2: 
Fig. S2). Most U. maydis strains produced itaconate only 
on glucose as the carbon source, whereas U. vetiveriae, 
P. tsukubaensis, and S. iseilematis-ciliati did so only on 
glycerol. U. cynodontis and U. xerochloae produced ita-
conate on both carbon sources. U. maydis AB33P5Δ, 
U.  maydis  ΔUmag_ria1, and P.  hubeiensis did not pro-
duce itaconate at all. Since (S)-2-hydroxyparaconate and 
itatartarate are derivatives from itaconate [11], the pro-
duction of these compounds was also investigated. (S)-
2-hydroxyparaconate production of the tested strains 

Fig. 2 Itaconate and (S)-2-hydroxyparaconate production by various species in the Ustilaginaceae cultivated on glucose and glycerol. Itaconate 
and (S)-2-hydroxyparaconate concentrations after 120 h or 384 h System  Duetz® cultivations in screening medium with glucose or glycerol, 
respectively. The U. maydis ΔUmag_ria1 mutant derived from wild type strain MB215 was used as a negative control. Error bars indicate standard 
deviation from the mean (n = 3)
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on glucose and glycerol was similar to itaconate pro-
duction (Fig.  2), with the exception of P.  tsukubaensis, 
which only produced itaconate. Also, estimated itatarta-
rate production levels showed a similar trend compared 
to (S)-2-hydroxyparaconate production except for S. 
iseilematis-ciliati, which did not to produce itatarta-
rate (Additional file 1: Fig. S1). Previous studies showed 
a negative correlation between itaconate and malate 
production [12], therefore malate production was also 
determined. All strains produced malate on glucose and 
glycerol except for U. maydis AB33P5Δ and S. iseilema-
tis-ciliati, which produced malate only on glycerol (Addi-
tional file 1: Fig. S1). In general U. maydis strains showed 
the highest malate titers. These results are in accordance 
with our previous study [10].

A possible reason for these varying titers of itaconate 
and its derivatives could be differences in the sequences 
of the itaconate and (S)-2-hydroxyparaconate biosyn-
thesis genes, or the genetic inventory of these genes. 
Furthermore, different regulation or relative expression 
levels of the biosynthesis genes could cause varying pro-
duction [1, 8]. Due to the targeted disruption of the genes 
encoding its five proteases, U. maydis strain AB33P5Δ 
is a slow growing strain in comparison to wild type and 
other Ustilaginaceae strains, possibly caused by different 
timing of the strains concerning C- or N-source utiliza-
tion or their growth rate [32]. To gain a deeper under-
standing of the sequence-function relationship between 
itaconate/(S)-2-hydroxyparaconate biosynthesis genes 
and production, the genomes of 13 Ustilaginaceae were 
analyzed and genes related to synthesis of these second-
ary metabolites annotated and characterized.

Genetic differences in the itaconate biosynthesis cluster
The Whole Genome Shotgun sequences of Ustilago 
maydis MB215 (DSM17144), Ustilago maydis ATCC 
22892, Ustilago maydis ATCC22904, Ustilago maydis 
ATCC22901, Ustilago maydis ATCCbA22899, Usti-
lago maydis AB33P5Δ, Ustilago vetiveriae CBS131474, 
Ustilago xerochloae CBS131476, Ustilago cynodon-
tis CBS131467, Ustilago cynodontis NBRC9727, 
Pseudozyma tsukubaensis NBRC1940, Pseudozyma 
hubeiensis NBRC105055, and Sporisorium iseilema-
tis-ciliati BRIP60887a have been deposited in DDBJ/
ENA/GenBank [29]. Their accession numbers are listed 
in “Methods”. To find the genes responsible for itaco-
nate and (S)-2-hydroxyparaconate biosynthesis in these 
sequenced strains, the protein sequences encoded in the 
U. maydis MB215 itaconate biosynthesis cluster (Gen-
Bank KT852988.1) were used as queries against the 
Whole Genome Shotgun sequences database using the 
tBLASTn algorithm [18, 33]. Multiple hits with neigh-
boring genes were defined as putative itaconate clusters. 

For cluster annotation, the highest resulting homolo-
gous sequences were further analyzed using the online 
tool “Augustus gene prediction” to identify start/stop 
codons and exons [34], followed by manual curation. Fur-
thermore, protein sequences of U. maydis MB215 were 
compared to the predicted proteins of the investigated 
Ustilaginaceae using the global protein sequence multi-
ple alignment tool (BLOSUM 62) [35] in Clone Manager 
9 Professional Edition. The protein sequence identity of 
the investigated Ustilaginaceae proteins compared to the 
itaconate cluster of reference strain U. maydis MB215 is 
presented in Fig.  3b. Additionally, the phylogenetic tree 
based on the DNA sequences of itaconate clusters of dif-
ferent Ustilaginaceae indicates the phylogenetic relation-
ship among the chosen strains (Fig. 3a).

Exact phylogenetic classification among Ustilaginaceae 
is challenging, with several species being renamed based 
on new analysis of indicator genes such as nuclear ribo-
somal RNA genes [39–41]. Wang et  al. especially men-
tioned that strains in the genus Pseudozyma have an 
uncertain phylogenetic position due to the taxonomic 
confusion between their teleomorphic genera [39]. 
Therefore, a phylogenetic relation is shown based on the 
DNA sequence of the itaconate cluster (Fig. 3a).

In all sequenced organisms except P. tsukubaensis and 
P.  hubeiensis, the complete gene cluster for itaconate 
synthesis and conserved synteny of all genes (gene ori-
entation and chromosome) were identified (Fig. 3b). The 
cluster in P. tsukubaensis does not contain rdo1 and cyp3. 
For these two genes no likely homologous candidate was 
found elsewhere in genome, explaining the lack of (S)-
2-hydroxyparaconate and itatartarate production in this 
strain (Fig. 2). In P. hubeiensis, mtt1 is not present in the 
itaconate cluster or its direct surrounding DNA regions. 
In U.  maydis MB215, deletion of UMAG_mtt1 led to a 
strong decrease in itaconate production [17]. This trans-
porter, which putatively shuttles malate and cis-aconitate 
between the mitochondria and the cytoplasm, is the 
rate-limiting step in itaconate biosynthesis in U. maydis 
MB215 [42]. Since itaconate formation was not com-
pletely abolished by Umag_mtt1 deletion in U.  maydis, 
most likely other less specialized, and therefore less effi-
cient, transport proteins substituted its function, as most 
eukaryotic mitochondrial transporters have a diverse 
substrate spectrum with different affinities [43]. At least 
one similar mitochondria tricarboxylate transporter 
gene is present in the genome of P. hubeiensis, which 
could take over the function of Mtt1. This gene showed 
54% sequence similarity on protein level in comparison 
to Umag_mtt1 and 98% to Umag_02365 upon tBLASTn 
analysis [33]. The latter gene, Umag_02365, is known to 
be one of two related mitochondrial citrate transporters 
in U. maydis, with redundant function to Umag_mtt1 
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[42]. This may explain why P. hubeiensis failed to produce 
itaconate.

In general, the conservation of a protein sequence 
could point to its evolutionary origin. The comparison 
showed that among the tested U. maydis strains the ita-
conate cluster is conserved. At the DNA level the clus-
ters in different U. maydis strains are > 98% similar and 
the clusters of the two U. cynodontis strains have 99% 
sequence identity on DNA level. For the other species, 
the sequence identity of proteins encoded by the itaco-
nate and (S)-2-hydroxyparaconate biosynthesis (cyp3, 
tad1 and adi1) and transporters (itp1 and mtt1) genes 
were mostly conserved in a range of 56–89% compared 
to the U. maydis MB215 sequence. The most divergent 
protein of the itaconate cluster is Ria1, a transcription 
factor of approximately 380 amino acids. The annotated 
Uc_ria1 of both U. cynodontis strains encode a transcrip-
tion factor of 471 amino acids. A conserved helix-loop-
helix structural motif could be found in all 13 regulators 
approximately in position 100-AA by SMART analysis, 
which is a characteristic DNA-binding motif for one of 
the largest families of dimerizing transcription factors 
[44, 45]. The phylogenetic tree of the predicted Ria1 

transcriptional regulators is shown in Fig.  4. Ria1 pro-
teins of U. maydis species are very closely related. U. cyn-
odontis and U. xerochloae are closely related [46], which 
is reflected in the relatedness of their Ria1 proteins. 

Fig. 3 Itaconate cluster composition of selected Ustilaginaceae and a phylogenetic tree of these genes. a Phylogenetic tree based on the DNA 
sequences of itaconate clusters of different Ustilaginaceae. The optimal tree with the sum of branch length = 1.88603985 is shown. The evolutionary 
distances are in the units of 0.05 base substitutions per site. b Itaconate cluster comparison of selected Ustilaginaceae. Numbers given show 
sequence identity as percentage compared to the reference strain U. maydis MB215 using global protein sequence multiple alignment tool 
(BLOSUM 62). Superscript number indicate number of exons for each gene. Absent genes are indicated with a dash (-)

Fig. 4 Phylogenetic tree of the Ria1 transcriptional regulator of 
different Ustilaginaceae based on similarities and differences in 
their protein sequence. The optimal tree with the sum of branch 
length = 2.49320505 is shown. The tree is drawn to scale, with branch 
lengths in the same units as those of the evolutionary distances used 
to infer the phylogenetic tree. The evolutionary distances are in the 
units of 0.1 amino acid substitutions per site
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However, U.  maydis and U.  vetiveriae are phylogeneti-
cally closely related as well [46], even though their Ria1 
proteins are only 43% identical. This may indicate that the 
amino acid sequence of Ria1 proteins is evolving faster 
than its actual function, for which just the DNA-bind-
ing motif is essential. The Ria1 sequence of P. hubeiensis 
is phylogenetically the most distant of the species com-
pared. In general, no accurate subcategorization of the 
transcription factor according the species is possible. A 
reason might be the aforementioned difficulties in cat-
egorization of the Ustilaginaceae.

In summary, all tested strains have the genetic inven-
tory for itaconate biosynthesis, and the synteny of the 
itaconate cluster is preserved in most of the investigated 
Ustilaginaceae. P. tsukubaensis and P.  hubeiensis do not 
possess the complete itaconate cluster, partly explain-
ing the differences in product spectrum. However, the 
variable itaconate and (S)-2-hydroxyparaconate titer, 
especially among different U. maydis strains with highly 
similar clusters, could not be explained. As different 
regulation or expression levels might be responsible for 
these production differences, the Ria1 transcriptional 
regulator of the tested Ustilaginaceae were investigated 
in more detail.

Inter‑species transferability of Ria1 regulator
The itaconate clusters of the tested strains are mostly 
conserved, while production levels of itaconate differ. 
As one example, the U. maydis AB33P5Δ gene cluster is 
98% similar at the DNA level to that of U. maydis ATC-
CbA22899; however, strain AB33P5Δ does not produce 
itaconate or (S)-2-hydroxyparaconate while strain ATC-
CbA22899 does. Probably in some strains, like U. maydis 
AB33P5Δ, ria1 is functional but not expressed. To test 
whether production differences are a result of different 
regulation, the inter-species transferability of Ria1 was 
investigated by overexpression of various ria1 genes to 
activate the production of itaconate. We chose the ita-
conate cluster regulator genes Umag_ria1, Uc_ria1, 
Pt_ria1, and Si_ria1 of U. maydis MB215, U. cynodon-
tis NBRC9727, P. tsukubaensis, and S.  iseilematis-ciliati, 
respectively, due to their considerable differences in the 
sequences of both the itaconate cluster and Ria1. These 
regulators were expressed under control of the consti-
tutive promoter  Petef in U.  maydis MB215, U.  maydis 
AB33P5Δ, U.  vetiveriae, U.  xerochloae, U.  cynodontis 
CBS131467, U.  cynodontis NBRC9727, P.  tsukubaensis, 
P.  hubeiensis, and S.  iseilematis-ciliati, as well as in the 
control strain U. maydis MB215 ΔUmag_ria1. Successful 
integration was verified by PCR.

All strains tested consumed at least 35% of the applied 
glucose after 120 h and 30% of the applied glycerol after 
384  h except of U. maydis AB33P5Δ, which used 13% 

glycerol (Additional file  2: Fig. S2). A summary of the 
activation experiments is shown in Fig. 5 and Additional 
file 3: Fig. S3. The itaconate and (S)-2-hydroxyparaconate 
production yield (gram product per gram substrate) of 
the activated strains was determined on both glucose and 
glycerol (Fig.  6) as well as the malate yield and the esti-
mated relative itatartarate production (Additional file  4: 
Fig. S4). In U. maydis MB215 ΔUmag_ria1, itaconate 
production could be restored by expression of all tested 
regulators (Umag_ria1, Uc_ria1, Pt_ria1, and Si_ria1), 
demonstrating the functionality of this expression system, 
as well as their transferability of the genes between related 
species. It should be noted that quantitative differences in 
production level may be caused by different copy number, 
or by the random ectopic integration locus, of the inte-
grated regulator, which were not determined in detail. 
Thus, these results should be viewed mostly in a qualita-
tive manner. In strains that do not produce itaconate on 
glucose, such as U.  maydis AB33P5Δ (derivative of U. 
maydis FB1), U. vetiveriae, P. tsukubaensis, P. hubeiensis, 
and S.  iseilematis-ciliati itaconate production could be 
activated by expression of all tested regulators, except Uc_
ria1. This suggests that in these wild type strains the ita-
conate cluster genes are silent, because the regulator gene 
ria1 is silent and not transcribed. Constitutive expression 
of the itaconate regulator ria1, even originating from dif-
ferent species, activated the expression of the itaconate 
cluster genes, which resulted in itaconate production.

As already encountered for the wild type strains, (S)-
2-hydroxyparaconate and itatartarate production corre-
lated with itaconate production. In general, activation or 
enhancement of itaconate biosynthesis also activated or 
enhanced (S)-2-hydroxyparaconate and itatartarate bio-
synthesis (Fig. 5, Additional files 3 and 4: Fig. S3 and Fig. 
S4). An exception is P. tsukubaensis that does not possess 
the (S)-2-hydroxyparaconate biosynthesis genes rdo1 and 
cyp3, and therefore (S)-2-hydroxyparaconate and itatar-
tarate are not produced in the activated strains. Zamban-
ini et  al. showed a negative correlation of itaconate and 
malate biosynthesis after overexpression of Umag_ria1 in 
U. vetiveriae CBS131474 on glycerol [12]. This is in line 
with our results. However, for the other tested Ustilagi-
naceae this negative correlation could not be shown, as in 
most activated strains malate production resembled the 
wild type level (Fig. 5, Additional file 4: Fig. S4).

Comparing the successfully activated or improved 
strains, those expressing Uc_ria1 perform considerably 
less well than strains expressing the other regulators. 
Deletion of Uc_ria1 in U.  cynodontis NBRC9727 com-
pletely abolished itaconate production (data not shown), 
indicating that Uc_ria1 is essential for itaconate produc-
tion. However, U. cynodontis NBRC9727 ΔUc_ria1 could 
not be complemented by Uc_ria1 under control of the 
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constitutive promoter  Petef, although complementation 
experiments under control of the native promotor  PUc_ria1 
and terminator  TUc_ria1 and a random genome integration 
was successfully (data not shown). This indicates that the 
integration locus of genes under control of  Petef plays a 
crucial role for heterologous expression in U. cynodontis 
and that the chosen expression cassette design may have 
affected the outcome of ria1 overexpression in differ-
ent hosts. In U.  cynodontis strains itaconate production 
could not be considerably enhanced, even by overexpres-
sion of the native regulator Uc_ria1. In contrast, strains 
more closely related phylogenetically with a lower wild 
type production level, such as U.  xerochloae, could still 
enhance itaconate production by overexpression of Uc_
ria1. Since the U.  cynodontis strains were the best per-
forming wild types, it might be possible that the natural 
expression level of the cluster genes is already at a high 
level, and the rate limiting factor lies upstream of the ita-
conate production pathway. Alternatively, induction by 
Ria1 is in U. cynodontis already at its maximum.

Although the itaconate production of P.  tsukubaen-
sis and S.  iseilematis-ciliati strains is comparatively low, 
the regulators Pt_ria1 and Si_ria1 seem to be the most 
universally applicable, since they improved itaconate pro-
duction in 80% of the tested strains when cultured on 
glucose or glycerol. Therefore, Pt_ria1 and Si_ria1 might 
open new possibilities to activate itaconate production 
in other species through heterologous gene expression 
approaches.

In general, the differences in itaconate production in 
strains expressing the same regulator could have several 

explanations. The chosen constitutive promoter  Petef is 
a modified tef promoter controlling transcription of the 
gene for the translation elongation factor 2 of U.  may-
dis [47]. It may be less efficient in other Ustilaginaceae 
than in U. maydis. However, its functionality was verified 
in U.  trichophora [48] and U.  vetiveriae [12]. As men-
tioned before, different copy numbers of the integrated 
regulators can cause differences in transcription levels 
and therefore in production levels. Especially for results 
on glycerol showing an overall similar trend than on glu-
cose, different growth kinetics, including, growth rates, 
and substrate uptake rates can cause differences in itaco-
nate production. The growth rate on glycerol of Ustilagi-
naceae is lower in comparison to that on glucose, hence 
less nitrogen for biomass synthesis per time is required, 
which subsequently influences nitrogen limitation dur-
ing cultivation. Nitrogen limitation is necessary for natu-
ral induction of itaconate production in U. maydis [49]. 
The maximum theoretical yield of itaconate production 
is directly related to the consumed C/N ratio, and thus 
poor growth (low growth rate) could result in a lower 
yield given the chosen cultivation time. Altogether, ita-
conate production could be activated or enhanced by 
overexpression of Ria1 originating from a related species, 
even though the chosen Ria1 protein sequences are very 
dissimilar. This is the first time that activation of silent 
itaconate clusters by overexpression of a cluster-spe-
cific transcription factor across species and even genus 
boundaries was shown.

Since overexpression of Ria1 upregulates all genes 
of the itaconate core cluster in U. maydis MB215 [17], 

Fig. 5 Overview of the influence of overexpression of Umag_ria1, Uc_ria1, Pt_ria1 and Si_ria1, on itaconate (ITA), (S)-2-hydroxyparaconate (HP), 
and malate (MAL) production. Differences in production were determined after 120 h or 384 h System  Duetz® cultivations in screening medium 
containing either glucose or glycerol as the sole carbon source
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Fig. 6 Itaconate and (S)-2-hydroxyparaconate production by various Ustilaginaceae species and their mutants transformed with Umag_ria1, 
Uc_ria1, Pt_ria1, Si_ria1. Itaconate  (gITA g−1

GLC,  gITA g−1
GLY) and (S)-2-hydroxyparaconate  (gHP g−1

GLC  gHP g−1
GLY) yield after 120 h or 384 h System  Duetz® 

cultivations in screening medium containing glucose (GLC) and glycerol (GLY), respectively. A dash (–) indicates the negative control without an 
overexpression construct. Error bars indicate standard deviation from the mean (n = 3)
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promoter regions of the co-regulated genes will likely 
have a common conserved regulator binding domain. In 
this study the phylogenetic relatedness and the feasible 
inter-species transferability of Ria1 regulator originating 
from related species could be shown. To identify potential 
common regulatory sequences, in silico analysis for con-
served sequence motifs was performed using the MEME 
algorithm Version 4.12.0 under standard settings [50]. 
This analysis revealed that promoters of Ria1-regulated 
genes share a putative conserved Ria1 binding domain 
with a short consensus sequence (CN[T/C]NNNN[G/A]
TCACG[C/T]) (Fig.  7). This sequence can be found in 
all tested Ustilaginaceae in either orientation in the pro-
moter regions of all annotated cluster genes in at least 
one copy with an average E-value of 1.8 × 10−83. Interest-
ingly, none of the ria1 promoters themselves contain this 
element. Since most of the tested regulators do not seem 
to be very species-specific, this site likely binds regulators 
from multiple species. Although the role of this motif as 
the binding site for Ria1 needs to be confirmed by bio-
chemical methods, its occurrence in the sequenced wild 
type strains (U. maydis MB215 (DSM17144), U. vetiver-
iae CBS131474, U. xerochloae CBS131476, U. cynodontis 
CBS131467, P. tsukubaensis NBRC1940 and P. hubeien-
sis NBRC105055, and S. iseilematis-ciliati BRIP60887a) 
strongly suggests that in spite of the relatively low amino 
acid sequence similarity of Ria1 in these species, the 
function of this regulator is the same.

Conclusion
This study indicates phenotypically that itaconate pro-
duction differences among related Ustilaginaceae species 
are based on different transcriptional regulation of the 
itaconate cluster genes, governed in turn by the expres-
sion level of Ria1. All tested strains have the genetic 
equipment for itaconate production; also, itaconate 
non-producers. However, in some strains the itaconate 
clusters are silent, because the itaconate regulator ria1 
is silent. By overexpression of itaconate cluster-specific 
transcription factors Ria1 originating from related spe-
cies, we could activate silent itaconate clusters, even 

though the amino acid sequences of Ria1 regulators are 
relatively dissimilar. In additional to the silent itaconate 
clusters being activated, itaconate production in weak 
producers could be enhanced up to 4-fold. Especially, 
the activated form of U.  maydis strain AB33P5Δ might 
be a promising candidate for the combination of bio-
mass degradation and itaconate production in one strain 
[31]. As such, this study contributes to demonstrating 
the industrial applicability of Ustilaginaceae for the bio-
technological production of itaconate, and also suggests 
that activation of silent secondary metabolite clusters can 
be achieved in a range of related species with reduced 
genetic engineering efforts.

Methods
Strains and culture conditions
All strains used in this work are listed in Table 1.

Ria1 overexpression constructs
To generate the overexpression construct, the back-
bone of the plasmid  Petef-ria1-cbx from Escherichia coli 
Top10+ Petef Umag_ria1-Cbx was amplified by PCR 
with the primer pair HT-212 and HT-213 (Table 1, Addi-
tional file  5: Table  S1). The genes encoding the tran-
scription factors Ria1 from Pseudozyma tsukubaensis, 
Ustilago cynodontis NBRC9727, and Sporisorium iseilem-
atis-ciliati were amplified by PCR using the primer pairs 
HT-214/HT-215, HT-218/HT-219, and HT-216/HT-217, 
respectively (Additional file 5: Table S1). Gibson cloning 
with backbone and different ria1 genes was conducted 
to obtain the plasmids  PetefPt_ria1,  PetefUc_ria1, and 
 PetefSi_ria1, respectively [51]. Enzyme digestion and PCR 
ensured correct assembly.

Overexpression of Ria1
For random integration of the ria1 overexpression con-
structs into the genome of the different Ustilaginaceae, 
the different plasmids  (Petef Pt_ria1,  Petef Si_ria1,  Petef 
Uc_ria1 and  Petef Umag_ria1-cbx) were linearized by SspI 
except of  Petef Pt_ria1, which was linearized by BsrgI. 
Integration of the linearized overexpression construct 
in the different Ustilaginaceae was conducted by proto-
plasts transformation according to Tsukuda et al. [52]. To 
confirm plasmid integration, the ria1 was amplified by 
PCR using the primer Potef-fwd and Tnos-rev.

Shaking cultures were performed in the System 
 Duetz® (24 well plates) with a filling volume of 1.5  mL 
(d = 50  mm, n = 300  rpm, T = 30  °C and Φ = 80%) 
[53]. The screening medium contained 50  g  L−1 glu-
cose or 100  g  L−1 glycerol, 0.8  g  L−1  NH4Cl, 0.2  g  L−1 
 MgSO4·7H2O, 0.01 g L−1  FeSO4·7H2O, 0.5 g L−1  KH2PO4, 
1 mL L−1 vitamin solution, 1 mL L−1 trace element solu-
tion, and as buffer 132  g  L−1 calcium carbonate [10]. 

Fig. 7 Common motif within the promoter regions of the itaconate 
cluster genes in all tested Ustilaginaceae was identified by MEME 
analysis [50]
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Table 1 Strains used in this study

Strain designation Resistance Reference/
GenBank Accession 
number

Escherichia coli Top10 + Petef Umag_ria1-Cbx Ampicillin [54]

Escherichia coli  NEB® 5a  Petef Uc_ria1-Cbx Ampicillin This study

Escherichia coli  NEB® 5a  Petef Pt_ria1-Cbx Ampicillin This study

Escherichia coli  NEB® 5a  Petef Si_ria1-Cbx Ampicillin This study

Ustilago maydis DSM17144
(Ustilago maydis MB215)

Wild type AACP00000000

Ustilago maydis DSM17144  Petef Umag_ria1 Carboxin This study

Ustilago maydis DSM17144  Petef Uc_ria1 Carboxin This study

Ustilago maydis DSM17144  Petef Pt_ria1 Carboxin This study

Ustilago maydis DSM17144  Petef Si_ria1 Carboxin This study

Ustilago maydis DSM17144 ΔUmag_ria1 Hygromycin [54]

Ustilago maydis DSM17144 ΔUmag_ria1  Petef Umag_ria1 Hygromycin, carboxin [54]

Ustilago maydis DSM17144 ΔUmag_ria1  Petef Uc_ria1 Hygromycin, carboxin This study

Ustilago maydis DSM17144 ΔUmag_ria1  Petef Pt_ria1 Hygromycin, carboxin This study

Ustilago maydis DSM17144 ΔUmag_ria1  Petef Si_ria1 Hygromycin, carboxin This study

Ustilago maydis ATCC 22892 Wild type LYOO00000000

Ustilago maydis ATCC22904 Wild type LZQT00000000

Ustilago maydis ATCC22901 Wild type LZNJ00000000

Ustilago maydis ATCCbA22899 Wild type LYZD00000000

Ustilago maydis AB33P5Δ Wild type [30] /LZQU00000000

Ustilago maydis AB33P5Δ  Petef Umag_ria1 Carboxin This study

Ustilago maydis AB33P5Δ  Petef Uc_ria1 Carboxin This study

Ustilago maydis AB33P5Δ  Petef Pt _ria1 Carboxin This study

Ustilago maydis AB33P5Δ  Petef Si_ria1 Carboxin This study

Ustilago vetiveriae CBS131474 Wild type MAIM00000000

Ustilago vetiveriae CBS131474  Petef Umag_ria1 Carboxin [12]

Ustilago vetiveriae CBS131474  Petef Uc_ria1 Carboxin This study

Ustilago vetiveriae CBS131474  Petef Pt _ria1 Carboxin This study

Ustilago vetiveriae CBS131474  Petef Si_ria1 Carboxin This study

Ustilago xerochloae CBS131476 Wild type MAIN00000000

Ustilago xerochloae CBS131476  Petef Umag_ria1 Carboxin This study

Ustilago xerochloae CBS131476  Petef Uc_ria1 Carboxin This study

Ustilago xerochloae CBS131476  Petef Pt _ria1 Carboxin This study

Ustilago xerochloae CBS131476  Petef Si_ria1 Carboxin This study

Ustilago cynodontis CBS131467 Wild type LZQV00000000

Ustilago cynodontis CBS131467  Petef Umag_ria1 Carboxin This study

Ustilago cynodontis CBS131467  Petef Uc_ria1 Carboxin This study

Ustilago cynodontis CBS131467  Petef Pt _ria1 Carboxin This study

Ustilago cynodontis CBS131467  Petef Si_ria1 Carboxin This study

Ustilago cynodontis NBRC9727 Wild type LZZZ00000000

Ustilago cynodontis NBRC9727  Petef Umag_ria1 Carboxin This study

Ustilago cynodontis NBRC9727  Petef Uc_ria1 Carboxin This study

Ustilago cynodontis NBRC9727  Petef Pt _ria1 Carboxin This study

Ustilago cynodontis NBRC9727  Petef Si_ria1 Carboxin This study

Pseudozyma tsukubaensis
NBRC1940

Wild type MAIP00000000

Pseudozyma tsukubaensis NBRC1940  Petef Umag_ria1 Carboxin This study
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Cultures were parallelly inoculated into multiple plates 
and for each sample point a complete plate was taken 
as sacrificial sample in order to ensure continuous 
oxygenation.

Analytical methods
Cell densities were measured by determining the absorp-
tion at 600 nm with a Unico spectrophotometer 1201.

Products and substrates in the supernatants were ana-
lyzed in a DIONEX UltiMate 3000 High Performance 
Liquid Chromatography System (Thermo Scientific, Ger-
many) with an ISERA Metab AAC column 300 × 7.8 mm 
column (ISERA, Germany). As solvent 5  mM  H2SO4 
with a flow rate of 0.6  mL  min−1 and a temperature of 
40 °C was used. All samples were filtered with  Acrodisc® 
Syringe Filters (GHP, 0.20  µm, Ø 13  mm). Itaconate, 
(S)-2-hydroxyparaconate, malate, and itatartarate were 
determined with a DIONEX UltiMate 3000 Variable 
Wavelength Detector set to 210 nm, glycerol and glucose 
with a refractive index detector SHODEX RI-101 (Showa 
Denko Europe GmbH, Germany). Itaconate, malate, 
(S)-2-hydroxyparaconate, glucose, and glycerol were 
identified via retention time and UV/RI quotient com-
pared to corresponding standards. Synthesized (S)-2-hy-
droxyparaconate (purity ~ 70%) was used as the HPLC 
standard for quantification and hence the indicated 

(S)-2-hydroxyparaconate values should be taken as rough 
estimates only [18]. Since no standards of itatartarate 
are commercially available this compound was analyzed 
relatively based on HPLC peak area (mAU*min) using 
the UV detector. All values are the arithmetic mean of at 
three biological replicates. Error bars indicate the stand-
ard deviation from the mean. Statistical analysis was 
performed using unequal variances t test with unilateral 
distribution (P values < 0.01 were considered significant 
and indicated in figures with *).

Genome sequencing
Genomic DNA was isolated by standard phenol–chlo-
roform extraction [55]. Eurofins Genomics (Ebersberg, 
Germany) created the library using the  NEBNext® Ultra 
DNA Library Prep Kit for  Illumina® (Art No E7370), 
and sequenced the library using an llumina HiSeq 2500 
machine with TruSeq SBS kit v3 both according to manu-
facturer’s instructions. The sequencing mode was 1x100 
and the processing used the HiSeq Control software 
2.0.12.0 RTA 1.17.21.3 bcl2fastq-1.8.4. Quality check of 
the sequence data was performed with FastQC (Version 
0.11.2). The SPAdes-3.7.0-Linux pipeline was used for de 
novo genome assembly of single-read libraries and read 
error or mismatch correction including BayesHammer, 
IOnHammer, SPAdes, MismatchCorrector, dipSPAdes, 
and truSPAdes. The k-mer size was determined to 55 

Table 1 (continued)

Strain designation Resistance Reference/
GenBank Accession 
number

Pseudozyma tsukubaensis
NBRC1940  Petef Uc_ria1

Carboxin This study

Pseudozyma tsukubaensis
NBRC1940  Petef Pt _ria1

Carboxin This study

Pseudozyma hubeiensis
NBRC105055

Wild type MAIO00000000

Pseudozyma hubeiensis NBRC105055  Petef Umag_ria1 Carboxin This study

Pseudozyma hubeiensis
NBRC105055  Petef Uc_ria1

Carboxin This study

Pseudozyma hubeiensis
NBRC105055  Petef Pt_ria1

Carboxin This study

Pseudozyma hubeiensis
NBRC105055  Petef Si_ria1

Carboxin This study

Sporisorium iseilematis-ciliati
BRIP60887a

Wild type MJEU00000000

Sporisorium iseilematis-ciliati BRIP60887a  Petef Umag_ria1 Carboxin This study

Sporisorium iseilematis-ciliati
BRIP60887a  Petef Uc_ria1

Carboxin This study

Sporisorium iseilematis-ciliati
BRIP60887a  Petef Pt _ria1

Carboxin This study

Sporisorium iseilematis-ciliati
BRIP60887a  Petef Si_ria1

Carboxin This study
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using VelvetOptimiser Version 2.2.5. The Whole Genome 
Shotgun sequences have been deposited in DDBJ/ENA/
GenBank. Their accession numbers are listed in Table 1.

Phylogenetic analyses
The evolutionary history of itaconate cluster DNA 
sequences was inferred using the Neighbor-Joining method 
[36] after alignment via ClustalW algorithm with the MEGA 
7: Molecular Evolutionary Genetics Analysis version 7.0 for 
bigger datasets Alignment Explorer. The optimal tree with 
the sum of branch length = 1.88603985 is shown. The tree 
is drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phy-
logenetic tree. The evolutionary distances were computed 
using the Maximum Composite Likelihood method [37] 
and are in the units of the number of base substitutions 
per site. The analysis involved 13 nucleotide sequences. All 
positions containing gaps and missing data were eliminated. 
There were a total of 10874 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA7 [38].

For the phylogenetic tree of Ria1, protein sequences 
were aligned via ClustalW (codon) algorithm with MEGA 
7 [38]. The evolutionary history was inferred using the 
Neighbor-Joining method [36]. The optimal tree with the 
sum of branch length = 2.49320505 is shown. The tree is 
drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phy-
logenetic tree. The evolutionary distances were computed 
using the Poisson correction method [56] and are in the 
units of the number of amino acid substitutions per site. 
The analysis involved 13 amino acid sequences. All posi-
tions containing gaps and missing data were eliminated. 
There were a total of 269 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA7 [38].

Additional files

Additional file 1: Fig. S1. Malate and itatartarate production by various 
Ustilaginaceae on glucose and glycerol. Malate concentrations and 
itatartarate UV area after 120 h or 384 h System  Duetz® cultivations in 
screening medium with glucose or glycerol, respectively. U. maydis MB215 
ΔUmag_ria1 was used as a negative control. Error bars indicate standard 
deviation from the mean (n = 3).

Additional file 2: Fig. S2. Glucose and glycerol consumption by various 
Ustilaginaceae. Glucose and glycerol consumption in % after 120 h or 
384 h System  Duetz® cultivations in screening medium with glucose 
or glycerol, respectively. Error bars indicate standard deviation from the 
mean (n = 3).

Additional file 3: Fig. S3. Schematic overview of the influence of over-
expression of Umag_ria1, Uc_ria1, Pt_ria1 and Si_ria1, on itatartarate (ITT) 
production. Differences in itatartarate production were determined after 
120 h or 384 h System  Duetz® cultivations in screening medium contain-
ing glucose or glycerol, respectively.

Additional file 4: Fig. S4. Malate and itatartarate production by various 
Ustilaginaceae and their mutants transformed with Umag_ria1, Uc_ria1, 
Pt_ria1, Si_ria1. Malate  (gMal g

−1
GLC,  gITA g−1

GLY) yield and itatartarate titer after 
120 h or 384 h System  Duetz® cultivations in screening medium contain-
ing glucose (GLC) and glycerol (GLY), respectively. A dash (–) indicates the 
negative control without an overexpression construct. Error bars indicate 
standard deviation from the mean (n = 3).

Additional file 5: Table S1. Oligonucleotides used for overexpression 
constructs.
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Translocated duplication of a targeted 
chromosomal segment enhances gene 
expression at the duplicated site and results 
in phenotypic changes in Aspergillus oryzae
Tadashi Takahashi* , Masahiro Ogawa, Atsushi Sato and Yasuji Koyama

Abstract 

Background: Translocated chromosomal duplications occur spontaneously in many organisms; segmental duplica-
tions of large chromosomal regions are expected to result in phenotypic changes because of gene dosage effects. 
Therefore, experimentally generated segmental duplications in targeted chromosomal regions can be used to study 
phenotypic changes and determine the functions of unknown genes in these regions. Previously, we performed 
tandem duplication of a targeted chromosomal segment in Aspergillus oryzae. However, in tandem chromosomal 
duplication, duplication of chromosomal ends and multiple chromosomal duplication are difficult. In this study, we 
aimed to generate fungal strains with a translocated duplication or triplication of a targeted chromosomal region via 
break-induced replication.

Results: Double-strand breaks were introduced into chromosomes of parental strains by treating protoplast cells 
with I-SceI meganuclease. Subsequently, strains were generated by nonreciprocal translocation of a 1.4-Mb dupli-
cated region of chromosome 2 to the end of chromosome 4. Another strain, containing a triplicated region of 
chromosome 2, was generated by translocating a 1.4-Mb region of chromosome 2 onto the ends of chromosomes 4 
and 7. Phenotypic analyses of the strains containing segmental duplication or triplication of chromosome 2 showed 
remarkable increases in protease and amylase activities in solid-state cultures. Protease activity was further increased 
in strains containing the duplication and triplication after overexpression of the transcriptional activator of proteases 
prtT. This indicates that the gene-dosage effect and resulting phenotypes of the duplicated chromosomal region 
were enhanced by multiple duplications, and by the combination of the structural gene and its regulatory genes. 
Gene expression analysis, conducted using oligonucleotide microarrays, showed increased transcription of a large 
population of genes located in duplicated or triplicated chromosomal regions.

Conclusion: In this study, we performed translocated chromosomal duplications and triplications of a 1.4-Mb 
targeted region of chromosome 2. Strains containing a duplication of chromosome 2 showed significant increases in 
protease and amylase activities; these enzymatic activities were further increased in the strain containing a triplication 
of chromosome 2. This indicates that segmental duplications of chromosomes enhance gene-dosage effects, and 
that the resulting phenotypes play important phenotypic roles in A. oryzae.

Keywords: Targeted chromosomal duplication, Translocated duplication, Break induced replication, Aspergillus 
oryzae, Phenotypic change, prtT, Screening, Molecular breeding, Biotechnology, Genome engineering, Gross genome 
editing, Protease
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Background
In eukaryotic organisms, duplications, translocations, 
reversions, and deletions of chromosomal regions occur 
spontaneously. For example, in Saccharomyces cerevisiae, 
duplication and translocation of chromosomes frequently 
occurs via Ty transposable element sequences, which 
are repeat sequences widely distributed in yeast chro-
mosomes [1]. Similarly, previous studies of mammalian 
cells indicated that duplications, translocations, and dele-
tions of chromosomes occur via repeat sequences such as 
Alu and L1 [2]. Changes in the chromosomal state often 
induce significant alterations in gene expression and 
result in phenotypic changes. In humans and other mam-
mals, chromosome duplication or translocation events 
are reported to be among the causes of genetic diseases 
and cancers [3, 4].

The koji molds Aspergillus oryzae and Aspergillus sojae 
are filamentous fungi that are used in the fermenta-
tion of soy sauce and sake, and in production of indus-
trial enzymes. The complete genome sequences of A. 
oryzae and A. sojae have been determined [5, 6]. Previ-
ously, genetic tools such as gene targeting [7, 8] and large 

chromosomal deletions [9, 10], have been developed to 
analyze the nature of A. oryzae and A. sojae. However, in 
koji molds, the functions of many genes remain unknown. 
Because of the presence of endogenous multiple ortholo-
gous genes, disrupting individual genes in strains of koji 
molds does not always generate clear phenotypic changes 
[5]. Overexpression of individual genes via a strong pro-
moter can also cause reduced growth phenotypes [11]. 
However, strains with duplicated chromosomes can show 
phenotypic changes via increased dosage of unidenti-
fied genes [12]. By examining the genome of targeted 
chromosomal segments and phenotypic changes in the 
strains, we can determine the role of unknown genes cor-
responding to these phenotypic changes. In this study, we 
generated targeted segmental chromosomal duplications 
in A. oryzae and examined the phenotypic effects of these 
duplications. There are two common types of segmen-
tal chromosomal duplications: tandem duplication and 
translocated duplication (Fig.  1). In a tandem duplica-
tion, duplicated regions are arranged next to each other 
on the same chromosome by nonallelic homologous 
recombination (Fig. 1, top). In translocated duplications, 

Fig. 1 Types of chromosomal duplication. The top part of the figure shows a schematic representation of tandem chromosomal replication by 
nonallelic homologous recombination, where the duplicated region was arrayed in the same chromosome. The bottom of the figure shows a 
schematic representation of translocated duplication by break-induced replication, where the duplicated region was translocated to the other 
chromosome
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chromosomal duplications are translocated onto another 
chromosome by break-induced replication (Fig.  1, bot-
tom). We previously generated A. oryzae strains contain-
ing targeted tandem chromosomal duplications using 
protoplasts of the parental strain, in which artificially 
generated consensus sequences (partly deleted selection 
marker) were introduced into both ends of the duplica-
tion target region [12]. If the copy number of the duplica-
tion target region is increased, such as in triplication, the 
phenotypic change in the strain may be further enhanced. 
However, to maintain stability of a tandem chromosomal 
duplication, a selection marker must be located at the 
junction between the two duplicated segments. In A. 
oryzae, this prevents removal of the duplicated region by 
recombination events occurring between the duplicated 
homologous sequences [12]. Therefore, it is technically 
difficult to increase the copy numbers of genes located 
in duplicated regions in tandem chromosomal duplica-
tions. Moreover, it is difficult to duplicate chromosomal 
ends in tandem duplications because a selection marker 
positioned at the chromosomal end is unstable and lost 
during regeneration (Takahashi et al. unpublished data). 
In contrast, generating multiple translocated chromo-
somal duplications is theoretically possible because the 
potential for recombination between the two duplicated 
regions is low in translocated chromosomal duplications, 
and selective pressures are not required to maintain the 
translocation. Furthermore, duplication of chromo-
somal ends is straightforward in translocated duplication 
because a selection marker is not required at chromo-
somal ends. However, no previous studies have gener-
ated translocated duplications of targeted chromosomal 
regions in filamentous fungi such as A. oryzae. Therefore, 
we generated a translocated duplication of a targeted 
chromosomal segment in A. oryzae.

The break-induced replication (BIR) mechanism causes 
translocated chromosomal duplications in yeast [13–15]. 
However, no previous studies have shown that the same 
mechanism can be used in filamentous fungi such as A. 
oryzae. To cause BIR in A. oryzae, it is necessary to arti-
ficially introduce double-strand breaks (DSBs) into the 
chromosomes (Fig. 1, bottom). In most studies on yeast, 
DSBs are introduced after the expression of genes encod-
ing endogenous yeast homothallic switching endonu-
clease (HO) or I-SceI endonuclease (SCEI). In contrast, 
chromosome modifications have been performed in A. 
oryzae using polyethylene glycol (PEG)-mediated intro-
duction of enzymes into protoplast cells [12, 16–18]. 
Therefore, we generated chromosomal duplications by 
directly treating protoplast cells with I-SceI meganucle-
ase and monitoring the resulting chromosomal DSBs. 
This approach eliminated the need for I-SceI expression 
and produced a translocated chromosomal duplication 

strain containing 1.4-Mb segment of the targeted chro-
mosomal region. To the best of our knowledge, this is 
the first study to generate a targeted translocated chro-
mosomal duplication using BIR and analyze the effect 
of chromosomal duplication on gene expression in fila-
mentous fungi. Phenotypes of the strain resulting from 
this chromosomal duplication show increased activities 
of protease and amylase, indicating that this method can 
be used in functional analysis and molecular breeding of 
Aspergillus strains.

Results
Translocated duplication of targeted segment 
of chromosome 2 onto chromosome 4 and a strain bearing 
translocated triplication
We previously constructed strains containing targeted 
tandem chromosomal duplications [12]. Chromosome 
2 of A. oryzae includes genes encoding alkaline protease 
and alpha-amylase, and their respective regulatory genes 
prtT and amyR, which are important for fermentation. 
Accordingly, strains containing a 700-kb tandem chro-
mosomal duplication in chromosome 2 showed increased 
protease and amylase activities under solid-state cul-
ture conditions [12]. In the present study, we duplicated 
a 1.4-Mb region of chromosome 2 and translocated this 
region onto the end of chromosome 4 (Fig. 2). Success-
fully translocated duplications can increase the activities 
of protease and amylase in solid-state cultures, as shown 
previously by tandem duplication of chromosome 2 [12]. 
In subsequent analyses using BLASTN, no I-SceI recog-
nition sequence was found in the chromosome of A. ory-
zae strain RIB40 [17]. To translocate the 1.4-Mb region 
of chromosome 2 onto the end of chromosome 4, we 
placed the 5′ΔpyrG marker (targeted integration of the 
basic unit of 5′ΔpyrG and subsequent 5-fluoroorotic acid 
[5-FOA] selection) adjacent to the target donor chromo-
somal region. The 3′ΔpyrG marker (targeted integration 
of the basic unit of 3′ΔpyrG and subsequent 5-FOA selec-
tion), which included the I-SceI recognition sequence, 
was placed adjacent to the acceptor chromosomal region 
(Fig. 2, top). The resulting parental strain was then used 
to generate translocated duplication of the targeted 
region of chromosome 2. For these procedures, proto-
plast cells of the parental strain were prepared and gently 
treated with I-SceI meganuclease and PEG. The treated 
protoplasts were then incubated at 30 °C on Czapek-Dox 
minimum medium (CZ) plates containing 1.2  M sorbi-
tol. After more than 2 weeks of incubation, we observed 
a colony that was regenerated from treated protoplasts. 
The frequency of the number of regenerated colonies 
was approximately  10−8 per cell. To confirm that translo-
cated duplication was achieved in the regenerated strain, 
genomic DNA of the regenerated strain was extracted 
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and analyzed by PCR using primers targeting the border 
of the translocated region (Fig. 3a).

We detected amplification of the 5-kb DNA fragment 
using combinations of primers targeting the translocated 
position (primers ct166-U and B-L in lane 4 of Fig.  3a) 
and original position (primers B-U and B-L in lane 1 of 
Fig. 3a) in the regenerated strain. In contrast, amplifica-
tion of the 3-kb fragment was detected only by using the 
primer combination corresponding to the original posi-
tion (primes B-U and B-L in lane 5 of Fig. 3a, and primers 
ct166-U and ct166-L in lane 6 of Fig. 3a) in the control 
strain (RIB40). These analyses confirmed that translo-
cated duplication of the targeted chromosomal region 

occurred in the regenerated strain; this strain was there-
after referred to as J4 and used in further analyses.

As described above, generating multiple translocated 
chromosomal duplications is theoretically possible. 
Therefore, we constructed a strain in which the targeted 
region of chromosome 2 was triplicated, and evaluated 
the effects of triplication on the phenotype of this strain. 
Initially, we removed the pyrG marker at the border of 
the translocated duplication region of chromosome 4 
by homologous recombination between the chromo-
some and fragment used to remove pyrG (Additional 
file 1: Figure S3, top). Transformants were then selected 
on 1.2-M sorbitol-CZ plates containing 5-FOA, and the 

Fig. 2 A schematic showing translocated duplication of chromosome 2 in a strain of A. oryzae. A 1.4-Mb target donor region of chromosome 2 was 
duplicated and translocated to the acceptor region of chromosome 4 using break-induced replication

Fig. 3 a Confirmation of translocated duplication by PCR. Targeted translocated duplication of a 1.4-Mb region of chromosome 2 to chromosome 4 
was confirmed by PCR. Lane 1. B–U, B–L; Lane 2. ct166-U, ct166-L; Lane 3. B–U, ct166-L; Lane 4. ct166-U, B–L (Lanes 1–4. translocated duplication strain 
J4); Lane 5. B–U, B–L; Lane 6. ct166-U, ct166-L; Lane 7. B–U, ct166-L; Lane 8. ct166-U, B–L (Lanes 5–8. Wild-type strain). b Confirmation of translocated 
duplication by comparative genome hybridization (CGH) arrays. Vertical bars show ratios of signal intensities for probes of the strain bearing 
translocated duplication (J4) relative to those of the control strain (RIB40). Ratios of hybridization signals in the 1.4-Mb region of chromosome 
2 were twice those of the other region, indicating that the 1380-kb region of chromosome 2, including AO090002001035 to AO090002001558, 
was duplicated. The ratio of hybridization signals in the 308-kb region of chromosome 4 was nearly zero, indicating that the 308-kb region of 
chromosome 4, including AO090166000010 to AO090166000123, was deleted

(See figure on next page.)
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vector for introducing 3′ΔpyrG with the I-SceI recogni-
tion sequence was integrated near the end of chromo-
some 7 (Additional file 1: Figure S3, acceptor region). This 
was followed by selection using 5-FOA. The resulting 
triplication-containing parental strain (K1-IF5-2-5FOA) 
was cultured, and protoplasts were prepared for pheno-
typic analyses. Protoplasts were treated with I-SceI and 
PEG as described above. After incubation for 3 weeks at 
30 °C, regenerated colonies were analyzed by PCR. After 
single-colony isolation (details are described in Addi-
tional file 1: Fig. S4), the strain containing homokaryotic 
nuclei with the translocated chromosomes was thereafter 
referred to as I-8 strain.

Confirmation of translocated chromosomal duplications 
using array comparative genome hybridization (array CGH)
CGH was used to confirm the presence of translocated 
chromosomal duplication in the targeted chromosomal 
region. Briefly, genomic DNA isolated from RIB40 (con-
trol) and J4 strains (Δku70 strain with translocated 
chromosomal duplication) was labeled with Cy dyes, 
hybridized on microarray slides at 65  °C for 24  h, and 
scanned with a laser-scanner. Comparison of the two 
strains revealed that the signal ratio of the probes in the 
1.4-Mb region of chromosome 2 (AO090003001035–
AO090003001558) was approximately two, and that 
of the probes located in the 308-kb region near the 
terminal end of chromosome 4 (AO090166000010–
AO090166000123) was nearly zero (Fig.  3b). These 
observations confirmed the presence of translocated 
duplication of the targeted chromosomal region in the 
J4 strain (Fig.  3b and Additional file  1: Figure S1). The 
BN1-1 strain (ku70 + strain with translocated chromo-
somal duplication) was also analyzed using CGH. Simi-
lar results were obtained (Additional file  1: Figure S2), 
indicating that translocated duplication of the targeted 
chromosomal region occurred successfully in the J4 and 
BN1-1 strains.

Next, genomic DNA isolated from RIB40 (con-
trol) and I-8 strains (Δku70 strain with translocated 
chromosomal triplication) was labeled with Cy dyes, 
hybridized on microarray slides, and scanned using 
a laser-scanner. As shown in Fig.  4, comparisons of 
triplicate (I-8) and control strains revealed a signal 
ratio of approximately 3 for the probes located in the 
1.4-Mb region of chromosome 2 (AO090003001035–
AO090003001558). Moreover, the signal ratios of the 
probes located in the 308-kb near-telomeric region of 
chromosome 4 (AO090166000010–AO090166000123) 
and in the 13-kb near-telomeric region of chromosome 7 
(AO090011000001–AO090011000008) were nearly zero, 
indicating successful translocation of chromosome 2 to 
the end of chromosomes 4 and 7 in the I-8 strain (Fig. 4). 

These results indicate that multiple translocated duplica-
tions (such as translocated triplication) of the targeted 
chromosomal region were achieved in the I-8 strain.

Gene expression analysis of translocated chromosomal 
duplication and triplication strains in solid‑state culture
Segmental duplication of large chromosomal regions 
may upregulate numerous genes in the duplicated chro-
mosomal region and cause phenotypic changes via gene 
dosage effect. To demonstrate the effects of chromo-
somal duplication on gene expression, we examined 
gene expression levels of the strains under conditions 
of solid-state fermentation. The J4 strain with a translo-
cated duplication of a 1.4-Mb region of chromosome 2, 
I-8 strain with a translocated triplication of the 1.4-Mb 
region of chromosome 2, and RIB40 strain (control) were 
cultivated for 65 h at 30 °C in wheat bran medium; then, 
RNA was extracted and analyzed by gene expression 
microarrays. The ratios of upregulated genes in dupli-
cated chromosomal regions were remarkably higher in 
strains with duplicated and triplicated chromosomes. As 
shown in Tables 1 and 2, gene expression was increased 
by 11% in the whole chromosomal region (1293 vs. 
12010). Gene expression was increased by 37 and 64% in 
the strains with duplicated (166 vs. 446) and triplicated 
regions (284 vs. 446), respectively. These data indicate 
that segmental duplication and triplication of target 
chromosomal regions effectively increased transcription 
of resident genes. These data were summarized accord-
ing to Clusters of Orthologous Groups (COGs) classifi-
cation [19]. Per COGs classifications, the influence gene 
dosage effect on signal transduction mechanisms (T) 
was low with 25% increases in the J4 (2 vs. 8) and 38% 
increases in the I-8 (3 vs. 8) strains. The expression of 
genes categorized into the nucleotide transport and 
metabolism (F) group, per COGs classification, was sig-
nificantly increased (5 vs. 5) in the duplicated region of 
the strains (Tables 1 and 2). In contrast, gene expression 
was decreased by 4 and 2.5% in the duplicated (17 vs. 
446) and triplicated chromosomal regions, respectively. 
For the chromosomes in the J4 (duplicated) strain, sites 
of upregulated genes were identified using probes (Addi-
tional file  1: Figure S5), which clearly showed increased 
gene transcription in the duplicated chromosomal 
region. Approximately 10% of the genes located outside 
of the duplicated region (1127 vs. 11,564) were upregu-
lated; several of these genes were markedly upregulated 
in the duplicated strain (Additional file  1: Figure S5), 
indicating the presence of regulatory factors in the dupli-
cated region. The genes upregulated in the J4 strain are 
summarized in Tables 3, 4, 5 and 6. Twenty-three proteo-
lytic genes, 8 amylolytic genes, and 23 xylanolytic genes, 
which were located outside of the duplicated region, were 

150 Mycology: A Comprehensive Approach



upregulated. Increased expression of proteolytic genes, 
located outside of the duplicated region, was observed in 
the J4 strain, suggesting that gene dosage effect exerted 
by prtT occurred in the duplicated region. Similarly, the 
upregulated expression of amylolytic genes indicated 
that gene dosage effect, exerted by amyR, occurred in 

the duplicated region. The expression of xlnR was not 
increased. However, we observed upregulated expres-
sion of genes related to xylanase, most of which were 
positively regulated by xlnR [20]. This indicate that xlnR2 
(AO090003001292) affected the expression of these 
genes. The expression of prtT, amyR, and xlnR2 was 

Fig. 4 Confirmation of translocated duplication by array CGH. Results of array CGH indicate that the 1.4-Mb region of chromosome 2 was triplicated 
and translocated to the ends of chromosomes 4 and 7
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upregulated in the duplicated region (Table  6). In con-
trast, 1252 genes located outside of the duplicated region 
were downregulated in the J4 strain, indicating that genes 
involved in negative regulation were also present in the 
duplicated region.     

Enzymatic activity in translocated chromosomal 
duplication and triplication strains in solid‑state culture
To examine how chromosomal duplication and tripli-
cation affect phenotypes, we assessed enzymatic activ-
ity in translocated chromosomal duplication strains 
under solid-state conditions. We have previously 
shown increased activity of protease, amylase, and acid 
carboxypeptidase in strains with the 700-kb region 
(AO090003001003–AO090003001258) of the tandem 
duplication of chromosome 2 under conditions of solid-
state cultivation on wheat bran media [12]. Therefore, we 
measured the activities of these enzymes in translocated 

duplication strains under solid-state culture conditions 
(Fig. 5a). Both translocated (J4) and tandem (700k-dup) 
chromosomal duplications led to increased activity of 
protease and amylase. Moreover, the activity of acid 
carboxypeptidase in the translocated duplication strain 
showed slightly higher levels than that in the wild-type 
strain (RIB40 control), but lower levels than that in the 
tandem duplication strain. A list of genes located in the 
overlapped region between J4 and 700k-dup is provided 
in Additional file  1: Table  S2. We then examined enzy-
matic activity in the triplication strain I-8 under solid-
state culture conditions. Protease activity was increased 
by more than fourfold in the triplication strain (I-8) com-
pared to that in the control strain (RIB40), and was higher 
than those in the translocated and tandem duplication 
strains (J4 and 700k-dup) (Fig. 5a). The activity of amyl-
ase was also higher in the triplication strain (I-8) than 
in the duplication strains (J4 and 700k-dup), indicating 

Table 1 Percent increase in the expression of upregulated genes in the duplicated chromosomal region of the J4 strain

*p < 0.02 and fold change > 1 indicate upregulated genes

% increase shows the percent ratio of upregulated genes to total genes in the whole genome or that of the genes in the duplicated region

COG description Total Up‑regulated 
genes

% Duplicated 
region

Up‑regulated 
genes

%

[A] RNA processing and modification 176 3 2 8 1 13

[B] Chromatin structure and dynamics 38 2 5 4 2 50

[C] Energy production and conversion 371 56 15 9 3 33

[D] Cell cycle control, cell division, chromosome partitioning 101 10 10 5 2 40

[E] Amino acid transport and metabolism 453 65 14 18 9 50

[F] Nucleotide transport and metabolism 97 15 15 5 5 100

[G] Carbohydrate transport and metabolism 500 103 21 27 15 56

[H] Coenzyme transport and metabolism 133 13 10 4 3 75

[I] Lipid transport and metabolism 314 37 12 12 7 58

[J] Translation, ribosomal structure and
biogenesis

277 5 2 6 3 50

[K] Transcription 180 4 2 9 3 33

[L] Replication, recombination and repair 172 11 6 7 2 29

[M] Cell wall/membrane/envelope biogenesis 98 11 11 5 1 20

[N] Cell motility 2 0 0 0 0 0

[O] Posttranslational modification, protein turnover, chaperones 390 19 5 12 6 50

[P] Inorganic ion transport and metabolism 195 21 11 9 2 22

[Q] Secondary metabolites biosynthesis, transport and catabolism 447 68 15 9 4 44

[R] General function prediction only 1370 186 14 51 18 35

[S] Function unknown 333 27 8 16 7 44

[T] Signal transduction mechanisms 310 26 8 8 2 25

[U] Intracellular trafficking, secretion, and vesicular transport 241 5 2 9 1 11

[V] Defense mechanisms 50 11 22 0 0 0

[W] Extracellular structures 3 0 0 0 0 0

[Y] Nuclear structure 6 0 0 0 0 0

[Z] Cytoskeleton 94 10 11 2 0 0

Unannotated 5659 585 10 211 70 33

Total 12,010 1293 11 446 166 37
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that gene dosage showed increased phenotypic effects 
after multiple duplication of the chromosomal region. 
The BP-B3 strain, a tandem duplication strain bearing 
a 9-kb region (AO090003001033-AO090003001036) 
that included alp (gene encoding alkaline protease, 
AO090003001036) [21], showed 1.7-fold increase in 
protease activity compared to that of the control strain 
(Fig. 5a). The expression of alp and prtT in the duplica-
tion strains were examined by real-time PCR (Table 7).

We then overexpressed the transcription factor prtT 
and examined its effects in duplicated and triplicated 
chromosomal translocation strains. PrtT regulates pro-
teolytic enzymes in A. oryzae [22]. Our gene expression 
microarrays revealed moderate fivefold increases in prtT 
expression in duplication strains. These data suggest 
that prtT is rate-limiting, indicating increased protease 
activity in prtT over-expressing strains. The prtT over-
expression vector pAPRT contains an amyB promoter 
and terminator, connected to the open reading frame 

of the prtT gene, and a pyrG marker. pAPRT in circular 
state was used to transform the RP1 strain (pyrG deletion 
strain), del 1546K4 strain (pyrG deletion strain derived 
from the J4 strain), and TLTAs11B strain (pyrG deletion 
strain derived from the I-8 strain). Single transformants 
showing clear large halos on casein plates, which indi-
cates high protease activity [12], were selected for each 
prtT overexpression strain; overexpression of prtT was 
confirmed by real-time PCR (Table 8).

The expression of prtT was increased more than 
10-fold in the APRT, 1546  K-APRT, and TLTA-APRT 
strains compared to that in the control strain (Table 8). 
Accordingly, the activity of protease in solid-state cul-
tures (Fig. 5a) was approximately threefold higher in the 
APRT-transformed strain than in the RIB40 strain (wild 
type). This indicates that a single copy of alp was rate-
limiting for protease activity under condition of prtT 
overexpression. Moreover, protease activity was similar 
in the 1546 K-APRT and TLTA-APRT strains and nearly 

Table 2 Percent increase in upregulated genes in the triplicated chromosomal region of the I-8 strain

*p < 0.02 and fold change > 1 indicate upregulated genes

% increase shows the percent ratio of upregulated genes to total genes in the whole genome or that of the genes in the duplicated region

COG description Total Up‑regulated 
genes

% Duplicated 
region

Up‑regulated 
genes

%

[A] RNA processing and modification 176 9 5 8 7 88

[B] Chromatin structure and dynamics 38 3 8 4 3 75

[C] Energy production and conversion 371 42 11 9 5 56

[D] Cell cycle control, cell division, chromosome partitioning 101 13 13 5 5 100

[E] Amino acid transport and metabolism 453 60 13 18 14 78

[F] Nucleotide transport and metabolism 97 11 11 5 5 100

[G] Carbohydrate transport and metabolism 500 70 14 27 24 89

[H] Coenzyme transport and metabolism 133 13 10 4 3 75

[I] Lipid transport and metabolism 314 39 12 12 9 75

[J] Translation, ribosomal structure and biogenesis 277 8 3 6 6 100

[K] Transcription 180 10 6 9 8 89

[L] Replication, recombination and repair 172 14 8 7 5 71

[M] Cell wall/membrane/envelope biogenesis 98 10 10 5 3 60

[N] Cell motility 2 0 0 0 0 0

[O] Posttranslational modification, protein turnover, chaperones 390 21 5 12 10 83

[P] Inorganic ion transport and metabolism 195 18 9 9 4 44

[Q] Secondary metabolites biosynthesis, transport and catabolism 447 54 12 9 5 56

[R] General function prediction only 1370 138 10 51 24 47

[S] Function unknown 333 29 9 16 14 88

[T] Signal transduction mechanisms 310 21 7 8 3 38

[U] Intracellular trafficking, secretion, and vesicular transport 241 10 4 9 7 78

[V] Defense mechanisms 50 11 22 0 0 0

[W] Extracellular structures 3 0 0 0 0 0

[Y] Nuclear structure 6 0 0 0 0 0

[Z] Cytoskeleton 94 12 13 2 2 100

Unannotated 5659 537 9 211 118 56

Total 12,010 1153 10 446 284 64
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sixfold higher than that in the RIB40 strain; this indicates 
that two copies of alp were sufficient for protease activity 
when prtT was overexpressed.

The APRT, 1546  K-APRT, and TLTA-APRT strains 
showed similarly increases in the activity of acid carboxy-
peptidase compared to that of the RIB40 strain. This sug-
gests that acid carboxypeptidase genes are transactivated 
by prtT, but are not located in the duplicated chromo-
somal region. Single-copy integration of pAPRT in the 
APRT and TLTA-APRT strains, and two-copy integration 
of pAPRT in the 1546 K-APRT strain, were confirmed by 
quantitative PCR (Additional file 1: Figure S7).

The growth phenotypes of translocated duplication 
strains on CZ plates are presented in Fig. 5b. The strains 
were cultured on 1.2  M sorbitol-CZ plates at 30  °C for 
7  days. The J4 strain showed a slight delay in growth 
compared to the growth of the RIB40 strain. The I-8 
strain showed a slight delay in growth compared to that 
of the J4 strain. The growth rate of the strains gradually 
decreased as the copy number of the duplicated region 
from chromosome 2 increased. The deletion of a 308-kb 
region from chromosome 4, resulting from translocation 
in the J4 and I-8 strains, may have caused the delay in 
growth. The growth rates of the APRT and 1546 K-APRT 
strains were similar to those of the RIB40 and J4 strains, 
respectively. However, the TLTA-APRT strain showed a 

Table 3 Upregulation of proteolytic genes located outside of the duplicated chromosomal region in the J4 strain

a Relative gene expression in the J4 strain compared to that in the RIB40 strain was measured by gene expression array. p < 0.02

Systematic name Relative  genea expression Description

AO090001000135 2.7 Mep20-metalloproteinase

AO090003000354 3.2 LapII, transferrin receptor and related proteins

AO090009000148 2.1 OpsA;aspartyl protease

AO090009000171 3.5 SPRT-like metalloprotease

AO090009000593 4.4 Metal-dependent amidase/aminoacylase/carboxypeptidase

AO090010000493 4.5 NpII-neutral protease II

AO090010000534 4.4 Serine carboxypeptidases (lysosomal cathepsin A)

AO090010000540 3.9 Aminoacylase ACY1 and related metalloexopeptidases

AO090011000036 9.7 Np I-neutral protease I

AO090011000052 4.7 LapI-leucine aminopeptidase

AO090011000235 3.0 TppA-tripeptidyl peptidase A

AO090012000022 2.9 Metal-dependent amidase/aminoacylase/carboxypeptidase

AO090012000080 2.4 Metal-dependent amidase/aminoacylase/carboxypeptidase

AO090012000706 4.0 Carboxypeptidase C (cathepsin A)

AO090020000288 3.1 Aminoacylase ACY1 and related metalloexopeptidases

AO090020000351 4.0 Serine carboxypeptidases (lysosomal cathepsin A)

AO090023000382 2.6 Carboxypeptidase C (cathepsin A)

AO090026000083 4.5 AorO-aorsin

AO090026000680 3.8 Serine carboxypeptidases (lysosomal cathepsin A)

AO090103000264 3.9 Predicted molecular chaperone distantly related to HSP70-fold metalloproteases

AO090138000101 4.0 Putative intracellular protease/amidase

AO090138000114 7.1 Meltrins, fertilins and related Zn-dependent metalloproteinases of the ADAMs family

AO090701000220 2.3 Carboxypeptidase C (cathepsin A)

Table 4 Upregulation of amylolytic genes located 
outside of the duplicated region in the J4 strain

a Relative gene expression in the J4 strain compared to that in the RIB40 strain 
was measured by gene expression array. p < 0.02

Systematic name Relative  genea 
expression

Description

AO090001000259 2.8 Beta-galactosidase

AO090001000492 2.6 Arabinogalactan endo-
1,4-beta-galactosidase

AO090012000389 8.3 Beta-galactosidase/beta-
glucuronidase

AO090023000944 2.5 Alpha-amylase

AO090038000471 2.5 Maltase glucoamylase and 
related hydrolases, glyco-
syl hydrolase family 31

AO090103000378 2.9 Alpha-amylase

AO090120000158 6.4 Beta-galactosidase

AO090701000558 2.2 Alpha-glucosidases, family 
31 of glycosyl hydrolases
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severe delay in growth compared to that of the I-8 strain. 
As shown in Table 8, the expression of alp was extremely 
high in the TLTA-APRT strain compared to that in the 
APRT or 1546 K-APRT strains. The expression of alp was 
originally high in the control strain (RIB40), suggesting 
that increased expression of alp caused growth delays in 
the TLTA-APRT strain.

Discussion
In this study, we generated strains of A. oryzae in which 
a targeted chromosomal region was translocated and 
duplicated. CGH and PCR were used to confirm that 
targeted translocation indeed occurred. Because CGH is 
commonly used to detect chromosomal rearrangement 
in yeast. It was confirmed that the original genome of A. 
oryzae did not contain an I-SceI recognition sequence 
[17], indicating a low possibility of unexpected chromo-
somal rearrangement.

The strain with the translocated duplication of the 
targeted chromosomal region was obtained by treat-
ing protoplast cells with the I-SceI enzyme. No strains 
containing translocated duplication were generated in 
the absence of I-SceI, indicating that translocated chro-
mosomal duplication in A. oryzae requires artificially 
introduced DSBs and depends on the break-induced 
replication mechanism. We previously obtained tandem 
chromosomal duplications from protoplasted cells with-
out I-SceI-derived chromosomal DSBs in A. oryzae [12] 
and hypothesized that the tandem chromosomal duplica-
tions were generated by a nonallelic homologous recom-
bination mechanism instead of classical unequal sister 
chromatid exchange in diploid budding yeast [23]. In 
addition, the time required for regenerating cells and fre-
quency of regenerated colonies differed between tandem 
and translocated chromosomal duplications in A. oryzae. 
Specifically, tandem chromosomal duplications were pro-
duced after incubating protoplast cells for 5–7  days on 
regeneration plates, and the frequency of regenerated 

Table 5 Upregulation of xylanolytic genes located 
outside of the duplicated region in the J4 strain

*Positively regulated by XlnR [20]
a Relative gene expression in the J4 strain compared to that in the RIB40 strain 
was measured by gene expression array. p < 0.02

Systematic name Relative  genea 
expression

Description

AO090001000164 2.3 Protein with predicted 
nucleotide binding activity*

AO090001000383 6.9 Extracellular catechol 
oxidase*

AO090005000476 2.8 Beta-xylosidase

AO090005000531 3.6 Endoglucanase B; predicted 
secretion signal peptide*

AO090005000698 3.7 Beta-xylosidase*

AO090010000063 5.5 Sugar transporter (MFS 
family); transcriptionally 
induced by growth on 
xylose*

AO090011000141 3.6 Putative exoarabinase*

AO090023000001 6.7 AbfB-alpha-L-arabinofuranosi-
dase B

AO090023000401 3.3 PglB-polygalacturonase B*

AO090038000426 4.1 Dehydrogenases related to 
short-chain alcohol dehy-
drogenases*

AO090038000631 3.5 xdhA1-Xylitol dehydroge-
nase*

AO090103000087 3.0 Putative endoglucanase 
precursor*

AO090103000268 6.2 Beta-xylosidase*

AO090103000326 2.5 Beta-1,4-xylanase

AO090103000423 2.8 XynF1, beta-1,4-xylanase*

AO090103000426 4.0 Shikimate 5-dehydrogenase*

AO090124000023 3.1 AbfA,;alpha-L-arabinofura-
nosidase

AO090701000885 3.1 As Abf-alpha-L-arabinofura-
nosidase*

AO090001000649 3.4 Alpha-glucosidases, family 31 
of glycosyl hydrolases*

AO090011000140 3.6 Beta-glucosidase-related 
glycosidases*

AO090011000715 2.7 Ak eglA-Endoglucanase

AO090023000056 2.1 Endoglucanase B

AO090038000175 2.5 Endoglucanase

Table 6 Upregulation of proteolytic, amylolytic, 
and xylanolytic genes, and expression of their respective 
regulatory genes, located in the duplicated region 
of the J4 strain

a Relative gene expression in the J4 strain compared to that in the RIB40 strain 
was measured by gene expression array. p < 0.02

Systematic name Relative  genea 
expression

Description

AO090003001036 3.2 Alp, subtilisin-related protease

AO090003001208 2.0 AmyR

AO090003001209 2.5 AgdA, maltase glucoamylase and 
related hydrolases, glycosyl 
hydrolase family 31

AO090003001211 5.1 prtT

AO090003001258 2.4 Peptidase family M48

AO090003001292 3.0 XlnR2

AO090003001305 2.7 Alpha-D-galactosidase (melibiase)

AO090003001341 8.3 Endoglucanase

AO090003001497 2.1 Glycosidases

AO090003001511 2.3 Beta-glucosidase-related glycosi-
dases
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Fig. 5 Phenotypes of translocated duplication strains. a Enzyme activity in strains bearing chromosomal duplication under solid-state culture 
conditions. Total protease, alpha-amylase, and acid carboxypeptidase activity in solid-state cultures; RIB40 (control), J4 (the strain bearing 
translocated duplication of chromosome 2), I-8 (the strain bearing translocated triplication of chromosome 2), APRT (prtT overexpression strain), 
1546K-APRT (the strain bearing translocated duplication of chromosome 2 with prtT overexpression), TLTA-APRT (the strain bearing translocated 
triplication of chromosome 2 with prtT overexpression), Ao-700k-dup (the strain bearing tandem duplication of a 700-kb region of chromosome 
2), BP-B3 (the strain bearing tandem duplication of a 9-kb region of chromosome 2). b Growth phenotypes of strains bearing chromosomal 
duplication cultured on CZ plates. The strains were inoculated onto 1.2 M sorbitol CZ plates and incubated at 30 °C for 7 days

Table 7 Quantitative expression of alp and prtT in strains bearing chromosomal duplication

a Relative quantity of gene expression was measured by real-time PCR
b Data are expressed as mean ± SD, and all experiments were conducted in triplicate

Strain alp prtT

Relativea quantity 
(dR)

Upperb error bars Lowerb error bars Relativea quantity 
(dR)

Upperb error bars Lowerb 
error bars

RIB40 1 0.58 0.37 1 0.26 0.21

J4 3.11 0.58 0.49 4.14 0.61 0.53

I-8 7.10 2.18 1.98 5.81 1.32 1.54

D2 2.84 1.16 0.71 4.28 1.75 1.08

BP-B3 1.84 1.47 0.70 2.19 1.67 0.92
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colonies from the protoplast cells was approximately 
 10−7 [12]. In contrast, strains with translocated chromo-
somal duplications were generated only after protoplast 
cell regeneration was conducted for more than 2 weeks, 
and the frequency of regenerated colonies from the pro-
toplasted cell was approximately  10−8. To obtain trans-
located chromosomal triplications in regenerated state, 
nearly 3 weeks were necessary to regenerate the colonies, 
and most regenerated cells were heterokaryons con-
taining both the original chromosome and translocated 
chromosome (Additional file  1: Figure S4). Hence, in 
the present study, single-colony isolation was necessary 
to obtain a pure translocated chromosomal triplication 
strain, indicating that more time is required for recom-
bination to form translocated chromosomal regions in 
A. oryzae. These results indicate that tandem duplication 
of a targeted chromosomal region achieved in our pre-
vious study [12], and translocated duplication of a tar-
geted chromosomal region achieved in the present study, 
depend on completely different recombination mecha-
nisms and techniques.

In the present study, we generated duplication and trip-
lication strains of A. oryzae chromosome 2 including alp 
and prtT. The strains bearing duplicated and triplicated 
chromosome 2 showed significant increases in the activ-
ity of protease under solid-state culture conditions.

However, protease activity in the BP-B3 strain (gen-
erated using tandem duplication of the 9-kb region, 
which included alp but not prtT) was less than those of 
the J4 and 700k-dup strains (generated using duplica-
tion of a chromosomal region containing both alp and 
prtT) (Fig. 5a). This indicates that duplication of both alp 
and prtT, or a structural gene and its regulatory gene, 
enhances the activity of protease. The duplicated region 
of chromosome 2 included the alpha-amylase gene and 
amyR, suggesting that amylase activity in the strains was 
enhanced via similar mechanism.

Oligonucleotide microarrays revealed increased gene 
expression with increasing amounts of genetic material 

in the strains containing duplicated and triplicated 
chromosome regions as compared to that of the control 
strain (Tables 1 and 2). Thus, the transcription levels of 
genes in the duplicated chromosomal regions were pre-
dominantly affected, and the resulting phenotypes were 
enhanced as the copy number increased. This suggests 
that segmental chromosomal duplication can be used to 
identify unknown gene functions based on phenotypic 
observations.

Protease activity was used to confirm the duplication 
stability of chromosome 2. Genome stability of A. oryzae 
strains in which translocated duplication was generated 
by mutagenesis was described in a United States patent 
US8900647B2. The genomes of the strains bearing trans-
located duplication were stable after 10 generation of 
subculture. Additionally, in our previous report [12], we 
showed that targeted tandem duplication of chromosome 
2 remained stable after 5 rounds of subculture. Translo-
cated duplication is more stable than tandem duplication 
because the possibility of losing the duplicated region via 
recombination is low.

Translocated duplication strains were generated from 
both ku70 + and ku70- strains; the BN1-1 strain was 
derived from ku70 + and J4 strain was derived from 
ku70− (Table  9). This suggests that non-homologous 
end-joining pathways involving Ku70/80 heterodimers 
are not important in the mechanism of translocated 
duplication. As shown previously, undesirable deletions 
or illegitimate recombinations were not observed in 
the combination of the Δku70 strain and 5FOA counter 
selection [17]. This indicates that the Δku70 strain of A. 
oryzae is suitable for pyrG-mediated targeted chromo-
somal duplication used previously [12] and in our pre-
sent study. Therefore, it is possible to identify interesting 
phenotypes by constructing a chromosome duplication 
strain library that covers the whole genome and to detect 
unknown regulatory genes by screening and analyzing 
the library in A. oryzae.

Table 8 Quantitative expression of alp and prtT in prtT overexpression strains

a Relative quantity of gene expression was measured by real-time PCR
b Data are expressed as mean ± SD, and all experiments were conducted in triplicate

Strain alp prtT

Relativea quantity 
(dR)

Upperb error bars Lowerb error bars Relativea quantity 
(dR)

Upperb error bars Lowerb

error bars

RIB40 1 0.08 0.07 1 0.15 0.13

APRT 5.26 1.19 1.00 15.69 2.45 2.14

1546 K APRT 8.07 1.10 1.03 15.34 2.27 2.03

TLTA-APRT 17.31 1.52 1.35 18.33 2.34 2.05
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Conclusion
In this study, we achieved translocated chromosomal 
duplication and triplication of a 1.4-Mb targeted chro-
mosomal region by directly introducing I-SceI mega-
nuclease into A. oryzae protoplast cells. Strains with 
duplication and triplication of chromosome 2 showed 
substantial increases in the activity of protease and amyl-
ase. Gene dosage effects were enhanced by combining 
the structural gene and its regulatory gene, indicating 
that segmental duplications of chromosomes play impor-
tant phenotypic roles in koji mold strains.

Methods
Strains, media, and transformation
Host strains included A. oryzae RIB40 (ATCC 42149), 
A. oryzae RP-1(ΔpyrG) [7, 8], and A. oryzae Ku70RC7-2 
(Δku70, ΔpyrG) [10]. Positive selection of pyrG-defi-
cient strains was performed on Czapek-Dox minimum 
medium (CZ) plates containing 20  mM uridine and 
1.5 mg/mL 5-fluoroorotic acid (5-FOA). Solid-state cul-
tivation was performed using medium containing 20% 
wheat bran and 80% water (wt/wt). Transformation of 
Aspergillus strains using protoplasts and PEG was con-
ducted as previously described [17, 24]. Strains bearing 
translocated chromosomal duplication were obtained 
as follows. Approximately 1 × 108 protoplasts were pre-
pared from the host strain and maintained on ice for 

30 min in a solution containing 0.05 mL of 1.2 M sorbitol, 
0.02 mL of PEG, and 50 U of I-SceI endonuclease (New 
England Biolabs, Ipswich, MA, USA). After the addition 
of 0.07 mL PEG, the cells were incubated at room tem-
perature for 1 h. Then, the cells were spread on regenera-
tion plates containing 1.2 M sorbitol-CZ and incubated at 
30 °C for 2–3 weeks. Regenerated colonies on regenera-
tion plates were transferred to CZ plates for further anal-
ysis. Information on the genome of Aspergillus oryzae 
was collected from the genome database at the National 
Institute of Technology and Evaluation (http://www.bio.
nite.g.o.jp/dogan /Top) and AspGD (http://www.asper 
gillu sgeno me.org). All oligonucleotide primers used in 
this study are listed in Additional file 1: Table S1.

DNA techniques and expression analysis
Genomic DNA from Aspergillus strains was extracted 
as described previously [24]. RNA samples were pre-
pared from mycelia that were inoculated on wheat bran 
medium and cultivated at 30  °C for 65  h. After cultiva-
tion, the mycelia were harvested and ground in liquid 
nitrogen using a mortar and pestle; RNA was extracted 
using Isogen reagent (Nippon Gene, Toyama, Japan). Fur-
ther purification was performed using RNeasy Mini kits 
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. RNA was used in quantitative real-
time PCR (RT-PCR) and gene expression microarrays. 

Table 9 Strains used in the present study

A. oryzae RIB40 strain Genotype Source or reference

RIB40 Wild type

Ku70RC7-2 Δku70, ΔpyrG [10]

RP-1 ΔpyrG [7, 8]

Ao-700k-dup Tandem duplication of 700kb region of chromosome 2 [12]

B1036p5′ΔCTp3′Δ 5′ΔpyrG, 3′ΔpyrG (parental strain of BN1-1) Present study

ku70-B1036p5′ΔCTp3′Δ Δku70, 5′ΔpyrG, 3′ΔpyrG (parental strain of J4) Present study

BN1-1 Translocated duplication of 1.4 Mb region of chromosome 2
to chromosome 4

Present study

J4 Δku70, translocated duplication of 1.4 Mb region of chromosome 2 to chromosome 4 Present study

del1546K4 Δku70, translocated duplication of 1.4 Mb of region chromosome 2 to chromosome 4, ΔpyrG Present study

K1-IF5-2-5FOA Δku70, translocated duplication of 1.4 Mb region of
chromosome 2 to chromosome 4, 5′ΔpyrG, 3′ΔpyrG
(parental strain of I-8)

Present study

I-8 Δku70, translocated duplication of 1.4 Mb region of chromosome 2 to chromosome 4 and chromo-
some 7

Present study

TLTAs11B Δku70, translocated duplication of 1.4 Mb region of chromosome 2 to chromosome 4 and chromo-
some 7, ΔpyrG

Present study

APRT pAPRT Present study

1546 K-APRT Δku70, translocated duplication of 1.4 Mb region of chromosome 2 to chromosome 4, pAPRT Present study

TLTA-APRT Δku70, translocated duplication of 1.4 Mb region of chromosome 2 to chromosome 4 and chromo-
some 7, pAPRT

Present study

BP-B3 Tandem duplication of 9 kb region of chromosome 2 Present study
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PCR amplification was performed using TaKaRa Ex 
Taq DNA polymerase (TaKaRa, Shiga, Japan) in a T100 
thermal cycler (Bio-Rad, Hercules, CA, USA). Quantita-
tive RT-PCR was performed in a MxPro3000P (Agilent 
Technologies, Santa Clara, CA, USA) using PrimeScript™ 
RT reagent with gDNA Eraser (Perfect Real Time) and 
 SYBR® Premix Ex Taq™ II (Tli RNase H Plus) (TaKaRa). 
The expression of alp and prtT were analyzed by com-
parative quantification using MxPro software version 
4.10 (Agilent Technologies). AO090005000807 (ortholog 
of transcription factor TFIID) was used as normalizer, 
and primers are listed in Table S2. Oligonucleotide arrays 
were purchased from Agilent Technologies; the experi-
mental protocol was detailed in a previous study [17, 25]. 
The CGH and gene expression array data obtained in the 
present study have been deposited into the NCBI Gene 
Expression Omnibus [26] and are accessible using GEO 
Series accession number GSE120604.

Construction of vector used for partial deletion of pyrG
Construction of vectors used to create the 5′ΔpyrG and 
3′ΔpyrG constructs was carried out in a manner similar 
to a method described previously [12]. The schematic 
of vector construction is shown in Additional file 1: Fig-
ure S6. The 5′ΔpyrG construct was pyrG-truncated by 
removing 631 bp from the 5′ end of pyrG, which included 
the promoter region. The 3′ΔpyrG construct was pyrG-
truncated by removing 1236 bp from the 3′ end of pyrG, 
which included the terminator region. A 462-bp consen-
sus region was present between 5′ΔpyrG and 3′ΔpyrG, 
and 3′ΔpyrG included an I-SceI site in the consensus 
region. To construct the 5′ΔpyrG vector, a 5′ΔpyrG vec-
tor backbone was constructed using the primers P499L, 
P509U, P1130U-IF5, and P1592L-IF5. Then, 5.8- and 
0.5-kb fragments were amplified via PCR from the pPB9 
plasmid (a pUC-based plasmid bearing a 3.0-kb fragment 
containing pyrG) [12] using the primer pairs P499L/
P509U and P1130U-IF5/P1592L-IF5. The fragments were 
then ligated using an In-Fusion cloning kit (TaKaRa), and 
the basic construct for 5′ΔpyrG BP1130 was generated. To 
construct a vector for integrating 5′ΔpyrG at the B1036 
site of chromosome 2, a 3-kb fragment was PCR-ampli-
fied from the genome of the RIB40 strain using primers 
B1036-U and B1036-L. Cloning of this fragment using 
a TA cloning kit (TOYOBO, Osaka, Japan) produced 
pB1036T, and pB1036T and BP1130 were PCR-amplified 
using the primers B1036-IFU and B1036IFL, and P363U 
and P3297L, respectively. The resulting two fragments 
were treated with DpnI and ligated using In-Fusion Clon-
ing Kits (TaKaRa) to generate the pB1036pyr5′d vector. 
To construct the 3′ΔpyrG vector including the I-SceI site, 
a 3′ΔpyrG vector backbone was constructed using the 
primers P2788L, P2828U, P1130U-IF3, and P1592L-IF3. 

Then, a 5.8-kb fragment was amplified from the pPB9 
plasmid [12] using the primer pair P2788L/P2828U, and 
a 0.5  kb-fragment was amplified from the pBP9-sceI (a 
pBP9-based vector bearing pyrG, including the I-SceI 
recognition site) [12] using the primer pair P1130U-IF3/
P1592-IF3. The fragments were then ligated using an In-
Fusion cloning kit (TaKaRa), and the basic construct for 
3′ΔpyrG BP1130-I was generated. To construct the vec-
tor for integrating 3′ΔpyrG at the CT166 locus of chro-
mosome 4, a 3-kb fragment of genomic DNA from the 
RIB40 strain was amplified using the primers ct166-U 
and ct166-L. This fragment was cloned using a TA clon-
ing kit (TOYOBO) to prepare pCT166T. pCT166T was 
amplified via PCR using the primers ct166-IFU and 
ct166-IFL. The basic unit of 3′ΔpyrG, BP1130-I, was 
amplified using the primers P363U and P3297L. The 
resulting fragments were treated with DpnI and ligated 
into the vector using an In-Fusion Cloning Kits (TaKaRa) 
to obtain pCT166pyr3ʹd. The fragment for removing 
pyrG from the J4 strain was constructed as follows: a 
2-kb amplification fragment and a 2.3-kb fragment were 
amplified from RIB40 genomic DNA using the primer 
pairs TL-B5626L and TL-B3616U-IF, and TL-ct3685L-
IF and TL-ct1388U, respectively. Fragments were ligated 
using In-fusion cloning kits (TaKaRa) to obtain the vec-
tor for removing pyrG from the J4 strain. To construct 
the vector for integrating 3′ΔpyrG at the S11 locus of 
chromosome 7, a 1.3-kb fragment of genomic DNA from 
the RIB40 strain was amplified using the primers S11-U 
and S11-L. This fragment was cloned using a TA clon-
ing kit (TOYOBO) to prepare pS11T. pS11T was ampli-
fied via PCR using the primers S11-IFU and S11-IFL. 
The basic unit of 3′ΔpyrG, BP1130-I, was amplified using 
the primers P363U and P3297L. The resulting fragments 
were treated with DpnI and ligated into the vector using 
In-Fusion Cloning Kits (TaKaRa) to obtain pS11pyr3ʹd. 
The fragment for removing pyrG from the I-8 strain was 
constructed as follows: a 2.8-kb fragment was ampli-
fied using the primers TL-B3616U-IF-S11 and B6217L, 
and a 2.7-kb fragment was amplified using the primers 
TL-S11-14389U-IF-B and S11-17060L. The two PCR 
products were then ligated using In-Fusion Cloning Kits 
(TaKaRa) to obtain the vector for removing pyrG from 
the I-8 strain. Details of pyrG removal using homologous 
fragments were described previously [10].

Construction of parental strain for strains bearing 
translocated chromosomal duplication
To construct parental strains for generating strains with 
translocated chromosomal duplication, RP-1 (ΔpyrG) 
and ku70RC7-2 (Δku70, ΔpyrG) were transformed with 
pB1036pyr5′d. After confirming vector integration at 
target sites, transformants were subjected to selection 
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using 5-FOA, and strains with 5′ΔpyrG at the target site 
of chromosome 2 were isolated (Additional file 1: Figure 
S6B). The strains B1036pyrG5′Δ and ku70-B1036pyrG5′Δ 
were transformed with pCT166pyr3′d. Strains with 
pCT166pyr3′d integrated at the target site were selected 
using 5-FOA to obtain parental strains for generating the 
strains B1036p5′ΔCTp3′Δ and ku70-B1036p5′ΔCTp3′Δ 
containing translocated chromosomal duplication (Addi-
tional file 1: Figure S6C). Construction of parental strain 
for translocated triplication was conducted as follows. 
The del1546  K strain, obtained by removing pyrG from 
chromosome 4 of the J4 strain (Additional file 1: Figure 
S4), was transformed with pS11pyr3ʹd. After confirming 
vector integration of chromosome 7, transformants were 
subjected to selection using 5-FOA. The strains with 
3′ΔpyrG at the target site of chromosome 7 (K1-IF5-2-
5FOA) were isolated (Additional file 1: Figure S4).

Construction of prtT overexpression strains
The prtT overexpression vector pAPRT was constructed 
as follows. A 3.7  kb amyB fragment, amplified from 
RIB40 genome DNA using the primers amyU and amyl, 
was cloned by a TA cloning kit (TOYOBO) to generate 
pAmyTA. A 6.7-kb fragment, amplified from pAmyTA 
using the primer pair Amy118UIF/TA816UIF, and a 
2.9-kb pyrG fragment amplified from pBP9 [12] using 
the primer pair P363U/P3229L, were fused using an In-
Fusion-Cloning Kit (TaKaRa) to obtain pAmyPYR. A 
7.6-kb fragment amplified from pAmyPYR, and a 2.1 kb 
fragment containing prtT ORF and amplified from RIB40 
genomic DNA using the primer pair prtTstU/prtTteL, 
were fused using an In-Fusion-Cloning Kit (TaKaRa) to 
obtain the prtT overexpression vector pAPRT. The RP1, 
del1546K4, and TLTAS11B strains were transformed 
with pAPRT in a circular state to obtain the APRT, 
1546  K-APRT, and TLTA-APRT strains, respectively. 
The copy numbers of the pAPRT vector integrated in 
the strains were estimated by quantitative PCR (Addi-
tional file  1: Figure S7). The APRT and TLTA-APRT 
strains contained one copy of APRT. The 1546 K-APRT 
strain contained two copies of pAPRT. Determining the 
copy number of pAPRT in the strains via Southern blot 
was difficult. This is because A. oryzae strains originally 
contain three copies of amylase genes, and the duplicated 
chromosomal region contained prtT and amylase genes. 
The results of PCR suggested that one copy of pAPRT 
in the 1546 K-APRT strain was integrated at one of the 
amylase loci (data not shown). The other copy of pAPRT 
appeared to be randomly integrated in the strains.

Solid‑state cultivation and measurements of enzyme 
activity
Solid-state cultures were generated by inoculating 
1 × 108 conidiospores into 5 g of wheat bran medium in 

a 150-mL Erlenmeyer flask and incubating at 30  °C for 
4  days. Water (50  mL) was then added to the flask and 
extracted after shaking. The liquid fraction was filtered 
through filter paper and used as sample extract. Pro-
tease activity was determined by mixing the substrate 
and 2% milk casein (pH 7) with sample extracts and 
incubating at 30  °C for 20  min. Reactions were stopped 
using trichloroacetic acid, and quantities of liberated 
amino acids were measured at 660  nm using a tyrosine 
standard. One unit (U) was defined as the amount of 
enzyme yielding 1  µg of tyrosine per min at 30  °C and 
at pH 7. The activity of alpha-amylase was determined 
using Alpha-Amylase Activity kits (Kikkoman Bio-
chemifa, Minato-ku, Japan) according to the manufac-
turer’s instructions. Briefly, reaction buffer containing 
100  mM acetate (pH 5), 2  mM 2-chloro-4 nitrophenyl 
 65-azido-65-deoxy-beta-maltopentaocid, 50 U/mL glu-
coamylase, 6 U/mL beta-glucosidase, 50 mM NaCl, and 
2  mM  CaCl2 was mixed with 300 volumes of diluted 
sample extract and incubated for 5  min at 37  °C. The 
reactions were stopped using trichloroacetic acid, and 
liberated 2-chloro-4 nitrophenol contents were deter-
mined at 400  nm. One unit (U) was defined as the 
amount of enzyme yielding 1  µmol of 2-chloro-4 nitro-
phenol per min.

The activity of acid carboxypeptidase was determined 
using Acid Carboxypeptidase Assay kits (Kikkoman Bio-
chemifa) according to the manufacturer’s instructions. 
The reaction buffer containing 50  mM acetate (pH 3), 
0.5  mM Cbz-Tyr-Ala (carboxybenzoxy-L-tyrosyl-l-ala-
nine), and 5  mM NAD was mixed with 30 volumes of 
diluted sample extract and incubated for 10 min at 37 °C. 
The reaction was stopped using 0.5  M Tris–HCl buffer 
(pH 8.5) containing 5  mM WST-8 and 13 U of alanine 
dehydrogenase, and the mixture was incubated at 37  °C 
for 20 min. Subsequently, 0.5 mM 1-methoxy-5-methyl-
phenazinium methylsulfate was added to reaction mix-
ture and incubated at 37  °C for 10  min. Quantities of 
liberated NADH were measured at 460 nm. One unit was 
defined as the amount of enzyme that liberated 1 µmol of 
l-alanine from Cbz-Tyr-Ala per min.
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Physiological characterization of secondary 
metabolite producing Penicillium cell 
factories
Sietske Grijseels1 , Jens Christian Nielsen2, Jens Nielsen2,3, Thomas Ostenfeld Larsen1, Jens Christian Frisvad1, 
Kristian Fog Nielsen1, Rasmus John Normand Frandsen1* and Mhairi Workman1

Abstract 

Background: Penicillium species are important producers of bioactive secondary metabolites. However, the 
immense diversity of the fungal kingdom is only scarcely represented in industrial bioprocesses and the upscaling of 
compound production remains a costly and labor intensive challenge. In order to facilitate the development of novel 
secondary metabolite producing processes, two routes are typically explored: optimization of the native producer or 
transferring the enzymatic pathway into a heterologous host. Recent genome sequencing of ten Penicillium species 
showed the vast amount of secondary metabolite gene clusters present in their genomes, and makes them acces-
sible for rational strain improvement. In this study, we aimed to characterize the potential of these ten Penicillium 
species as native producing cell factories by testing their growth performance and secondary metabolite production 
in submerged cultivations.

Results: Cultivation of the fungal species in controlled submerged bioreactors showed that the ten wild type Penicil-
lium species had promising, highly reproducible growth characteristics in two different media. Analysis of the second-
ary metabolite production using liquid chromatography coupled with high resolution mass spectrometry proved that 
the species produced a broad range of secondary metabolites, at different stages of the fermentations. Metabolite 
profiling for identification of the known compounds resulted in identification of 34 metabolites; which included 
several with bioactive properties such as antibacterial, antifungal and anti-cancer activities. Additionally, several novel 
species–metabolite relationships were found.

Conclusions: This study demonstrates that the fermentation characteristics and the highly reproducible perfor-
mance in bioreactors of ten recently genome sequenced Penicillium species should be considered as very encour-
aging for the application of native hosts for production via submerged fermentation. The results are particularly 
promising for the potential development of the ten analysed Penicillium species for production of novel bioactive 
compounds via submerged fermentations.

Keywords: Penicillium, Submerged fermentation, Physiology, Secondary metabolite, Cell factory

Background
Filamentous fungi are important producers of second-
ary metabolites: low-molecular-weight compounds that 
often have bioactive properties. The genus Penicillium 
currently includes more than 354 accepted species [1] 

many of which are capable of producing a wide vari-
ety of secondary metabolites [2]. The most well-known 
secondary metabolite produced by Penicillium is the 
antibiotic penicillin, which was discovered by Flem-
ing [3] and which is nowadays produced in large scale 
using P. rubens, following intense strain improvement 
programs aimed at increasing the titers. Other impor-
tant pharmaceutical compounds produced by Penicil-
lium species include the antifungal griseofulvin [4], the 
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immunosuppressant mycophenolic acid [5] and the 
cholesterol lowering drug compactin/mevastatin [6–8]. 
These examples illustrate the great importance of Peni-
cillium species as production hosts and sources of bioac-
tive compounds with medical applications. On the other 
hand, Penicillium species can also produce mycotoxins 
such as citrinin, ochratoxin and patulin [2], which can 
pose a health risk to humans and animals.

The increasing prevalence of antibiotic resistance 
among pathogenic bacteria was in 2016 named by the 
UN General Assembly to be amongst the greatest and 
most urgent global risk factor for the health of humans 
[9]. However, the discovery of novel antibiotics has stag-
nated since the 1970’s and only few novel classes of anti-
biotics have been discovered since then [10, 11]. This is 
most likely a consequence of the fact that drug develop-
ment is time consuming and expensive, while market 
value and dominance for antibiotics is limited by the 
development of resistance. The broad metabolic diversity 
found within the fungal kingdom, however, continues to 
provide a rich source of novel drug leads, this coupled 
with advancements within process engineering and phys-
iological characterization tools, provides a strong basis 
for exploiting the chemical and physiological diversity in 
fungi to establish novel fungal based bioprocesses which 
can meet the demands of modern society for novel anti-
microbials and pharmaceuticals.

To facilitate the process from identification of a ben-
eficial compound to the establishment of an industri-
ally feasible bio-based production process, two major 
strategies can be followed; i.e. find and optimizing the 
best native producer or transfer the involved genes to an 
established heterologous host. The latter strategy is typi-
cally desirable if the native producer is not suitable for 
industrial fermentation processes or is genetically inac-
cessible. However, production of secondary metabolites 
in heterologous hosts is still in the developmental stage 
and expressing complex multistep pathways to commer-
cially viable titers has proven highly challenging and typi-
cally requires substantial optimization [12]. The transfer 
of the given genetic trait in addition requires a thorough 
understanding of the given biosynthetic pathway and 
the involved genes. The other strategy, advancement 
of the native organism for the production of second-
ary metabolites, can be favourable as this eliminates the 
often tedious work of moving the biosynthetic pathway 
to a heterologous host. However, taming a uncharacter-
ized filamentous fungus for industrial scale production 
is not trivial, as natural secondary metabolite yields are 
often low which combined with the complex interplay 
between physiology, physical environment and morphol-
ogy often causes problems during fermentation such as 
nonhomogeneous mixing and nutrient limitation [13]. 

Therefore, in many instances, relatively unexploited fungi 
are not tested in submerged bioreactor cultivations, even 
though this would provide the necessary process perfor-
mance data to evaluate whether to optimize the native 
producing organism or to transfer the pathway into a het-
erologous host.

The recent genome sequencing of ten Penicillium spe-
cies [14, 15] has provided valuable novel insight into the 
rich diversity in secondary metabolite gene clusters pre-
sent in these Penicillium species and has in addition, 
made the species amenable to rational strain improve-
ment. In this study, we analyzed the potential of these ten 
recently genome sequenced Penicillium species as native 
producing cell factories. The species were cultivated in 
highly controlled bioreactors both in a defined medium 
that allowed for quantitative physiological evaluation and 
in a secondary metabolite inducing complex medium, to 
evaluate overall process performance, growth rates and 
reproducibility. Additionally, secondary metabolite pro-
files of the species during different time points in the fer-
mentation were studied. To our knowledge, none of these 
species had been tested in a bioreactor before. This work 
demonstrates an implementation strategy for novel fun-
gal cell factories based on highly controlled submerged 
bioreactors cultivations and quantification of key physi-
ological parameters.

Methods
Organisms
The species used in this study were P. coprophilum 
(IBT31321), P. nalgiovense (IBT 13039), P. polonicum 
(IBT 4502), P. antarcticum (IBT31811), P. vulpinum (IBT 
29486), P. arizonense (IBT 12289), P. solitum (IBT 29525), 
P. decumbens (IBT11843), P. flavigenum (IBT 14082), and 
P. steckii (IBT 24891). All strains are available from the 
IBT culture collection (Department of Biotechnology and 
Biomedicine, Technical University of Denmark).

Submerged bioreactor batch cultivations
With the aim of investigating the growth characteristics 
of ten potential secondary metabolite producing Peni-
cillium species, submerged bioreactor cultivations were 
performed with each species in two different media in 
biological triplicates.

Media
Czapek yeast autolysate (CYA) medium was used for 
spore propagation, containing per liter of demineral-
ized water: 30  g sucrose, 5  g yeast extract, 3  g  NaNO3, 
1  g  K2HPO4, 0.5  g  MgSO4·7H2O, 0.5  g KCl, 0.01  g 
 FeSO4·7H2O, 20  g agar and 1  mL trace metal solu-
tion containing 0.1  g/L  ZnSO4·7H2O and 0.05  g/L 
 CuSO4·5H2O. The pH was adjusted to 6.2 with NaOH 
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prior to autoclaving. All chemicals applied were obtained 
from Sigma-Aldrich (Sigma-Aldrich).

Batch cultivations were performed in CY medium 
(CM) and in a defined medium (DM) for Penicillium. 
The defined medium contained per liter of demineralized 
water: 15 g glucose, 3.5 g  (NH4)2SO4, 0.5 g  MgSO4·7H2O, 
0.15  g  Na2-EDTA, 0.04  g  FeSO4·7H2O, 0.8  g  KH2PO4, 
5 mL trace solution containing 1 g/L  CuSO4·5H2O, 4 g/L 
 ZnSO4·7H2O, 4 g/L  MnSO4·7H2O, 1 g/L  CaCl2·H2O. The 
CY medium contained the same components as stated 
above for spore propagation without the agar and 15  g 
sucrose per liter. The medium was heat sterilized by auto-
claving at 121 °C for 20 min. After media sterilization, a 
sucrose solution (for CM) or glucose solution (for DM), 
separately autoclaved at 121 °C, was added.

Preparation of spore inoculum
Spores were propagated on CYA plates for 7  days and 
harvested with approximately 5 mL of cold MiliQ water 
containing 0.9% NaCl and 0.01% Tween solution, fol-
lowed by filtration through Miracloth (Merck Millipore), 
centrifuged at 5000 g and the spore pellet washed again 
with 10  mL MiliQ water. Spores were counted using 
a Bürker–Türk counting chamber, followed by inocu-
lation of bioreactors to a final spore concentration of 
1 × 109 spores/L.

Bioreactors
All bioreactor batch cultivations were carried out in Sar-
torious 1  L bioreactors (Satorious Stedim Biotech) with 
a working volume of 0.9 L, equipped with 2 Rushton six-
blade disc turbines. Throughout the cultivation the tem-
perature was maintained at 25  °C and the pH was kept 
constant at 6.5 by automatic addition of 2  M NaOH or 
 H2SO4. The bioreactors were sparged with sterile atmos-
pheric air. For the first 1200 min, the airflow was linearly 
increased from 0.1 volume of air per volume of liquid per 
minute (vvm) to 0.9 vvm and the stirring rate from 100 to 
600 rpm. After that, these parameters were kept constant. 
The off-gas concentrations of oxygen and carbon dioxide 
were measured with a Prima Pro Process Mass Spec-
trometer (Thermo-Fischer Scientific), calibrated monthly 
with gas mixtures containing 5% (v/v)  CO2, 0.04% (v/v) 
ethanol and methanol, 1% (v/v) argon, 5% (v/v) and 15% 
(v/v) oxygen all with nitrogen as carrier gas. The pH elec-
trode (Mettler Toledo) was calibrated according to man-
ufacturer’s standard procedures.

Biomass dry weight determination
Growth rates were determined based on biomass 
dry weight samples collected during the exponen-
tial growth phase. First a known amount of cell culture 

(typically around 3  mL) was filtered through pre-dried 
and weighted 0.45 µm polyether sulfone filters (Sartorius 
Stedim Biotech) which was then washed with deminer-
alized water. The filter was folded to lock the biomass 
inside and dried in a microwave at 150  W for 20  min. 
The dry weight was measured after a cooling period of 
approximately 30 min in a desiccator.

Glucose concentration determination
For quantification of the glucose concentration in the 
culture medium, fermentation broth was filtered through 
a Q-Max® Ca-Plus Filter (Frisenette ApS) with a pore size 
of 0.45 µm and stored at −20 °C until analysis. Separation 
and detection of the compounds was accomplished with 
a high performance liquid chromatography (HPLC) sys-
tem equipped with a Bio-Rad Aminex HPX-87H column 
(BioRad) coupled to a RI detector. Elution was performed 
isocratically with  H2SO4 (5 mM) as the mobile phase with 
a flow velocity of 0.6 mL/min at 60 °C. Quantification was 
performed using a six-level external calibration curve.

Calculations of physiological characteristics
The end of the lag phase was determined as the time 
point were the percentage of  CO2 in the off gas was con-
secutively over 6%.

Maximum specific growth rates were calculated via 
linear regression on a semi-logarithmic scale on at least 
three experimental biomass dry weight data points 
during the exponential phase and all  R2 values were 
at least 0.96. Maximum  CO2 production rates where 
determined similarly but with an  R2 of at least 0.99. A 
custom script was developed in the statistical program-
ming language R to determine the duration of the non-
exponential growth phase for all cultivations, defined 
as the time difference between the end of the exponen-
tial fit to the  CO2 exhaust, and the time point where the 
maximum overall  CO2 production was reached. The 
code is available at: https://github.com/JensChrNielsen/
Fungal-Biol-Biotechnol-2017.

The overall biomass yield on glucose was calculated as 
the ratio between the biomass gain and the glucose con-
sumption in the growth phase.

Secondary metabolite analysis
With the aim of identifying the secondary metabolite 
profiles in the fermentation broth of the ten Penicillium 
species grown in two different media, the filtered broth 
was extracted with ethyl acetate, analyzed with ultra-
high performance liquid chromatography-diode array 
detection-quadrupole time of flight mass spectrometry 
UHPLC–DAD–QTOFMS, and known compounds were 
identified using an in-house compound library.
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Extraction
The fermentation broth was filtered through a 0.45  µm 
cellulose acetate filter (Frisenette), for extraction of non-
polar compounds 1.0  mL of ethyl acetate extraction 
solvent was added to 0.8 mL of filtrate. After ultra-son-
ification for 1 h and centrifugation for 1 min at 13,000g 
the organic (top) layer was transferred to a clean vial. 
For extraction of polar compounds 1.0 mL of acidic ethyl 
acetate (ethyl acetate +  0.5% formic acid) was added to 
the remaining filtrate. Following ultra-sonification and 
centrifugation the organic (top) layer was added to the 
extraction solution containing the extracted non-polar 
compounds. The combined solution was evaporated to 
dryness and re-dissolved in 125 µL HPLC grade metha-
nol. After centrifugation for 5 min at 13,000g the super-
natant was directly used for chemical analysis.

UHPLC–DAD–QTOFMS analysis
Secondary metabolite analysis was achieved by UHPLC–
DAD–QTOFMS on a maXis HD orthogonal acceleration 
quadrupole time-of-flight mass spectrometer (Bruker 
Daltonics) equipped with an electrospray ionization (ESI) 
source and coupled to an Ultimate 3000 UHPLC system 
(Dionex, Thermo Scientific). Separation was achieved 
with a Kinetex 2.6 µm  C18, 100 × 2.1 mm (Phenomenex) 
column maintained at 40  °C with a flow rate of 0.4 mL/
min. A linear gradient system composed of 20  mmol/L 
formic acid in water, and 20 mmol/L formic acid in ace-
tonitrile was used, starting from 10% (v/v) acetonitrile 
and increased to 100% in 10  min, maintaining this rate 
for 3 min before returning to the starting conditions. The 
system was re-equilibrated before subsequent sample 
analysis. MS analysis was performed in  ESI+ with a data 
acquisition rate of 10 scans per second at m/z 100–1000, 
switching between 0 and 20 eV fragmentation energy.

Identification of secondary metabolites
Identification of secondary metabolites was performed 
using aggressive dereplication of the full scan high reso-
lution (HR) MS data, and pseudo MS/MS data from the 
20  eV fragmentation trace, using a search list of com-
pounds based on former taxonomic identification and 
a manual search of major peaks in the internal library. 
This library consists of 1500 compounds of which 95% 
are fungal secondary metabolites [16]. Compounds were 
confirmed by comparison of HRMS, UV/Vis and MS/
HRMS to a reference standard. The number of peaks was 
counted by making a list of compounds (dereplicated and 
unknown ones) based on molecular features in the latest 
time sample in the fermentation, with an absolute area 
higher than 500,000 counts and intensity higher than 
10,000 counts. Subsequently, the presence of these com-
pounds was searched for in all the other samples. The 

total amount was determined by counting all compounds 
that were present in two or three of the triplicate sam-
ples, without using a threshold value.

Results
Physiology
Ten different recently genome sequenced wild type 
Penicillium species were cultivated in 1  L controlled 
bioreactors to evaluate their behaviour in submerged 
cultivations. The species were grown in both a defined 
medium for Penicillium (DM) and in the more industri-
ally relevant medium Czapek Yeast Autolysate (CM). 
During the course of the fermentations the  CO2 off gas 
was continuously measured, while biomass dry weight 
was sampled until  CO2 off gas values started declin-
ing. Additionally, for DM the glucose concentration was 
determined at regular time intervals throughout the fer-
mentations. All cultivations were conducted in biological 
triplicates to evaluate the reproducibility of the experi-
ments. The work revealed that the ten tested Penicillium 
species displayed highly diverse growth characteristics 
and responded differently to the two tested nutritional 
regimes, as evident from the growth curves (Fig. 1).

The initial lag phase, in which minimal changes in the 
 CO2 levels were observed, lasted between 11 and 38  h 
on DM, while it was shorter for all species on CM last-
ing between 10 and 18  h, post inoculation (Table  1). In 
particular, P. flavigenum showed a short lag phase on 
both media where exponential growth was reached after 
14 and 11  h for DM and CM, respectively. Penicillium 
vulpinum showed the longest lag phase in DM and CM 
of 38 and 18 h, respectively. Microscopic examination of 
culture broth from the ten species revealed that the lag 
phase was characterized by germination of spores fol-
lowed by elongation of hyphae. After the lag phase, the 
exponential phase was initiated, where the growth rate 
reached its maximum. Here, the morphology of the ten 
species varied as a function of the species and media. In 
CM, all species initially grew as freely dispersed myce-
lium until the maximum  CO2 off gas was reached, after 
which the formation of pellets typically started. In the 
DM, five of the ten species showed pellet formation rela-
tively early in the fermentation; P. steckii and P. solitum 
showed the formation of small dense pellets, P. vulpi-
num and P. coprophilum showed a mixture of pellets and 
clumps, and P. flavigenum showed a mixture of small 
clumps and dispersed growth. The remaining species and 
all species in CM showed dispersed growth at least until 
the time of maximum  CO2 off gas (Table 1).

The duration of the exponential phase proved to be 
correlated with the observed growth morphology, where 
the exponential growth transitioned into non-exponen-
tial growth at the same time as pellet or clump formation 
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occurred. For seven of the ten species, the non-exponen-
tial growth phase was more than ten h in DM, while this 
was the case for four of ten species in the CM (Fig.  2). 
Only P. flavigenum and P. antarcticum showed exponen-
tial growth and dispersed morphology during the entire 

growth phase in both media (Fig. 2 and Additional file 1). 
In contrast, P. vulpinum showed dispersed growth and 
grew exponentially during the entire growth phase in 
CM, while in DM it had pelleted morphology and grew 
exponentially until 36  h, where after the  CO2 off gas 

Fig. 1 Fermentation profiles of ten Penicillium species cultivated in 1 L bioreactors in DM and CM. All fermentations were performed in biological 
triplicates. The  CO2 exhaust values (%) are shown for all triplicate experiments separately as solid lines (right Y-axis), the dry weight (g/L) values are 
shown as a mean with standard deviations as black circles (left Y-axis) and for the defined medium the glucose concentrations are shown as mean 
with standard deviations as open circles (left Y-axis). Light orange shaded area shows the exponential phase and light grey shaded area shows the 
non-exponential phase. For P. polonicum one of the triplicate experiments showed a different growth curve, for this fermentation only the  CO2 
profile is shown. Triangles are the time points were samples for secondary metabolite analysis were taken. The third sample point in P. decumbens 
was at 120 h and falls therefore outside the figure. For P. steckii in DM the samples for secondary metabolite analysis were taken from a different 
experiment with similar growth characteristics
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values were still increasing, but in a non-exponential 
manner, until after 110 h maximum values of exhausted 
 CO2 off gas were reached.

Maximum specific growth rates (µmax) were calcu-
lated based on dry weight values during the exponential 
growth phase. For several species in DM it proved impos-
sible to determine accurate growth rates based on bio-
mass dry weight due to insufficient samples during the 
short exponential phase. As an alternative method for 
the growth rate, the rates of  CO2 production were deter-
mined, as this is directly proportional to the amount of 
metabolically active biomass present, assuming that the 
yield and specific growth rate remain constant [17]. The 

species showed growth rates between 0.19 and 0.24 h−1 
in DM and between 0.2 and 0.35  h−1 in CM (Fig.  3). 
The biomass yields on glucose during the growth phase 
 (Ysx) varied highly among species; between 0.25 g DW/g 
glucose for P. polonicum to 0.67  g DW/g glucose for 
P. arizonense. The species with the lowest  Ysx values, P. 
polonicum, P. steckii, P. solitum and P. coprophilum (all 
under 0.4  g DW/g glucose) all showed pellet formation 
and/or wall growth, while species with high yields, P. nal-
giovense and P. arizonense (0.6 and 0.67 g DW/g glucose), 
showed dispersed growth.

Secondary metabolite analysis
Samples taken during different stages of the submerged 
cultivations were filtered, extracted, and analyzed for the 
presence of secondary metabolites in the fermentation 
medium using reverse phase UHPLC coupled to time-
of-flight (QTOF) MS. Analysis of the biological triplicate 
experiments for each of the tested species in either of the 
two media were found to be highly reproducible based on 
the occurrence of base peak chromatogram (BPC) peaks 
with the same retention times and comparable peak areas 
in the normalized chromatograms (examples given in 
Fig. 4).

To allow for identification of the individual compounds 
found in the samples, the effluent from the UHPLC col-
umn was directly analysed by the attached QTOFMS 
which allowed for the recording of accurate mass. 
For each sample taken at the end of the cultivation the 
amount of molecular features (equivalent with the num-
ber of different compounds) above an area threshold of 
500,000 and an intensity of 10,000 counts in the UHPLC–
QTOFMS data was determined. The ten different spe-
cies each displayed a unique metabolic profile in the 
two tested media (Table 2 and Additional file 2). A mini-
mum of two compounds was observed in P. flavigenum 

Table 1 Physiological characteristics of ten Penicillium species cultivated in 1 L bioreactors in DM and CM

Biomass yield on glucose (g DW/g glucose), duration of lag phase (h) and observed morphology at the time point where the  CO2 was at its maximum

Species Biomass yield growth phase  (Ysx)
DM (g DW/g glucose)

Lag phase
DM (h)

Morphology
DM

Lag phase
CM (h)

Morphology
CM

P. flavigenum 0.58 ± 0.05 14.3 ± 0.5 Small clumps/dispersed 10.9 ± 0.3 Dispersed

P. nalgiovense 0.60 ± 0.17 22.5 ± 0.8 Dispersed 14.5 ± 0.1 Dispersed

P. coprophilum 0.37 ± 0.03 23.3 ± 0.6 Pellet 12.2 ± 0.6 Dispersed

P. decumbens 0.55 ± 0.02 17.8 ± 0.9 Dispersed 13.8 ± 0.2 Dispersed

P. vulpinum 0.54 ± 0.14 37.6 ± 1.4 Pellet + clumps + wall 18.3 ± 0.2 Dispersed

P. polonicum 0.25 ± 0.01 30.3 ± 1.7 Wall growth 11.3 ± 0.1 Dispersed

P. antarcticum 0.58 ± 0.03 19.7 ± 0.2 Dispersed 12.5 ± 0.1 Dispersed

P. steckii 0.37 ± 0.02 10.9 ± 2.3 Pellet + wall growth 13.5 ± 0.2 Dispersed

P. solitum 0.29 ± 0.13 19.9 ± 1.2 Pellet + wall growth 9.9 ± 0.2 Dispersed

P. arizonense 0.67 ± 0.04 21.4 ± 0.4 Dispersed 14.0 ± 0.8 Dispersed

Fig. 2 Length of non-exponential growth phase of ten Penicillium 
species cultivated in 1 L bioreactors in DM and CM. Non-exponential 
growth phase was the time in hours between the end of exponential 
growth phase and the maximum  CO2 off gas value. Bars show aver-
age and standard deviation if triplicate submerged fermentations. P. 
flavigenum in DM, P. polonicum in CM and P. solitum in CM showed 
exponential growth until the maximum  CO2 off gas value

167Physiological characterization of secondary metabolite producing Penicillium cell factories



cultivated in DM, and a maximum of 34 compounds in P. 
steckii cultivated in CM (last column in Table 2). In eight 
out of the ten species a greater number of compounds 
were detected in the cultivations conducted in CM com-
pared to DM; exceptions were P. polonicum, where cul-
tivation in DM showed a greater number of peaks than 
in CM, and P. solitum, where the number of compounds 
was equal in DM and CM.

Additionally, metabolite profiling was performed to 
identify the known compounds produced during the fer-
mentations. In total 34 different metabolites were iden-
tified, from which most of them could be confirmed by 

comparison of HRMS, UV/Vis and MS/HRMS to a refer-
ence standard. Most compounds were unique to one of 
the ten species, with the exception of chrysogine iden-
tified in three species (P. nalgiovense, P. flavigenum and 
P. antarcticum), fungisporin in three species (P. copro-
philum, P. nalgiovense and P. flavigenum) and andrastin 
A in two species (P. vulpinum and P. decumbens), while 
andrastin C was only identified in P. decumbens. Addi-
tionally, the roquefortine pathway was identified in three 
species (P. coprophilum, P. vulpinum and P. flavigenum), 
where depending on the media and species, different 
intermediates and end products of this pathway could be 

Fig. 3 Maximum specific growth rates and maximum  CO2 production rates for ten Penicillium species cultivated in 1 L bioreactors in DM and CM. 
Dark grey bars: maximum specific growth rates µmax  (h−1) and standard deviations calculated by linear regression of minimum three biomass dry 
weight data points during the exponential phase. For P. vulpinum, P. polonicum, P. steckii, and P. solitum in DM there were less than three dry weight 
samples during exponential phase and therefore µmax could not be calculated. Light grey bars: maximum production rate of  CO2  (h−1) and standard 
deviations calculated by linear regression of accumulated  CO2 values during exponential growth. All values are based on independent triplicate 
fermentations, except for the ones with an asterix; there the values are based on duplicate fermentations

Fig. 4 Base peak chromatograms (BPCs) of extracted samples of biological triplicates of P. nalgiovense and P. vulpinum fermentations in CM and DM. 
The BPCs of the triplicates are shown in red, dark orange and light orange. BPCs show peaks with the similar retention times and comparable peak 
areas. Peak with asterisk showed a slight change of retention times but have the same molecular features
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identified; in P. flavigenum only meleagrin and precur-
sors were identified while both in P. coprophilum and P. 
vulpinum the end product of the pathway, oxaline was 
identified. Three species–metabolite relationships have, 
to our knowledge, not been described in literature before: 
P. vulpinum and P. decumbens producing andrastin A and 
P. flavigenum producing chrysogine.

To identify in which stages of the fermentation the 
various metabolites were produced, we examined the 
individual metabolite production profiles covering the 
three analyzed stages of the fermentation, one during 
the growth phase, one a few hours after the  CO2 val-
ues started decreasing and one in the stationary phase 
(depicted as triangles in Fig. 1 and exact values in Addi-
tional file 2). This analysis revealed production of specific 
metabolites was associated with specific growth phases of 
the cultivations. For example for P. coprophilum in DM, 
the metabolites from the roquefortine/oxaline pathway 
were already present in the first sample, while griseoful-
vin and dechlorogriseofulvin could only be detected in 
the last sample. Another example of this stage depend-
ing production was P. steckii grown in CM where the vast 
majority of the metabolites were identified at the second 
sample point, while trichodermamide C was only first 
observed at the third sample point. Many of the metabo-
lites in P. steckii were identified as belonging to the family 
of hynapenes and arohynapenes (based on UV and accu-
rate mass) but because of a lack of reference standards 
could not be assigned to specific peaks and are therefore 
not shown in Table  2. In some cases, metabolites were 
produced only in CM or DM; penicillic acid was only 
produced in P. polonicum in CM, calbistrin A was only 
detected in P. decumbens in CM, and atlantinone A was 
only detected in P. solitum in DM. This was also seen for 
unidentified metabolites (Additional file 2). In 17 out of 
the 20 cultivations the metabolite levels in the third sam-
ple were higher than in the second sample, showing that 
part of the metabolites started to be produced only after 
the growth phase.

Discussion
The fungal kingdom contains a huge reservoir of bioac-
tive secondary metabolites; however, the development 
from discovery of a relevant metabolite to application 
remains a challenge. The recent genome sequencing of 
ten secondary metabolite rich Penicillium species facili-
tates exploitation of their genome sequences and/or their 
use as native producing cell factories. The aim of this 
study was to determine the suitability of these ten Peni-
cillia as novel cell factories for native compounds by test-
ing their growth performance and secondary metabolite 
production in submerged cultivations.

Cultivation of the fungal species in controlled sub-
merged bioreactors proved that the ten wild type Peni-
cillium species all could be cultivated using the same 
conditions. The cultivations proved to be highly repro-
ducible, both in defined medium (DM) and rich medium 
(CM). In 18 out of the 20 cultivations, replicate values for 
 CO2 off gas and biomass dry weight concentrations were 
reproducible with maximum  CO2 production rates hav-
ing standard deviations between 1 and 27%. The cultiva-
tions performed in CM showed dispersed growth until 
the maximum  CO2 off gas was reached, while five out of 
the ten species cultivated in DM showed clump/pelleted 
growth. The fungal morphology can have an enormous 
impact on the production of enzymes and primary or 
secondary metabolites [18]. For example, micro-colonies 
are required for the production of citric acid by A. niger 
[19]. However, there is not a defined formula on how 
morphology affects productivity and it should be tested 
and optimized for the relevant species and metabolites. 
The work conducted in this study can be used as a start-
ing point in optimization of process parameters for the 
production of a specific secondary metabolite.

Maximum specific growth rates in DM were calcu-
lated to be between 0.14 and 0.22 h−1 depending on the 
species, and in CM between 0.17 and 0.29  h−1. In case 
of pellet formation the cultures grew only exponentially 
in the beginning of the cultivation prior to pellet forma-
tion. The obtained growth rates are reasonable start-
ing points for industrial fermentations, for example the 
penicillin producing P. chrysogenum, has a maximum 
growth rate under comparable conditions of around 
0.2  h−1 [20, 21]. An interesting observation is that the 
species with the highest growth rates, P. decumbens 
and P. coprophilum, have the smallest genome size [15]. 
The biomass yields during the growth phase on glucose 
varied highly between species and there was a correla-
tion between yields and morphology: species with low 
yields all showed pellet formation and/or wall growth, 
while species with high yields showed dispersed growth. 
In case of wall growth, this can be explained by the bio-
mass determination method used in this study: broth was 
sampled from a port in the reactor, which in the case of 
wall growth resulted in a lower biomass value than the 
real biomass value in the reactor, and a lower yield. One 
hypothesis for the low yields observed in pelleted growth 
cultures is that dense hyphal packing may often result in 
diffusional limitation of both nutrients and oxygen, which 
can cause autolysis of the pellet core [22]. This can lead to 
a decrease of dry cell mass, as was previously observed 
in cultures of P. chrysogenum where hyphal elements 
showed cell wall degradation and clear signs of autolysis, 
even during the culture growth phase [23].
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Similar to the growth profiles, the UHPLC–QTOFMS 
metabolite profiles showed to be reproducible in the bio-
logical triplicates of the batch fermentations. The base 
peak chromatograms revealed that all ten species pro-
duced secondary metabolites in submerged cultivations, 
with most of the metabolites being unique to one of the 
ten species. The media composition had an influence on 
secondary metabolite profiles, with eight out of ten spe-
cies producing a higher number of compounds in CM 
than in DM. This is not surprising as the yeast extract 
containing CYA medium is regarded as a secondary 
metabolite inducing medium [24]. Some species such as 
P. solitum and P. flavigenum produced very few metabo-
lites in both media; these species could be interesting for 
the development of secondary metabolite free produc-
tion hosts, especially P. flavigenum since it showed to 
have a high reproducibility and a high growth rate. It has 
been shown in both P. chrysogenum [25] and in Strepto-
myces species [26, 27] that removal of highly producing 
secondary metabolite pathways can increase the produc-
tion of other native, or heterologous secondary metabo-
lites. However, the species producing very few secondary 
metabolites still contain many secondary metabolite bio-
synthetic gene clusters (BGCs). In a recent large scale 
genomic analysis of Penicillium genomes, it was found 
that 24 Penicillium genomes (including the ten used in 
this study) contained in total 1317 putative BGCs, cor-
responding to an average of 55 clusters per species [15]. 
This means that a great number of BGCs were inactive in 
the conditions used in this study, especially when taken 
into account that one BGC is often responsible for the 
biosynthesis of a whole family of related metabolites.

Dereplication of the extracts showed that the species 
produced a broad spectrum of secondary metabolites 
belonging to several different metabolite classes (polyke-
tides, non-ribosomal peptides and terpenes). In total we 
identified 34 different known compounds, of which many 
for the first time in submerged fermentations. Here, it 
has to be taken into account that because of the chemi-
cal diversity of the secondary metabolites the extraction 
could not be optimal for all compounds, and it was only 
possible to obtain semi-quantitative data. Several of the 
identified compounds are known to have antibacterial, 
antifungal and anti-cancer activities, such as the antifun-
gal griseofulvin, the antibiotic roquefortines [28] as well 
as the promising anti-cancer metabolites andrastin A 
[29, 30] and calbistrin A [31]. At the same time also sev-
eral mycotoxins such as patulin and penicillic acid were 
produced of which elimination need to be considered in 
a production process. Additionally, we described three 
new species–metabolite relationships: to our knowledge, 
this is the first time that P. decumbens and P. vulpinum 
are described as andrastin A producers and P. flavigenum 

as chrysogine producer. Furthermore, it was shown that 
the species produce many unknown compounds at lev-
els above the used detection area threshold; these could 
be interesting targets for isolation, bioactivity testing and 
structural elucidation, especially because it is less labori-
ous to isolate metabolites from submerged cultures than 
from agar plates.

In order to utilize metabolic reprogramming tech-
niques to optimize production of a secondary metabo-
lite, the corresponding BGC of the metabolite must first 
be identified. The BGCs responsible for production of 
the detected andrastin A, patulin, griseofulvin, pseuro-
tin A, fungisporin and roquefortine/meleagrin pathways 
have all previously been identified and characterized 
[32–42]. Although the experimental characterization 
was done in different species, represents for each of the 
listed BGCs, except for andrastin A, were recently iden-
tified in at least one of the ten analyzed species used in 
this study [15]. Several other metabolites with predicted 
BGCs and previously detected in solid cultivations of 
the corresponding strains, could not be detected in the 
submerged cultivations of the same strain. This was the 
case for yanuthones previously detected in extracts of 
P. flavigenum grown on agar plates [15], and fumagillin, 
pyripyropenes, austalides, and tryptoquivalines, previ-
ously detected in extracts of P. arizonense grown on agar 
plates [14]. In this context it is interesting that a species 
like P. arizonense only secreted pseurotin A, despite the 
large potential for producing a vast number of second-
ary metabolites. This would be an advantage if pseurotin 
A has to be produced in an industrial fermentation, but 
a disadvantage if any of its other secondary metabolites 
should be produced [14]. Furthermore we detected small 
amounts of penicillin G in the CM extracts of the known 
penicillin G producer P. nalgiovense, but the intensity and 
area were lower than the threshold values used in this 
study. It should be considered that in the experiments 
conducted in this study the biomass was filtered out and 
only the secreted metabolites were studied, while in plate 
experiments the intracellular metabolites are also taken 
into account.

Conclusions
The results of this study show that the fermentation 
properties of the ten analysed Penicillium species and the 
highly reproducible performance in bioreactors should 
be considered as very encouraging for the application 
of native hosts for production via submerged fermenta-
tion. The Penicillium species (isolates) showed promis-
ing growth characteristics for use in large-scale industrial 
bioprocesses and produced a diverse range of interesting 
secondary metabolites. The production of specific sec-
ondary metabolites can subsequently be optimized by 
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process optimization, classical strain development and/
or with metabolic engineering approaches. Furthermore, 
all ten species used in this study were recently genome 
sequenced, which makes the use of rational approaches 
for improving the product yields or eliminating the pro-
duction of other compounds more accessible thanks 
to the ongoing development of CRISPR/Cas9 genome 
editing techniques, which has recently been successfully 
demonstrated in filamentous fungi [43, 44]. The work 
conducted in this study can assist in deciding the opti-
mization strategy for specific secondary metabolites pro-
duced by one of the ten Penicillium species.
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Filamentous ascomycetes fungi  as a source 
of natural pigments
Rebecca Gmoser1,2*, Jorge A. Ferreira1, Patrik R. Lennartsson1 and Mohammad J. Taherzadeh1

Abstract 

Filamentous fungi, including the ascomycetes Monascus, Fusarium, Penicillium and Neurospora, are being explored as 
novel sources of natural pigments with biological functionality for food, feed and cosmetic applications. Such edible 
fungi can be used in biorefineries for the production of ethanol, animal feed and pigments from waste sources. The 
present review gathers insights on fungal pigment production covering biosynthetic pathways and stimulatory 
factors (oxidative stress, light, pH, nitrogen and carbon sources, temperature, co-factors, surfactants, oxygen, tricar-
boxylic acid intermediates and morphology) in addition to pigment extraction, analysis and identification methods. 
Pigmentation is commonly regarded as the output of secondary protective mechanisms against oxidative stress and 
light. Although several studies have examined pigmentation in Monascus spp., research gaps exist in the investiga-
tion of interactions among factors as well as process development on larger scales under submerged and solid-state 
fermentation. Currently, research on pigmentation in Neurospora spp. is at its infancy, but the increasing interest for 
biorefineries shows potential for booming research in this area.

Keywords: Pigments, Neurospora, Carotenoids, Edible filamentous fungi, Ascomycetes

Background
For a long time, filamentous fungi have been used for the 
industrial production of commercially relevant products, 
including enzymes, antibiotics, feed products, and many 
others [1]. The biorefinery concept, i.e., converting sub-
strates to value-added products, is widely accepted within 
the research community. Therefore, research towards the 
diversification of established and future facilities for the 
production of numerous novel and valuable products as 
well as by-products through fermentation is presently a 
hot topic. First-generation ethanol plants are good exam-
ples where side stream products are utilized to supple-
ment already existing products (e.g., ethanol, animal 
feed and  CO2) by producing substances such as organic 
acids, enzymes, ethanol, biomass for food and/or feed 
applications, and pigments [1]. In particular, the interest 
for fermentation-derived pigments in the food and feed 
industry has increased in recent years [2]. This interest in 
food-grade pigments is because of the pigments’ ability to 

enhance the products’ natural color in order to indicate 
freshness, appearance, safety, and sometimes even to add 
a novel sensory aspect to attract consumers [3, 4].

Producing pigments from filamentous fungi has great 
potential [2, 4, 5], not only as an added-value product 
for biorefineries but also as an alternative to synthetic or 
other natural pigments that have limitations [6–8]. The 
increasing demand for pigments of natural origin, par-
ticularly in the food sector [9, 10], further increases the 
interest to investigate filamentous fungi as potential pig-
ment producers. To improve the chances of the pigments 
and biomass being free from mycotoxins (toxins of fungal 
origin [11]), particular interest has been taken in edible 
filamentous fungi that have been used in traditional food 
products and that can naturally synthesize and secrete 
pigments. Figure  1 presents an overview of the sources 
of natural pigments, highlighting the main focus of this 
review.

A few strains of ascomycetes filamentous fungi being 
considered as potential pigment producers include, some 
strains of Talaromyces (e.g., T. purpurogenus and T. atro-
roseus producing red pigments), Cordyceps unilateralis 
(deep blood red pigment) [15], Herpotrichia rhodosticta 
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(orange), Curvularia lunata and several species of 
Drechslera (many different pigments). Strains of these 
species are promising because they are non-mycotoxi-
genic and non-pathogenic to humans. Nevertheless, the 
individual mycotoxin profiles of these strains remain to 
be explored [12]. Some other pigment producing fungi 
for their use in the production of potential food colorants 
are species of Eurotium and Fusarium oxysporum (yellow 
and red pigments, respectively) [13], Fusarium fujikuroi 
(red [16] and orange pigments [17]) and strains of Peni-
cillium [13] such as P. citrinum, P. islandicum [5], P. acu-
leatum and P. pinophilum [5]. However, several species of 
Penicillium are able to produce known toxic metabolites 
[5] and Eurotium spp. and F. oxysporum have been shown 
to produce mycotoxins as well. The potential produc-
tion of mycotoxins is a major problem which limits the 
commercial application of these strains of fungi [4]. This 
problem, together with the increasing demand for natu-
ral coloring alternatives from both customers and regula-
tors [4], has triggered investigations and screens for other 
potential pigment-producing genera of fungi.

After more than two centuries of research, Neurospora 
spp. have been generally recognized as safe (GRAS) [18] 
with no record of mycotoxin production [1], and thus 
considered safe for animal and human consumption [19]. 
This fungus is able to grow rapidly on various types of 
substrates [20], such as industrial residuals and lignocellu-
lose, to produce ethanol, biomass, and pigments. Particu-
larly, the ascomycete N. intermedia, used for preparation 
of the Indonesian food oncom, has recently been reported 
as a potential biomass and ethanol producer from waste 
streams of the industrial process of ethanol production 
from agricultural grains [1, 21]. However, despite ongoing 
research and the availability of microorganism-derived 

pigments, little is known about the production of pig-
ments by N. intermedia [6, 9]. Since Neurospora species 
are able to accumulate orange pigments, other species of 
Neurospora such as Neurospora crassa, which is geneti-
cally and biochemically one of the most well-studied 
eukaryotic microorganisms [22], have been investigated 
more extensively regarding the biosynthesis of carot-
enoids and its regulation [17, 23–25]. N. crassa accumu-
lates a mixture of carotenoid pigments such as γ-carotene 
and neurosporaxanthin [6, 7], the latter carotenoid acid 
has also been isolated from Neurospora sitophila [8].

Several factors have been reported to influence pig-
ment production in ascomycetes [26], although stud-
ies on most, if not all, of the mentioned factors are still 
scarce and superficial. Moreover, even though a great 
deal of research is available on pigment production by 
Monascus spp. and Fusarium spp., information on the 
performance of the process using both submerged and 
solid-state fermentation on a larger scale is missing. A 
deeper understanding and better overview of the factors 
influencing pigment production, particularly in Neuros-
pora as well as in Monascus and Fusarium spp., is thus 
desired in order to optimize the process.

The present review gathers available research on pig-
ment production by Neurospora species. It identifies 
main research gaps and consequently provides future 
research avenues and main challenges towards the use of 
Neurospora spp. for the production of pigments.

Filamentous ascomycetes fungi as pigment 
producers
Filamentous ascomycetes fungi are known to produce an 
extraordinary range of colors. There are a wide selection 
of non-pathogenic strains of filamentous fungi that are 

Pigments

Synthetic 
Pigments

Natural-origin 
Pigments

Minerals Seeds/roots Microorganisms

Yeast Bacteria Filamentous 
Fungi

Zygomycetes Ascomycetes

Neurospora spp. Monascus spp.

Basidomycetes

Microalgae

Fruits Plants Insects

Fig. 1 Overview of some sources that can be used for extraction of synthetic or natural-origin pigments [12–14]
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non-toxin producers and can be used as potential sources 
of natural food colorants with improved functional-
ity [7]. The ability of these fungi to grow on residuals of 
different complexity (e.g., starch-based, lignocellulose-
based residuals) is well-documented, showing versatility 
regarding different processes that can be built around the 
ascomycetes fungi [1]. Unlike the use of pigments from 
vegetables and fruits, the cultivation of ascomycetes does 
not compete with agricultural land for food production, 
and therefore, the synthesis of pigments is faster due to 
time-efficient and simple fermentation processes [7, 27]. 
The fermentation processes generate high yields of bio-
mass together with value-added products such as pig-
ments, organic acids and alcohols [1].

Regarding pigment production from ascomycetes, even 
though there is much research on the factors that influ-
ence pigmentation in Monascus spp. [2, 13, 26, 28–31] 
and to some extend for Fusarium spp. [32–35], the corre-
lations between the factors are still not fully understood 
[26]. It is likely that a variety of factors with a complex 
interplay are involved and that they vary among species. 
Research using N. intermedia for pigment production is 
limited to only a few studies [6, 9, 36]. Moreover, simi-
lar to the research with Monascus, studies on large-scale 
production are nonexistent in the literature [26]. Thus, 
the specific culture conditions that induce pigment pro-
duction and their properties and the link between dif-
ferent pigments and the level and activity of carotenoid 
biosynthetic enzymes are not well understood. The phys-
icochemical properties of pigments are further discussed 
in the review by Priatni [37]. The available information on 
pigment-producing Neurospora spp. has been compiled 
in Table  1, including fermentation mode and extraction 
solvent for the produced pigments, along with the pig-
ment concentration.

The diverse classes of pigments synthesized and 
secreted by ascomycetes are commonly reported as sec-
ondary metabolites [22] of both known and unknown 
functions [5]. Pigments are generally produced in the cell 
cytoplasm as a response to disadvantageous environmen-
tal conditions, such as nutrient limitation [7, 41], and this 
process is controlled by a complex regulatory network. 
Different pigments help to improve fungal survival; for 
example, carotenoids protect against harmful ultravio-
let radiation and light (lethal photooxidation), melanins 
protect against environmental stress, and flavins serve as 
cofactors in enzyme catalysis [12]. Pigments produced by 
filamentous fungi include melanins (dihydroxynaphtha-
lene melanin; a complex aggregate of polyketides), phen-
azines, flavins (riboflavin), quinones (anthraquinones, 
naphthaquinones and azaphilones) and carotenoids [2, 
12]. Generally, these pigments are chemically classified 
as either carotenoids or polyketides [5] based on different 

biosynthetic pathways. Monascus spp. pigments are gen-
erally produced through the polyketide pathway with 
some related routes from other pathways such as fatty 
acid biosynthesis [5, 42], whereas N. intermedia pigments 
are produced through the carotenoid biosynthetic path-
way [6]. Monascus spp. are usually used as model fungi 
for polyketide biosynthesis. However, due to the complex 
pathways involved, there is only rudimentary knowledge 
about the polyketide pigment regulation. Fusarium spp. 
produces both polyketides (e.g., the polyketide-derived 
pigment bikaverins) and carotenoids (e.g., neurosporax-
anthin) [32]. Polyketides do not seem to be produced in 
Neurospora  spp. [43]. Figure  2 illustrates the different 
pathways involved in polyketide and carotenoid fungal 
pigment production in broad terms. Carotenoids are 
yellow to orange-red pigments that are widely used as 
food colorants. They are produced mainly by microbes 
belonging to Myxococcus, Streptomyces, Mycobacterium, 
Agrobacterium and Sulfolobus [3].

Carotenoids belong to the subfamily of isoprenoids, 
which include a large and diverse class of naturally occur-
ring chemicals [46]. As members of isoprenoids [47], 
these molecules are derived from eight  C5 isoprene units 
and contain 40 carbon units. Based on their molecular 
structures, carotenoids are therefore further split into 
two divisions: carotenes and xanthophylls. Carotenes are 
hydrocarbons, while xanthophylls are derivatives con-
taining oxygen in various functional groups in otherwise 
similar structures to that of carotenes [24, 48]. Examples 
of some common carotenoid structures are presented in 
Fig. 3 [14, 25, 37].

Most of the Neurospora spp. have been identified in 
tropical and subtropical areas in the world and, to some 
extent, in temperate areas of western North America and 
Europe as well [49, 50]. Five species of Neurospora were 
identified in Europe, namely, N. crassa, N. discreta, N. 
intermedia, N. sitophila and N. tetrasperma. These strains 
are similar in morphology, and the color of their conidia 
are orange or yellow-orange caused by the different types 
of carotenoids. N. crassa is the most well-known. Most 
attempts to increase its carotenoid production has been 
carried out through photoinduction [51, 52]. Since the 
carotenoid biosynthetic pathway of N. intermedia is com-
parable to that of N. crassa [53] and F. fujikuroi [14, 54], 
studies using these fungi are also of interest.

Carotenoids
Carotenoids are among the most common of all natu-
ral pigments on the market [46], and among them, 
β-carotene, lycopene, astaxanthin, canthaxanthin, lutein, 
and capxanthin have been exploited commercially 
(Fig.  3) [8]. Carotenoids are usually extracted from car-
rots, citrus peels, tomatoes, and algae [6]. Bacteria and 
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carotenogenic species of fungi can also produce them. It 
is the conjugated double bond system in the carotenoid 
structure that acts as the chromophore for wavelength-
selective (light) absorption, giving these compounds 
an attractive bright yellow to red color. The absorbed 
energy leads to electron excitation and changes in orbital 
occupancy, local bonding, and charge distribution. The 
non-absorbed light is transmitted and/or reflected to be 
captured by the eye [44]. Each desaturated reaction shifts 
the absorption maxima towards longer wavelengths 
resulting in different yellow to red colors of carotenoids 
[14]. The double bonds in the carotenoid structure can 
exist in trans and cis, but in nature, they are generally in 
all-trans form [55]. The transformation from trans to cis 
can be done by acid, heat, oxygen and exposure to light 

[56]. Nevertheless, the shift from an all-trans arrange-
ment to cis only results in a minor loss in color strength 
and hue [55].

Similar to other metabolites, carotenoids have eco-
logical functions and are of value to the fungi. For exam-
ple, as mentioned before, they can protect against lethal 
photooxidation [12]. Sterols, dolichols, and ubiquinones 
fulfill essential cell functions, while secondary carot-
enoids, such as astaxanthin and canthaxanthin, are accu-
mulated as a response to environmental stress [46]. For 
example, they can be integrated into the cell membrane 
to improve its fluidity under high or low temperatures, 
high light conditions, or when the lipids become more 
unsaturated. Furthermore, carotenoids serve as precur-
sors of several physiologically important compounds in 
fungi, such as apocarotenoids (e.g., the fungal phero-
mone trisporic acid), which are synthesized through the 
oxidative cleavage of carotenoids. Neurospora is one of 
the carotenogenic genus of fungi, producing a mixture of 
carotenoid and apocarotenoid pigments. The major com-
ponent of the carotenoids produced by Neurospora is the 
 C35-apocarotenic acid, neurosporaxanthin (see Fig. 3) [14, 
47]. The closely related filamentous fungus F. fujikuroi is 
also known to synthesis neurosporaxanthin, and have 
contributed extensively to a better understanding of the 
neurosporaxanthin pathway and its regulation [35, 57].

Carotenoid biosynthesis
There is a limited amount of knowledge on the regulation 
of carotenoid biosynthesis, accumulation, and storage in 
filamentous fungi. Studies covering this area have only 
resulted in hypotheses and further research to explain 
the regulation on a cellular level is required. It has been 
proposed that genes encoding enzymes involved in iso-
prenoid and carotenoid biosynthesis are subjected to 
positive and negative feedback regulatory processes. Sev-
eral of these molecules are able to mediate signaling pro-
cesses in order to attain a balanced supply of precursors 
and assure the adjustment of biosynthesis in response to 
developmental and environmental cues [58]. It has been 
hypothesized that the genes are silent under optimal cul-
ture conditions and only activated under certain condi-
tions [13]. Even though the molecular mechanisms are 
awaiting a more detailed understanding, the carotenoid 
biosynthesis process is undoubtedly influenced by cul-
ture conditions, and can therefore be optimized [13].

Fig. 3 Chemical structures of some common carotenoids found in 
microorganisms that are also of economic value [8] as well as the 
structure of the carotenoid acid neurosporaxanthin [22]

(See figure on previous page.) 
Fig. 2 a Structure of polyketide pigments followed by two examples of some classes of fungal polyketide pigments. Acetyl-CoA serves as a build-
ing block, condensation of acetyl unit with malonyl units and simultaneously decarboxylation result in polycarbonyl compounds that serve as 
substrates for various cyclases that produce aromatic compounds. b General carotenoid structure followed by two examples of a carotene and a 
xanthophyll carotenoid [5, 44, 45]
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Fig. 4 The possible carotenoid biosynthetic pathway of Neurospora 
crassa. The gene products/enzymes responsible for each enzymatic 
reaction are indicated. Site of chemical changes from precursor 
molecules are shaded. Molecular groups that distinguish xanthophylls 
from carotenes are marked with red circles. The pigments found in N. 
intermedia N-1 are presented in boxes

▸

It is known that filamentous fungi are able to sense and 
respond to external signals, such as environmental stress. 
Heterotrimeric G proteins (G proteins) are key signaling 
elements that communicate external signals to the cells, 
triggering the upstream regulation of fungal secondary 
metabolites (e.g., carotenoids) as a response [59]. The lev-
els and activities of carotenoid biosynthetic enzymes and 
the total carbon flux through the synthesizing system are 
also important stimuli [46]. These carotenoid molecules 
are hydrophobic, and they can generally be found in lipid 
globules and the endoplasmic reticulum membranes. 
Accordingly, the enzymes involved in carotenogenesis are 
membrane-bound. However, the regulatory mechanisms 
controlling the cell compartment where carotenoids are 
synthesized or stored are still unknown for the Neuros-
pora spp. [14]. Structural properties and biosynthesis 
aspects of carotenoids focusing on Neurospora spp. are 
available in a review by Priatni [37].

 The genes encoding the enzymes involved in carote-
noid biosynthesis have been biochemically investigated 
[14]. N. crassa have been used, along with F. fujikuroi 
that has a similar carotenoid pathway as N. crassa [60], 
as a research model to investigate the carotenoid bio-
synthesis and researcher have made discoveries on the 
regulation of pigment biosynthesis by using Fusarium 
species [61]. Acetyl-CoA has been suggested to have 
an impact on the production of secondary metabo-
lites, such as pigments, by being a primary precursor, 
depending on the available enzyme pool [59]. Fig-
ures 4, 5 and 6 show the carotenoid biosynthetic path-
way of Neurospora spp. initiated via the mevalonate 
pathway that leads to the synthesis of short, five-car-
bon isoprenoid precursors. The isoprenoid biosynthe-
sis pathway is common for all carotenoids. In addition, 
the last steps in Figs. 4, 5 and 6 present the caroteno-
genic pathway in N. crassa. It has been suggested that 
the biosynthesis pathway in N. intermedia is similar to 
that in N. crassa [37, 53, 62]. The carotenoid pathway 
is initiated by the condensation of two geranylgeranyl 
pyrophosphate (GGPP) molecules by the bifunctional 
enzyme with both phytoene synthase and lycopene 
cyclase activity, al-2 of N. crassa, to produce the color-
less carotene–phytoene, the precursor to different 
carotenoids. The corresponding enzyme in F. fujikuroi 
is named CarRA. Phytoene desaturase, encoded by 
phytoene dehydrogenases al-1 in N. crassa (CarB in 
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F. fujikuroi) (Figs.  4, 5 and 6), mediates the introduc-
tion of up to five conjugated double bonds into a phy-
toene backbone to produce dehydrogenated colored 
carotenoids [14]. The carotenoids are then subjected 
to one or two cyclization reactions by cyclases, which 
introduce α- or β-ionone rings at one or both ends of 
the polyene chain [63]. The action of al-1 and CarB 
results in different colored intermediates, namely, 

3,4-didehydrolycopene, ζ-carotene, neurosporene, 
lycopene and β-carotene. 3,4-Didehydrolycopene is 
synthesized by lycopene cyclase to yield the reddish 
carotene torulene. One cleavage reaction and two oxi-
dation steps are then required to produce the final 
apocarotenoid neurosporaxanthin in Neurospora from 
torulene. First, torulene is converted into β-apo-4-
carotenal by the torulene-cleaving oxygenase Cao-2 in 

Fig. 5 The possible carotenoid biosynthetic pathway of Neurospora crassa. The gene products/enzymes responsible for each enzymatic reaction 
are indicated. Site of chemical changes from precursor molecules are shaded. Molecular groups that distinguish xanthophylls from carotenes are 
marked with red circles. The pigments found in N. intermedia N-1 are presented in boxes
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N. crassa or CarT in F. fujikuroi. It was the identifica-
tion of carT that led to the identification of its Neu-
rospora orthologue, cao-2. Next, β-apo-4′-carotenal is 
further oxidized to neurosporaxanthin by the aldehyde 
dehydrogenase ylo-1 in N. crassa and CarD in F. fuji-
kuroi [14, 54]. In summary, the five genes needed to 
produce neurosporaxanthin in N. crassa are al-3, al-
2, al-1, cao-2 and ylo-1. Thus, the order of reactions 
in the biosynthesis and, therefore, the type of carot-
enoids produced depends on the degree of oxida-
tive stress [35] or temperature of growth [14, 37, 47], 
among other things. Singgih Marlia, et  al. [9] evalu-
ated the carotenogenesis of N. intermedia N-1 in a liq-
uid fermentation system and were able to identify five 
carotenoid compounds in the spores, namely lycopene, 
neurosporene, γ-carotene, β-carotene and phytoene 
[9]. Table 2 includes the structures and colors of carot-
enoid compounds found in N. intermedia N-1. 

Factors that have been previously reported to influence 
pigment production in other strains can thus be consid-
ered as potentially important in other filamentous fungi 
as well. Based on already existing processes and previous 
knowledge of carotenoid production pathway in filamen-
tous fungi, these factors are individually discussed in fur-
ther sections.

Factors influencing pigment production
Pigment biosynthesis is greatly influenced by fermen-
tation conditions, such as medium composition and 
process parameters. Sexual interactions have also been 
reported to increase the biosynthesis of the carotenoid 
β-carotene in some fungal species (e.g., B. trispora), 
where trisporic acids (substances with hormonal activ-
ity formed upon mating) were suggested to mediate the 
stimulatory effect [70]. Therefore, the various factors 
influencing pigmentation are interesting to consider 
in order to optimize the process of pigment produc-
tion. The factors stimulating carotenoid production for 
microorganisms are summarized by Bhosale [46]. Over-
all, conditions that typically stress the cells, thus threat-
ening cell growth, trigger carotenoid biosynthesis [8]. 
These typically include nutrition depletion (N and P) and 
certain levels of oxidative stress. Carotenoid accumula-
tion usually occurs during the later stages of cultivation 
which also indicates the association of nutrient depletion 
with carotenoid synthesis [8]. This section addresses the 
effects of light, pH, nitrogen and carbon sources, tem-
perature, co-factors, surface active agents, oxygen level, 
tricarboxylic acid intermediates and morphology in 
regards to Neurospora spp. carotenoid production, com-
plemented with interesting discoveries on the regulation 

Table 2 Structures, application areas and color of the carotenoid compounds found in Neurospora intermedia N-1 namely 
lycopene, neurosporen, γ-caroten, β-carotene and phytoene

Carotenoids Structure Applications Color

Lycopene High antioxidative activity [64] with ben-
eficial effects on health by fighting many 
diseases [65]. Used in nutraceuticals and 
related applications [66]. Used for food 
coloring (E160d) [67]

Dark red [7]

Neurosporen Antioxidative properties [68]. Data not 
found on industrial applications

Yellow-orange [68]

γ-Carotene Data not found on industrial applications Orange red [7]

β-Carotene Used for food coloring (E160a) [67]. Benefi-
cial effects on health by fighting many 
diseases [65]

Yellow to Orange [7]

Phytoene Key carotenoid intermediate as a precursor 
to other carotenoids

Colorless [69]

(See figure on previous page.) 
Fig. 6 The possible carotenoid biosynthetic pathway of Neurospora crassa. The gene products/enzymes responsible for each enzymatic reaction 
are indicated. Site of chemical changes from precursor molecules are shaded. Molecular groups that distinguish xanthophylls from carotenes are 
marked with red circles. The pigments found in N. intermedia N-1 are presented in boxes
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of pigment biosynthesis, particularly in Fusarium and 
Monascus species.

Oxidative stress
To survive and compete in the environment, fungi pro-
duce enzymes and secondary metabolites with various 
activities. One such factor influencing this processes is 
oxidative stress [71].

The degree of oxidative stress has been shown to influ-
ence pigment production in filamentous fungi, indi-
cating that these pigments are involved in the defense 
mechanism of the fungi. Numerous studies have 
reported observations [23, 37, 46, 63, 72–77] that sup-
port secondary protective roles of carotenoids against 
oxidative damage [63, 77]. For example, carotenoids 
can act as antioxidants against reactive oxygen spe-
cies (ROS) [62] or alleviate cell membrane damage [63]. 
They have been proposed to act as antioxidative agents 
to extend the survival time of the fungi by synergistic 
effects with other antioxidants [62]. The ability of carot-
enoids to function as antioxidants may be the reason 
why dietary carotenoids have been shown to inhibit the 
onset of many diseases, such as cancer, in which ROS 
are thought to play a role [46]. It is the conjugated poly-
ene chain of carotenoids that is able to chemically react 
as the quencher of singlet molecular oxygen [63], with 
varying efficiencies among carotenoids [72] depending 
on the structures beyond the polyene chain [63]. Asta-
xanthin, among other xanthophylls, have higher anti-
oxidant activities than hydrocarbon carotenes, which 
make it advantageous for the fungi to synthesize. For 
example, the fungi synthesize astaxanthin at the expense 
of β-carotene under enhanced oxidative stress. This 
was confirmed when an increased synthesis of astaxan-
thin and less β-carotene by Neurospora was observed at 
increased oxidative stress levels (by addition of  H2O2 and 
 CuSO4) [63]. Other studies exposing carotenoid produc-
ing fungal strains to oxidants in order to increase syn-
thesis of carotenoids have also been carried out [62, 78]. 
For example, in addition to the generation of reactive 
oxygen species (ROS) by respiration [8], exposure of fila-
mentous fungi to paraquat (PQ) or hydrogen peroxide 
 (H2O2) promote oxidative stress [79]. One study inves-
tigated the accumulation of the apocarotenoid neuro-
sporaxanthin in N. crassa. They induced oxidative stress 
by exposing the fungi to high concentrations of oxygen 
and extracellular hydrogen peroxide  (H2O2). In response 
to the elevated oxygen, the expression of genes encoding 
enzymes that are involved in the synthesis of carotenoids 
increased by a factor of five. On the other hand,  H2O2 
exposure resulted in a twofold increase in the accumula-
tion of al-1 mRNA [73]. Moreover, the addition of  H2O2 
to the fungi is suggested to work both as a pigmentation 

trigger and as an antimicrobial agent, making it an inter-
esting factor to consider for further research, provided 
that the fungi do not consume it too fast [62].

Stressing the cells by inducing the generation of active 
oxygen molecules in order to enhance carotenoid pro-
duction [46] can be done in different ways, which are 
proposed as secondary factors. These secondary factors 
are discussed below together with factors that are able to 
inhibit cell growth.

Light
Carotenoids, in general, protect the fungi against UV-
damage. The photoprotective function of Neurospora 
carotenoids are suggested to be due to their ability, as 
antioxidants, to quench damaging single molecular oxy-
gen species generated by UV radiation [14]. Thus, light 
has been reported to influence carotenoid synthesis by 
inducing the enzymes involved in carotenoid synthesis 
[8]. The use of light as a factor in pigment production has 
been reported for Monascus spp. [27, 31], Fusarium spp. 
[80–82] and to some extent for Neurospora spp. [14, 23, 
37, 63].

Carotenoids do not play a major physiological role in 
fungal cells, but they may have beneficial effects under 
certain adverse conditions, such as abnormal levels of 
UV light. This was corroborated by a study where albino 
mutants of carotenogenic fungi in N. crassa and others 
were compared with the counterparts of the same species 
with functional carotenoid synthesis. The lack of carot-
enoids showed no apparent phenotypic consequence on 
growth or morphology in laboratory cultures [37, 77]. N. 
crassa has been used as a model organism for photobiol-
ogy research [83].

Stimulation of carotenoid synthesis by light is achieved 
at the transcriptional level, e.g., as seen by an increase in 
the mRNA levels of structural genes (al-1, al-2 and cao-
2) when neurosporaxanthin was produced by N. crassa 
upon irradiation [63]. The al-3 gene in N. crassa, which 
is responsible for GGPP synthesis, has further been con-
firmed to be strongly regulated by light. The response 
was reported to be mediated by the photoreceptor and 
transcriptional factor called the white collar complex 
(WCC) comprised by the photoreceptors white collar 
(WC)-1 and its interacting partner WC-2 WC-1 is a blue 
light photoreceptor, responsible for the light-induced 
response. The protein contains a DNA-binding zinc-fin-
ger domain (that is able to bind specifically to the pro-
moter of a blue light-regulated gene), and a PAS domain, 
called LOV (from “light, oxygen and voltage”). The WC-1 
LOV domain binds to a light absorbing Flavin adenine 
dinucleotide (FAD) chromophore that convert light to 
mechanical energy. FAD displays a maximum absorption 
of light at 450  nm [84, 85], which explains the WC-1’s 
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sensitivity to blue light. Thus, Neurospora perceives light 
through the WCC, which is activated by blue light and 
binds directly to light regulatory elements (LRE) in the 
promoters of their target genes to activate transcrip-
tion [14, 86]. Consequently, light can be used to activate 
genes involved in the biosynthesis of pigments that have 
photoprotective functions [87]. Regarding Fusarium 
spp., carotenoid production is also stimulated by light, 
through the transcriptional induction of the structural 
genes carRA, carB, carC and carT, as the major regula-
tory. However, in F. fujikuroi, the main photoreceptor 
seemed to not be a White Collar protein, as found in e.g., 
Neurospora species [32, 35, 60]. Photocarotenogenesis in 
F. fujikuroi relies primarily on other putative photorecep-
tors, such as cryptochromes [60].

A study on carotenogenic fungi, including N. crassa, 
has shown that upon prolonged light exposure, there was 
a reduction in the level of transcription compared to that 
with exposure to light pulses [63]. Another report dem-
onstrated that exposing Neurospora to light resulted in 
a rapid accumulation of colored carotenoids after 1  h, 
with increasing concentrations for up to 12  h. Aero-
bic conditions are required for these light responses to 
keep the photoreceptor in the right oxidation state [14]. 
The observation showing a cessation in the activation of 
gene transcription by light after a certain time is probably 
due the transient nature of light-induced transcription 
in Neurospora. Incubation in the dark is thus required 
before light responding transcription can be activated 
again. Regulation by light of pigment biosynthesis (pho-
tocarotenogenesis), is mediated, as other photoresponses 
in Neurospora, by the WCC. Upon extended illumina-
tion, the WCC-dependent transcript level decreases. The 
degree of ‘photoadaptation’ is by the fungus is modulated 
by the blue-light photoreceptor VVD. Strains with muta-
tions in the vvd exhibited a sustained photoactivation of 
genes required for carotenogenesis [14, 87]. The amount 
and the intensity of light tolerated have been shown to 
vary with the strain, ranging 1000–5000 Lx [46]. Carot-
enoid photostimulation has also been reported to vary 
with different wavelengths for Neurospora spp. For 
instance, red light did not induce carotenoid biosynthesis 
in Neurospora, whereas wavelengths within 450–480 nm 
were shown to be effective [14]. Even though caroteno-
genesis in hyphal cells is induced by blue light and is lack-
ing in mycelia grown in dark conditions, the synthesis of 
carotenoids has been found to be independent of light 
when coupled to conidiation and results in a pale pig-
mentation. [87]. Thus, Neurospora cultivated in the dark 
accumulate high amounts of the colorless precursor to 
carotenoids, phytoene, in their conidia. Illumination of 
these cultures grown in the dark induces transcription 
of enzymes responsible for the desaturation of phytoene, 

which leads to the formation of colored carotenoids [87]. 
More detailed descriptions of the regulation of carot-
enoid biosynthesis by light in Neurospora are very well 
illustrated by Díaz‐Sánchez Violeta et  al. [35], Avalos 
Javier et  al. [14], Olmedo Maria et  al. [87] and Muñoz 
Victor et al. [88].

Further studies on light as a factor in pigmentation 
have found that N. crassa accumulates the orange carote-
noid neurosporaxanthin after light exposure, with higher 
pigment content correlated to strains at lower latitudes. 
The increased carotenoid accumulation was suggested to 
serve as a second protection from harmful effects of UV 
radiation in Neurospora spp., since species that accumu-
late more carotenoids are more resistant to UV radiation 
[23, 37]. The ability of the fungi to accumulate different 
amounts of carotenoids [23] and the higher resistance 
to irradiation being connected to carotenoid produc-
tion [72] strongly support light as a stimulating factor 
in pigment production. An attempt to increase carot-
enoid biosynthesis by N. intermedia in liquid substrate 
fermentation showed that fermentation with incubation 
for 3 days in the dark followed by 4 days under blue light 
was better than fermentation for 7 days in the dark. How-
ever, this difference in carotenoid production in different 
phases of life cycle has only been investigated in yeast 
(Sporobolomyces ruberrimus and Cystofilobasidium), 
and it showed a higher tolerance in the stationary phase 
compared to the exponential growth phase [89]. Direct 
information on such phenomenon for filamentous fungi 
is therefore still lacking.

Nitrogen source
Limiting the availability of nitrogen is suggested to 
increase the concentration of total pigments in most 
strains of filamentous fungi [8], and this has been inves-
tigated mainly for M. purpureus [90–93] and to some 
extend in Fusarium [17].

The pigment variation depending on the nitrogen 
source is suggested to be influenced by the rate of amino 
acid metabolism [8] rather than directly by the nitrogen 
compound itself when the source is in the form of amino 
acids [94]. In this regard, amino acids that are metabo-
lized slowly are favored since they induce nitrogen limi-
tation to a greater extent. The carbon to nitrogen (C/N) 
ratio in the culture medium has also been proposed to be 
an important factor in addition to the nitrogen source. 
Generally, a high C/N ratio has been reported to promote 
carotenogenesis in many fungi as this condition limits 
the cell’s access to nitrogen [8]. The increased synthe-
sis of pigments in limited nitrogen has been suggested 
to be related to a response mechanism to excess energy 
and carbon that cannot be used for protein synthesis or 
growth [8]. The balance between carbon and nitrogen 

185Filamentous ascomycetes fungi as a source of natural pigments



sources at C/N 9:1 was reported to increase β-carotene 
production by N. crassa. The optimal ratio of carbon and 
nitrogen for the growth of Neurospora spp. in general has 
been reported to be within 7:1 and 15:1 [95], but its link 
to pigment production has not been investigated. Simi-
lar stimulation of carotenogenesis by a limiting nitrogen 
content has been reported for Fusarium spp. Rodríguez-
Ortiz Roberto et al. [32] discovered that nitrogen exhaus-
tion increased carotenoid production in both wild type 
and the carotenoid-overproducing mutants (carS, con-
taining high levels of mRNA for the car genes) which had 
a high synthesis of carotenoids irrespective of illumina-
tion. The authors suggest regulatory connection between 
carotenoid biosynthesis and nitrogen controlled biosyn-
thetic pathways in Fusarium [22]. The results indicate 
similarities in the regulation of nitrogen on carotenoid 
synthesis with N. crassa. Incubation of N. crassa under 
nitrogen starvation also increased the levels of the cor-
responding al-1 and al-2 independent on light [9].

Using a complex nitrogen source or the addition of 
individual amino acids have been shown to influence the 
number, type and excretion rates of different pigments 
that are formed [31, 42, 75, 96]. It has been suggested that 
the stimulating effect of amino acids on the production 
or liberation of pigments is caused by an increase in solu-
bility because the derivatives linked to amino acids are 
more soluble than the original pigments [97]. It may be 
possible to obtain a desired number of pigment compo-
nents by using a defined nitrogen source which provides 
specific amino acid moieties that can be incorporated 
into water-soluble extracellular pigments [97]. However, 
both positive and negative effects of different amino acids 
and their concentration limitations on pigment produc-
tion have been reported. Furthermore, the mechanism 
behind these findings are still scarce in the literature 
and limited to only a few strains based on studies with 
Monascus spp. Such a phenomenon has not, to the best 
of our knowledge, been investigated for Neurospora spp.

Carbon source
The carbon source is the most studied parameter regard-
ing its effect on carotenogenesis in different fungi [77]. 
Singgih Marlia et  al. [9] evaluated the carotenogenesis 
of N. intermedia in liquid fermentation. The highest pro-
duction of carotenoids (24.31 µg/g spores) was achieved 
when 2% w/v maltose was used under aerobic conditions 
[9]. The other tested carbon sources included glucose, 
sucrose and maltose. Interestingly, a higher than 18  g/l 
glucose concentration was reported to reduced pigment 
production, perhaps due to respiro-fermentative metab-
olism [92]. These findings, however, oppose the previ-
ously mentioned report that suggested that an excess 
amount of energy and carbon limits the nitrogen source 

and stimulates pigmentation. The initial amount of the 
carbon source added to the cells has been investigated 
by Hailei et  al. [41]. Their findings showed that it was 
the accumulation of glucose metabolites (glycerol, etha-
nol, organic acids and other substances), not the exhaus-
tion of glucose, that played a major role [13, 41]. Another 
potential explanation for the relationship between stress 
due to carbon starvation and pigment production in Neu-
rospora spp. could be the suppression of central carbon 
metabolism, which results in an increase in the acetyl-
CoA pool available for other pathways, such as the meva-
lonate pathway (shown in part one in Figs. 4, 5, 6) [51]. 
The addition of ethanol as a carbon source has been 
reported to increase carotenoid production by growth 
inhibition, activation of oxidative metabolism and induc-
tion of HMG-CoA reductase [8], resulting in the produc-
tion of lycopene and neurosporaxanthin in N. crassa.

The specific time of addition of different carbon 
sources has also been shown to influence carotenogenesis 
in N. intermedia, with a positive effect seen by addition 
at the middle of the log phase than at the beginning of 
the stationary phase. From this the authors concluded 
that the carotenoid content likely increased in the mid-
dle of log phase and then remained constant, which is 
typical for secondary metabolites [36]. However, general 
information regarding the time of addition on pigment 
biosynthesis is scarce in the literature and needs to be 
investigated further.

Although studies regarding the effect of carbon source 
is limited for Neurospora, more extensive research can be 
found for Monascus spp. [31, 77, 90, 98–101].

pH
It has been previously reported that many kinds of fungi 
in submerged cultivation respond to more acidic pH con-
ditions with the accumulation of pigments [102], prob-
ably due to the stress condition. Changes in pH during 
growth depend primarily on the nitrogen and carbon 
source in the medium [103]. Since research studies have 
supported the influence of pH on the pigment produc-
tion by Monascus spp., it has been hypothesized as a fac-
tor to influence pigmentation in N. intermedia as well 
[31, 42, 44, 90, 92, 104]. The strong effect of pH on the 
biosynthesis of pigments in Monascus spp. has been pro-
posed to be associated with changes in the activities of 
proteins. Changing the pH from neutral or slightly alka-
line to more acidic has been shown to favor the cycliza-
tion of lycopene to β-carotene, and this has been applied 
in a patented fermentation process to improve lycopene 
yield [70]. It has also been noted that maximum pigment 
production is associated with the combined effect of pH 
and temperature in the culture medium. The effect was 
suggested to be associated with cellular growth, oxidation 
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processes and metabolic flows regulated by molecules 
such as adenosine triphosphate (ATP). A change in the 
pH affects oxidation and reduction processes of mol-
ecules in the cell, thereby affecting the redox flux and the 
oxidative state of important energy molecules such as 
ATP, which has important roles in the cell metabolism. 
Changing the pH can therefore cause different meta-
bolic pathways, substrate oxidation, and regulation of 
metabolic and osmotic processes, resulting in different 
end-products [104]. Nevertheless, the influence of pH 
on pigment production by Neurospora spp. is currently 
unexplored in the literature.

Temperature
Changes in temperature affect cellular growth and 
metabolite production by enzymes, including those 
involved in carotenoid production in microorganisms 
[46, 77]. Thus, temperature is suggested to be a factor 
that may be utilized to regulate enzymatic processes con-
nected to pigment production by the fungal cell [104]. 
The order of reactions in carotenoid biosynthesis can 
result in different carotenoids being produced depending 
on the temperature of growth [14, 47]. For example, at 
low temperature, the oxidative cleavage in the carotenoid 
pathway is favored over the cyclization reactions. This 
implies a competition between the enzymatic activities 
for the oxygenase and the cyclase for the same substrate 
(3,4-didehydro-lycopene, Fig.  4, 5, 6), and the condi-
tions favoring one or the other depends on the growth 
temperature [14]. Cultivation at lower temperatures 
has also been reported to block the production of toru-
lene and result in greater accumulation of β-carotene, 
probably due to changes in enzymatic activities [105]. 
Furthermore, illumination specifically at low tempera-
tures increased the proportion of neurosporaxanthin in 
Neurospora. In general, the temperature influences not 
only the type of carotenoids produced but also the total 
carotenoid content in various carotenoid producing fungi 
[14, 17]. Studies have shown that exposing Neurospora 
mycelia to temperatures between 12 and 6  °C with illu-
mination resulted in the highest response, although this 
phenomenon has not been described in other carote-
noid-producing fungi [14]. This increase in carotenoid 
production below the optimal growth temperature is 
suggested to be an acclimating response compensating 
for the downregulation of metabolic processes and other 
changes, such as the fluidity of the cell membranes [46]. 
This strengthens the suggestion that carotenoids serve as 
a secondary protection for the cells.

Co‑factors
Co-factors such as metal ions and salts greatly affect 
fungal metabolism [106] and have been demonstrated 

to influence carotenoid synthesis [107]. Magnesium and 
calcium are considered macronutrients for filamentous 
fungi, whereas iron, manganese, zinc and copper are 
considered micronutrients [46]. It is probable that the 
effect of such co-factors on carotenogenesis occurs due 
to an activation or inhibition mechanism on specific 
carotenogenic enzymes [77], such as microbial desatu-
rases [94]. Only a few attempts to address the biologi-
cal roles of these cations in fungi have been reported 
[46]. One of the studies added up to 12 mM Magnesium 
ions which showed a stimulatory effect on pigmenta-
tion by N. intermedia [9, 31]. The magnesium ions were 
reported to stimulate the conversion of GGPP into phy-
toene (catalyzed by phytoene-synthase enzyme). Phy-
toene is desaturated to produce lycopene, which is a 
precursor of cyclic carotenoids in N. intermedia [9, 106]. 
Another study aimed to optimize red pigment biosyn-
thesis by M. purpureus under solid-state fermentation 
and achieved higher concentrations of pigments by add-
ing manganese rather than other macronutrients such 
as magnesium and calcium. This result was in line with 
findings from another study that cultivated B. trispora in 
trace amounts of manganese ions [46] or trace amounts 
of copper ions [108]. Manganese is a known cofactor for 
enzymes involved in carotenoid biosynthesis [109]. Man-
ganese-dependent enzymes act on carotenoid production 
by influencing the concentration of cyclic AMP. cAMP 
has been shown to control a variety of functions in fungi 
[110, 111], which may include pigment production. One 
study investigated the role of exogenous cAMP on conid-
iation and carotenoid biosynthesis in N. crassa and found 
that it suppressed conidiation and lowered carotenoid 
synthesis [111]. However, the influence of abnormally 
low levels of cAMP is yet to be investigated. Neverthe-
less, another study reported that mutants of N. crassa 
with defects in the acyA gene coding for cAMP resulted 
in lower intracellular cAMP levels and contained more 
carotenoid pigments than wild-type cells [112]. García-
Martínez et al. [113] also reported enhanced production 
of red pigments by F. fujikuroi with defects in the acyA 
gene [113]. A negative relationship between cAMP level 
and the accumulation of carotenoids in N. crassa [73, 
114] has also been reported.

Another potential mechanism for how metal ions affect 
pigment production relates to the formation of active 
oxygen radicals (“Carotenoid biosynthesis” section) 
[94]. For example, pigment production was suggested to 
be induced by using ferrous ions to generate hydroxyl 
radicals  (H2O2  +  Fe2+  ->  HO−  +  HO*). Additionally, 
copper, zinc, lanthanum and cerium have been shown 
to have stimulatory effects on carotenoid yield via gen-
eration of active oxygen radicals [46]. However, negative 
effects on pigment production have also been reported 
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for ferrous or cobalt ions, thereby indicating other effects 
of the metal ions in contributing to cell growth rather 
than promoting metabolic pathways [102]. Inhibition of 
carotenoid production was also shown in the case of add-
ing manganese ions to a culture of Xanthophyllomyces 
dendrorhous containing oxygen radical generators. This 
effect was suggested to result from manganese acting 
as a scavenger or antioxidant by de-activating radicals, 
thereby resulting in lower stress to the fungi. The effect 
was thus suggested to be dependent on the concentration 
of manganese [46].

Surface active agents
It has been reported that surface active agents (also 
known as surfactants), such as corn oil [90], Triton X-100 
[13, 115], Tween-20, Tween-80 [42, 90], Span 20 [116] 
and olive oil, show positive effects on the metabolism of 
both intra- and extracellular pigments [42] depending on 
the strain and surfactant used. The amount of pigments 
that can be produced extra- vs. intracellularly varies with 
different cultivation factors and choice of strain. Secre-
tion of extracellular pigments is favored over intracellu-
lar production since it requires less work to extract the 
pigments [115]. It has been reported that pigments access 
the aqueous environment by association with proteins 
or other polar compounds [117]. Surfactants are amphi-
pathic substances that are able to adsorb onto surfaces 
of interfaces in dispersions and alter the interfacial free 
energy. Nonionic surfactants are able to form micelles 
in aqueous solutions and can be used as permeabiliza-
tion agents for the secretion of hydrophobic intracellular 
pigments [115]. Transporting intracellular pigments to 
extracellular micelles will prevent pigment degradation 
and lower the intracellular pigment concentration, which 
otherwise decreases yield by product inhibition [13]. 
Surfactants are also suggested to act on cell membranes, 
increasing their permeability to release both enzymes 
and pigments into the medium. This was observed when 
Tween 80 was added to a culture with Aspergillus amylo-
vorus, and it increased the pigment concentration in the 
medium by a factor of six [118]. It was also suggested 
that Triton X-100, which is able to solubilize mem-
brane proteins, can increase the access of carotenoids 
in Neurospora to the aqueous environment by associat-
ing the pigments with membrane-bound enzymes [111]. 
In addition, Span 20 was suggested to affect β-carotene 
production by altering the fungal morphology [116] 
(“Carotenoid biosynthesis” section). However, when 
N. crassa was cultivated with the addition of Tween 40 
(0.8%), carotene production was increased, but the caro-
tene remained inside the cells [119]. Therefore, the way in 
which surfactants act on pigments is not yet fully under-
stood since their effects are not consistent [118].

Oxygen level
Because carotenogenesis is an aerobic process, oxygen 
supply is another important parameter of carotenogen-
esis [77, 120, 121]. Poor oxygen supply to the culture has 
been reported to decrease pigment production [104], and 
a critical dissolved oxygen tension (DOT) between 15 
and 20% air saturation has been suggested for efficient 
carotenoid synthesis in fungi [8]. The crucial role of oxy-
gen in pigment production is probably due to its ability 
to act as an electron acceptor during oxidative phospho-
rylation and as a substrate of monooxygenase. Oxidative 
phosphorylation and monooxygenation are involved in 
metabolite synthesis. In particular, monooxygenases are 
more active in secondary metabolism [31]. Thus, the 
relationship between oxygen supply and pigmentation is 
important to understand in order to achieve optimal pro-
duction of pigments.

Tricarboxylic acid intermediates
Intermediates of the tricarboxylic acid (TCA) cycle, such 
as succinate, citrate and malate, have been reported to 
stimulate carotenoid biosynthesis under aerobic con-
ditions [46]. These intermediates form a carbon skel-
eton that can be used in pigment synthesis by different 
carotenoid-synthesizing species. Two potential explana-
tions for the effect on pigment production by TCA cycle 
intermediates have been put forward in the literature. 
One explanation is that these intermediates are able to 
act specifically on some of the key enzymes involved in 
the isoprenoid biosynthesis pathway such as acetyl CoA-
carboxylase, the starting substance for isoprenoid synthe-
sis. The other explanation is that the effect is caused by 
the increasing pool of oxaloacetate from the added inter-
mediates, since oxaloacetate is further decarboxylated to 
pyruvate leading to an increase of acetyl-CoA [46]. Like-
wise, high respiration rates and tricarboxylic acid (TCA) 
cycle activity are also associated with the production 
of large quantities of ROS [46], which could be another 
explanation for the increased pigment production when 
these intermediates are added.

Addition of citrate in X. dendrorhous and malate in 
Blakeslea and supplementation of 28  mM citrate to 
Blakeslea trispora have been reported to increase carot-
enoid production [8]. The degree of stimulation by the 
intermediates of the TCA cycle has also been reported 
to depend on the time during the cultivation when they 
were added to the medium [46]. However, these observa-
tions have not been investigated in ascomycetes, as far as 
we know.

Morphology
Filamentous fungi can adopt diverse morphologies 
when cultivated in submerged cultures such as uniform 
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and long filaments or entangled filaments in pellets or 
clumps. Morphology is also considered as a factor in 
pigmentation since it has been reported to influence the 
secretion of metabolites [13, 116]. A high fungal concen-
tration with entangled mycelia or filaments results in a 
highly viscous suspension with non-Newtonian proper-
ties, which reduces the homogeneity of nutrition, tem-
perature, oxygen, and other parameters. Growth in the 
form of dense pellets generates a less viscous medium 
with Newtonian properties, but the internal mass trans-
fer rate is limited by pellet size and compactness. These 
changes in gas–liquid-mass transfer can thus affect the 
formation and secretion of products/metabolites [13]. 
One specific morphology that promotes pigmentation 
could be aimed for by adjusting stimulatory factors such 
as the cAMP level or fermentation conditions such as pH 
or oxygen supply rate. The influence of pH on morphol-
ogy is explained in the study by Méndez et al. [104]. The 
study suggests that chemical or structural changes in the 
cell membrane induce morphology changes in the cell 
wall, which leads to an overproduction of pigments as a 
defense mechanism to regulate damage at the membrane 
level [104]. However, clearly established links between 
fungal morphology and pigmentation levels are still miss-
ing in the literature [104].

Isolation, analysis and identification of carotenoids
Extraction of carotenoids
In general, the isolation of intracellular carotenoids from 
filamentous fungi commonly involves a pretreatment 
step such as drying and/or cell disruption, an extrac-
tion step and a saponification step. Cell disruption is 
often necessary for intracellular carotenoids in order to 
increase the recovery. Many different methods for cell 
disruption have been suggested in the literature, includ-
ing mechanical disruption (e.g., sonication, high-pressure 
homogenization, grinding, and bead-milling), and non-
mechanical disruption (e.g., microwave assisted extrac-
tion, enzymatic hydrolysis, and ionic liquids) [122]. The 
preferred extraction procedure is based on a quick pro-
cess that efficiently releases all the pigments from the 
matrix into the solution without altering them [56], while 
using environmental-friendly solvent(s), if possible. There 
is no standard method for carotenoid extraction from 
fungi, but based on previous studies, the general process 
involves the mixing of dried or wet biomass with organic 
solvents (liquid–liquid system), followed by mechanical 
disruption of the cells and subsequent centrifugation or 
filtration (pigment particles are approximately 1–2 µm). 
After filtration, the solid residue is re-extracted, and the 
process is repeated until the residue becomes pale. Three 
extractions are usually sufficient [56]. A saponification 
step is sometimes required for fat-rich biomasses in order 

to remove lipid contamination and to hydrolyze carote-
noids found in ester or di-ester forms. The contaminating 
lipids may otherwise interfere with the chromatographic 
separation, identification and quantification of the carot-
enoids in later stages. When indispensable, saponifica-
tion is most commonly carried out with 10% potassium 
hydroxide in methanol or ethanol, at temperatures below 
60  °C to prevent carotenoid degradation [122, 123]. The 
carotenoid solution is then washed with water to remove 
the alkali. However, carotenoids with allylic hydroxyl and 
keto-groups, such as neurosporaxanthin, undergo oxida-
tion in the presence of alkali and air. Saponification is not 
recommended for these carotenoids, or it must be carried 
out anaerobically. This procedure is further described by 
Schiedt Katharina et  al. [124]. Finally, the total carot-
enoid content is commonly analyzed by measuring the 
maximum absorbance of the extracted pigments by spec-
tral analysis using a spectrophotometer. The maximum 
absorbance for these pigments is in the range of 450–
480 nm, depending on the type(s) of carotenoids present 
in the sample [14]. It should be noted that the position 
of the absorption maxima and the shape of the spectrum 
can vary by a few nanometers depending on the tempera-
ture and the presence of organic solvents [125].

There are some aspects to take into consideration when 
selecting the organic extraction solvent/solvents to use in 
order to optimize the solubility and stability of the carot-
enoids. Solvents with low boiling points are preferred 
since they are more easily removed through evaporation. 
If the fungal biomass contains large amounts of water, 
a water-miscible organic solvent (e.g., methanol or ace-
tone) should be used for better solvent penetration [56]. 
Furthermore, the choice of solvent/solvents depends on 
the polarity of the carotenoids. Organic solvents com-
monly used to extract pigments include benzene, petro-
leum ether, hexane, acetone, chloroform, dimethyl ether, 
methanol, ethanol, [126], other alcohols, and ethyl lac-
tate (described as a so-called green solvent) [127]. The 
organic solvents allowed in the EU for the extraction of 
natural food colorants are water, ethyl acetate, acetone, 
n-butanol, methanol, ethanol and hexane, while those 
allowed in the US are isopropanol, methanol, ethanol, 
hexane, and acetone [128]. Acetone is the most widely 
used solvent for carotenoid extraction since it is fairly 
harmless, inexpensive and readily available [56]. How-
ever, the polarity of the solvents and the pigments need to 
be considered. A better extraction is obtained when polar 
carotenoids, such as neurosporaxanthin, are dissolved in 
polar solvents, while less-polar carotenoids, such as lyco-
pene, and γ- and β-carotene, dissolve better in non-polar 
solvents [129]. Therefore, if the fungal biomass contains 
a mixture of pigments, two- or three-stage extraction 
methods using organic solvents of different polarity may 
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be required. A combination of different solvents has also 
been suggested to disrupt the cell and release intracel-
lular pigments to a greater extent. For example, a mix-
ture of petroleum ether, dimethyl sulfoxide and acetone 
was found to improve the extent of carotenoid recovery 
from Rhodotorula glutinis compared to the individual 
solvents [126]. Moreover, novel alternative methods that 
are more environmentally friendly compared to the con-
ventional organic solvent extraction approaches are being 
developed. These include super- or sub-critical solvent 
extraction, switchable solvent extraction, wet extrac-
tion, and, more recently, ionic liquid-assisted extraction 
[122] and  CO2 extraction [127]. These methods should 
be considered not only for environmental advantages 
but also for potential cost saving and increased efficiency 
[51, 122]. Research on “greener” extraction processes for 
fungal pigments should thus be further evaluated as an 
alternative to existing processes. The potential of emerg-
ing greener extraction systems for filamentous fungi 
pigments have been reviewed by Dufossé [15], Gong 
Mengyue et al. [122].

Only a few studies focusing on the isolation of carote-
noids from Neurospora are available. One study analyzed 
the carotenoids produced by N. intermedia in liquid fer-
mentation. Disruption and solubilization of the carot-
enoids present in the biomass were made using acetone 
as the extraction solvent and sonication for cell disrup-
tion. The total carotenoid content was determined to be 
0.8  mg/g spores by measuring their absorbance by UV/
Vis spectrophotometer at 480  nm [9]. Another study 
[36] utilized a two-stage extraction. Methanol was used 
as the first extraction solvent and acetone was applied as 
the second extraction solvent on dry mycelia, at 60 and 
50 °C, respectively. The resulting methanol/acetone frac-
tion containing the extracted carotenoids was collected, 
centrifuged and the spectral absorption at 470  nm was 
determined [36]. In another study, extraction of carot-
enoids from conidia of N. crassa was performed at an 
elevated temperature but with ethanol as the solvent, and 
the carotenoid content was estimated by measuring the 
absorbance at 475  nm [112]. The results obtained were 
expressed in terms of units of absorbance (U/g dry cell 
mass), a value proportional to pigment concentration 
[92]. The λmax values and solvents used for extraction of 
various carotenoid pigments from Neurospora spp. are 
cited in Table 1.

Purification, characterization and identification 
of carotenoids
Since N. intermedia and most other filamentous fungi 
accumulate a complex mixture of pigments, the next 
step includes techniques to purify and quantify the pig-
ments that are present in the mixture. A purification step 

is needed if the extracted carotenoids are to be used, for 
example, in food and cosmetic applications, or for certain 
quantification methods [51]. Purification and quantifi-
cation of the extracted pigments are based on chroma-
tographic and spectroscopic properties, and chemical 
tests. Column chromatography, thin-layer chromatogra-
phy (TLC), ultraviolet–visible spectrometry, and high-
performance liquid chromatography (HPLC) with online 
photodiode array detection are commonly used to sepa-
rate, identify and quantify carotenoids [130]. HPLC sys-
tems combined with photodiode array detector (PDAD) 
separates and identify carotenoids found in fungi, in view 
of their high sensitivity, reproducibility and short analy-
sis time, while minimizing isomerization and oxidation 
of unsaturated carotenoids [131]. This technique relies 
on the characteristic differences in wavelength max-
ima for each carotenoid and the spectral fine structure. 
Larger numbers of conjugated double bonds in the carot-
enoid structure will shift the wavelength maxima (λmax) 
towards longer wavelengths The long conjugated polyene 
system, which makes the trans isomers linear and rigid 
molecules, is an important property for the interaction 
of carotenoids with the stationary phase in HPLC and 
for their absorbance of light in the visible region at 400–
550 nm (Figs. 4, 5, 6). Generally, carotenoids absorb light 
maximally at three wavelengths (three-peak spectrum) 
where most other substances do not absorb. This prop-
erty can be utilized when carotenoids are to be identified 
in complex mixtures [56]. In a previous study, measure-
ments of the amount of β-carotene produced from N. 
intermedia have been carried out by HPLC using a  C18 
column with acetonitrile: methanol: 2-propanol (85:10:5) 
as the mobile phase. Detection of the carotene was car-
ried out with a UV/Vis detector at 450 nm and the com-
pound was compared with β-carotene standards [9].

Characterization and identification of carotenoids are 
described in more detail by Gross [123].

Industrial applications and challenges
Potential application areas and present status of the 
market
The pigment industry, mainly the food industry, is look-
ing for potential sources and uses of natural-origin pig-
ments without harmful environmental and health-related 
side effects, in addition to new colorants with improved 
functionality and a constant supply of raw materials from 
cheap and reliable sources. Consequently, the application 
areas of naturally derived pigments from N. intermedia 
are broad and have a bright future on the market if suc-
cessful at an industrial scale.

Potential applications of carotenoids include their use 
in animal feed to improve the nutritional profile and to 
enhance the appearance of poultry skin, salmon meat and 
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shade of egg yolks, the colors of which are determined by 
the animals’ diet. For instance, the apocarotenoid astax-
anthin, mostly produced from microalga and bacteria, 
has an orange-to-reddish color and is used currently as 
feed-additives in aquaculture due to its health-promoting 
properties. This compound provides the typical orange 
pigments to salmonids, lobsters and trout in addition 
to being used as a color enhancer in the diets of chick-
ens to improve the color of egg yolks to meet consum-
ers’ expectations [132]. Some natural-origin pigments 
are also used as intermediates for dyestuff for textiles and 
biodegradable polymers [133]. Furthermore, they can 
replace synthetic pigments used in food, drugs, cosmet-
ics and healthcare products. Extraction of pigments from 
plants has been the predominant source of natural pig-
ments thus far, but the use of these pigments is limited by 
their available quantities [134], irregularity of harvests, 
land use and labor-intensive characteristics [8]. Microbial 
pigments, on the other hand, have shown greater stabil-
ity against external stress such as light, pH and tempera-
ture and have high water solubility [6, 104] compared to 
pigments from plant sources [7]. Microbial pigment pro-
duction is also an environmental friendly method com-
pared to synthetic pigment production [8]. To date, more 
than 600 carotenoids have been found to be produced 
by carotenogenic microorganisms, but only astaxanthin 
and β-carotene are commercially produced by microbial 
fermentation. In 2010, synthetic colorants accounted for 
40% of the colorants available in the market, whereas 
natural-derived colorants and nature-identical colorants 
(i.e., man-made pigments which are also found in nature 
[135]) accounted for 31 and 29% of the market, respec-
tively. However, due to the advantageous associated with 
fermentation-derived natural pigments from microbial 
sources mentioned above [9] these may be a promising 
alternative that could tackle some of the current prob-
lems. According to Mapari et al. [7], products with natu-
ral colorants are expected to replace synthetic colorants 
in the future.

Microalgae are one alternative source of colorants, 
but their low productivity limits their use on a commer-
cial scale. The carotenoids in fungi (include β-carotene, 
γ-carotene, torulene and their hydroxyl- and keto-deriva-
tives [136]) grant industrial interest. These natural-origin 
pigments could be exploited for their antioxidant, provi-
tamin A activity [137] and beneficial effects on the onset 
of many diseases [13, 65]. Strains of Basidiomycetous 
fungi have been used for coloring silk and wool but are 
limited by their difficulty to grow under laboratory con-
ditions and are therefore not suitable for production on 
an industrial scale. On the other hand, ascomycetes have 
been traditionally used in different parts of the world 
for hundreds of years for food coloring, and they can be 

easily cultivated to give high yields [5]. The interest in 
these pigments is also growing because many ascomy-
cetes are known to secrete pigments with improved func-
tionality (e.g., with anticancer properties) [13]. Particular 
attention has been given on Monascus pigments which 
have been shown to possess heat and pH stability during 
food processing [12].

Another potential pigment producing fungi with bio-
technological applications are species of Fusarium that 
synthesize e.g., bikaverins (red pigment) [16] and carot-
enoids [32]. Research projects using Fusarium sporotri-
chioides for production of β-carotene and Lycopene [15, 
138] and F. fujikuroi for improved neurosporaxanthin 
[40] and β-carotene [139] production suggest high poten-
tial in the field. Bikaverin is also biotechnologically rel-
evant due to its selective toxic effect against tumoral cells 
[140] and its antibiotic activity against some phytopatho-
genic fungi and protozoa [141, 142]. One drawback with 
Fusarium spp. is, depending on the growth conditions, 
its potential of co-production of mycotoxins such as tri-
chothecenes, fusarins, and zearalenone [10, 22]. This can 
be overcome by carefully regulated cultivation condi-
tions or genetically modifying the fungi. Fusarium vene-
natum is known for its myco-protein production used 
for human consumption [11]. The potential industrial 
interest may increase by genetically modify the fungus to 
produce carotenoids that would add health value to the 
myco-protein product [143].

Even though most fermentative food-grade pigments 
from filamentous fungi are at a development or research 
stage [13], there are a few that already exist in the mar-
ket. These include Arpink red™ (now Natural Red™) 
from Penicillium oxalicum (manufactured from Ascolor 
Biotech) [5, 65, 83], which has received a 2-year approval 
by the EU to be used as a food additive in the Czech 
Republic from 2004 to 2006 (current status of approval 
unknown) [4], riboflavin from Ashbya gossypii [97, 144], 
lycopene and β-carotene from B. trispora (produced by 
Gist-Brocades, now DSM; approved in 2000 by the EU 
Scientific Committee on Food Safety) [46, 47, 97] and 
previously mentioned Monascus pigments [66, 97]. The 
industrial production and use of β-carotene and lycopene 
from B. trispora as food colorant have been approved by 
the European Commission in 2000 and 2006, respectively 
[51]. As an example, β-carotene has been developed to 
yield up to 30  mg/g dry mass or approximately 3  g/l of 
culture in a submerged fermentation process [2]. Produc-
tion of β-carotene and lycopene at larger scales (25 m3) 
under normal fermentation conditions are expected in 
the near future [46]. Regarding the industrial applications 
for Monascus pigments, the most common species used 
are M. purpureus, M. pilosus and M. ruber [13, 145] due 
to their production of orange, red and yellow pigments 
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[29, 30] that are used as natural colorants for making 
red rice, red soybean cheese, wine, marine and meat 
products [4, 31]. Their yellow and orange polyketide pig-
ments have been commercially produced and legally used 
as food colorants in the Southeast Asia for more than a 
thousand years [2].

Until now, β-carotene has been the most economically 
important carotenoid with a market share of US$261 mil-
lion in 2010, followed by astaxanthin and lutein [77] with 
global market shares of US$252 million (2010) and US$60 
million (2011), respectively. However, only 2% β-carotene 
is derived from natural sources [122], mainly from palm 
oil and to some extent fermentatively produced by B. 
trispora [12]. β-Carotene is the most well-known die-
tary source of provitamin A and believed to be the most 
important carotenoid in human nutrition [8]. It has been 
used in health and food products and to enhance the 
color and appearance of fish, birds, processed meats and 
tomato ketchup among other applications. Lycopene, 
produced mainly from tomatoes [12], has many applica-
tions within the food industry due to its red color and 
strong antioxidant activity (strongest among the carot-
enoids) [8], and it is used mainly as a nutritional supple-
ment or active ingredient in cosmetic products [146]. It 
has also been suggested to have anti-carcinogenic prop-
erties [147]. Additional carotenoid compounds found in 
N. intermedia and their industrial applications can be 
found in Table 2.

Challenges for large‑scale pigment production and future 
prospective
Pigments used for food colorants need to be approved 
by a regulatory agency and the most important factor 
in their consideration is safety. Consequently, there are 
many limitations and legislations covering this issue [13]. 
The approval (2000) by the EU for the use of filamen-
tous fungal carotenoids as food colorants has renewed 
the interest on the use of fungi as carotenoid producers. 
The United States regulation on the use of pigments in 
food and conditions for their use is outlined in Code of 
Federal Regulations, Title 21 (21CRF), which is also fol-
lowed by several other countries, while the Australian 
and Japanese legislations are also used in a number of 
other Asian countries. The legal use of filamentous fungi 
in different parts of the world varies with local and tra-
ditional usage of colorants [2]. For example, Monascus 
pigments have been used for more than thousands of 
years in China, Japan, and other Southeast Asian coun-
tries but are not permitted as colorants in the European 
Union and in the United States [97, 145]. A legislation by 
the European Parliament reinforced the need for altera-
tive “green” carotenoids by requesting that foods contain-
ing synthetic colorants, including quinolone yellow and 

tartrazine, require a label stating “may have an adverse 
effect on activity and attention in children” [5].

Other important desired features include a high pig-
ment yield, ability to dissolve in water and the production 
of stable pigments [7]. Furthermore, the potential pro-
duction of other secondary metabolites such as mycotox-
ins [30, 120], the kinds of carotenoids produced, [77] and 
whether the pigments are produced extra- or intracellu-
larly are important factors to consider [97]. The produc-
tion of pigments will also depend on consumer approval 
and the production costs required to bring the product to 
the market [7].

Regarding the pigment yield, there are generally two 
natural ways in which the amount of pigments can be 
increased by improving the fungal growth, or by increas-
ing the cellular accumulation of pigments [148, 149]. The 
problem, however, lies with the difficulty in increasing 
both the biomass and the pigment production, which 
would be optimal for industrial production. Biomass and 
pigment yields are suggested to be negatively correlated 
[104]. An increase in the biomass yield is connected to 
the abundance of nutrients in the medium whereas pig-
ment production seems to be increased under nutrient-
poor conditions and external stresses. Therefore, the 
relationship between biomass and pigment production 
needs to be fully elucidated in order to optimize and con-
trol pigment production. One way to control pigmenta-
tion in fungi is to use recombinant DNA techniques. 
Genetic modifications have been previously applied to 
alter the activity of enzymes involved in carotenoid bio-
synthesis [46, 148–151]. All carotenoids share a common 
precursor, which can be utilized to manipulate the carot-
enoid biosynthetic pathway by combining biosynthetic 
genes and produce a much wider range of carotenoids 
[8]. However, genetic modification lowers the acceptance 
for the use of the produced pigments in food and feed 
industries [42].

Another challenge involves the differences in bioavaila-
bility and absorption rates between different types of pig-
ments. Bioavailability refers to the amount of pigments 
absorbed in the body (to become available for physiologi-
cal functions or storage) and is thus desired if the pig-
ments are to be used in the feed industry, for instance. A 
high absorption rate, in this context, relates to the release 
of pigments to the product matrix, for example, in color-
ing a food product. Naturally, the food matrix itself will 
affect the absorption and the release of pigments [137]. 
Hence, the choice of pigment is important, as different 
pigments vary in bioavailability and absorption to the 
animal, human and food product matrices [127]. There 
are still limited data about differences in bioavailability 
and absorption between various natural-origin pigments, 
but, in general, it seems that more polar carotenoids 
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(xanthophylls) are absorbed more efficiently than hydro-
carbon carotenoids (carotenes) [152, 153].

The few strains of filamentous fungi that already exist 
in the market still have some challenges that need to 
be addressed to be able to compete with other pigment 
sources on the market. For example, the carotenoids 
produced from B. trispora exhibit good pH stability in 
most foods but are easily oxidized [12], although this can 
be countered by addition of antioxidants [154]. Chal-
lenges for the commercial production of pigments pro-
duced from Monascus include the pigments’ low water 
solubility, sensitivity to heat, instability at pH 2–10, and 
fading color intensity with light. To make the pigments 
more water-soluble, methods have been developed to 
substitute the replaceable oxygen in the pigment struc-
ture with nitrogen from the amino group of various com-
pounds such as proteins, peptides and amino acids, and 
some patents have addressed these challenges [144]. Fur-
thermore, when using Monascus for the production of 
pigments for feed and food applications, another prob-
lem is the co-production of citrinin, an azaphilone with 
nephrotoxic and hepatotoxic properties. Safety concerns 
regarding citrinin, a compound classified as a potential 
human carcinogen [30, 120], limits the use of Monascus 
pigments although some edible Monascus spp., such as 
M. purpureus, have been used for the production of red 
fermented rice for over a thousand years in Asian coun-
tries, [143]. This has prevented the approval of Monascus 
pigments as food colorants in the European Union (EU) 
and the United States (US) [5]. Similarly, P. oxalicum 
also produces the yellow toxic pigment, secalonic acid D 
[5]. On the other hand, N.  intermedia, isolated in 1842, 
has neither been observed to cause diseases in plants or 
animals nor to produce dangerous secondary metabo-
lites (e.g., mycotoxins), and thus, it has been extensively 
used in the food and beverage industry [19]. This edible 
fungus has traditionally been used for the production of 
the Indonesian fermented food oncom [6], contribut-
ing to the characteristic orange color of the dish. Hence, 
N.  intermedia is generally recognized as safe (GRAS) 
[19]. Moreover, it is closely related to N. crassa, a very 
well-evaluated model organism [155]. Nevertheless, 
among the Neurospora spp., only N. crassa has so far 
been evaluated for industrial production of pigments in 
a research project [130].

Since most fungi produce a mixture of pigments, 
another challenge is to be able to direct the pigment pro-
duction towards one specific colored dye in the future. 
The amount of different pigments can be adjusted by 
altering the substrates, the operational conditions (pH, 
dissolved oxygen, temperature) and fermentation mode 
[solid state fermentation (SSF) or submerged fermenta-
tion (SmF)].

The choice between solid state fermentation (SSF) 
and submerged fermentation (SmF) has been discussed 
extensively in previous reviews regarding pigment pro-
duction by filamentous fungi, especially for fermentation 
with Monascus spp. [26]. SSF is generally the process for 
the production of Monascus spp. pigments and is known 
to provide more pigments than SmF. However, research 
on the use of SmF has demonstrated easier handling, 
lower production costs, shorter cultivation times and 
higher product quality [31, 156]. Furthermore, there are 
several SmF techniques that can be used, such as batch 
or continuous mode, in order to achieve optimal pig-
ment yields [13]. To date, most of the industrial produc-
tion of carotenoids by filamentous fungi use SmF, while 
the use of SSF is still in the exploratory stage [107]. SmF 
may generate a higher pigmentation because oxygen and 
light are required for maximum pigmentation. To the 
best of our knowledge, studies focusing on pigmentation 
by N. intermedia have not addressed different fermenta-
tion strategies. Therefore, it remains to be seen if SSF will 
compete with SmF in the future. Furthermore, if pigment 
production is to be incorporated in an already existing 
biorefinery, the impeller design and configuration or the 
aeration rate in the stirred-tank and airlift bioreactors 
should be optimized for optimal gas exchange in order to 
increase pigmentation.

Pigments as a value‑added product within biorefineries
To produce cost-effective pigments with less environ-
mental impacts, the choice of substrate is of great impor-
tance. Using residues from industrial processes to create 
new products is certainly something worth aspiring to.

Substrates commonly used for solid state fermentation 
of Neurospora spp. have been based on waste products of 
plants or cereals that are rich in amino-acids and carbo-
hydrates [106]. β-Carotene production by N. crassa has 
been investigated in a study by Thomson ISI [39] where 
the fungi were grown on various residues with the aim 
to produce carotenoid rich feed. A mixture of tapioca 
by-product (60%) and tofu waste (40%) resulted in the 
highest β-carotene content (295  µg/g) [95]. N. interme-
dia was also suggested to produce high concentrations 
of carotenoids when the solid waste from tofu produc-
tion was used as substrate [37]. Similarly, when Neuros-
pora spp. were grown on 80% sago waste and 20% tofu 
waste, 246  µg/g of β-carotene was produced [95]. Stud-
ies on different waste sources as substrates for fermenta-
tion-derived pigment production by Neurospora spp. are 
interesting from an economical and environmental point 
of view and thus need to be investigated further.

Neurospora intermedia is under evaluation [1] as 
a second biocatalyst in the industrial production of 
bioethanol for yielding ethanol and fungal biomass 
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from fermentation left-overs [120]. The production of 
pigment-containing biomass would open the possibil-
ity for their use in salmon or chicken feed, which would 
be in line with the studies aimed to improve the nutri-
ent content in poultry feed [95]. The pigment-containing 
biomass could potentially be used for human consump-
tion as well. The process has been scaled up to 80  m3 
and further expansion is expected in the near future. 
Therefore, the successful control of pigment production 
by N. intermedia could reinforce the biorefinery charac-
ter of the 1st-generation ethanol plants via the produc-
tion of value-added products. Figure 7 shows an example 
of how pigment production can be integrated into an 
already existing biorefinery plant by using the residues as 
substrates.

Future prospects
Due to increased health and environmental concerns 
along with tougher regulations regarding the use of syn-
thetic pigments, intensive research is being carried out 
to find sources of natural-origin pigments. The use of 
filamentous fungi as an industrial source of biomass and 
value-added products such as organic acids, enzymes and 
pigments is already a reality.

Research focusing on N. intermedia is also expected 
to increase due to its potential ability to grow on more 
economically and environmentally friendly substrates 
from process leftovers. This also entails the production 

of value-added products, such as pigments, by process 
diversification. The potential use of the fungus for this 
purpose is further strengthened by its pigment produc-
tion without co-production of any mycotoxins. There-
fore, the food-grade ability of the fungus will tentatively 
aid in public acceptance regarding the use of its pigments 
for food and feed applications.

Over the years, several studies have focused on fac-
tors that stimulate pigment production in filamentous 
fungi. However, these studies have been superficial and 
have only briefly considered the optimization of pigment 
production at a larger scale and considered the circum-
stances that lead to pigment production as well as the 
potential regulation towards different color dyes. Moreo-
ver, the correlations between the factors are not entirely 
clear either. Hence, the substrate, cultivation conditions 
and bioreactor design need to be developed and opti-
mized in order to control the process towards pigments 
and other desired products. From an industrial point of 
view, it would be interesting to investigate if pigment 
optimization is correlated with other valuable features, 
such as favorable morphological structures (pellets) and/
or production of other metabolites. To date, the use of N. 
intermedia for pigment production on an industrial scale 
has not yet been explored.

As the research goes on, knowledge gaps are filled, 
hypotheses are proven and production processes are ver-
ified, it remains to be seen if pigment production using 

Fig. 7 Schematic process scheme of the main starch-based bioethanol process stages leading to the production of ethanol, DDGS and  CO2. 
Adapted from Ferreira et al. [120], and suggested production of pigments represented in dashed lines using filamentous fungi
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this fungus will be able to compete with other processes 
where plants or other organisms, such as algae, are used. 
Therefore, optimization but also comprehensive charac-
terization of pigments produced by N. intermedia will 
naturally play a crucial role in this regard.

Conclusions
Natural-origin pigments, such as carotenoids produced 
from filamentous fungi, are valuable bioactive compounds 
with an increasing market demand to replace chemi-
cally synthesized pigments. However, there is a need to 
improve fermentation strategies, control pigment produc-
tion and decrease production costs in order to compete 
with synthetic pigments. Carotenoid production in fungi 
seem to be triggered by environmental stresses, and these 
conditions can be achieved by regulation of the fermen-
tation process. N. intermedia has been foreseen to be a 
very promising candidate for pigment production due to 
its color, absence of mycotoxin production, and versatility 
regarding substrates that it can grow on. The production 
of pigments adds great potential for biorefineries in which 
filamentous fungi can be core biocatalysts to convert by-
products into several value-added products. By filling the 
gap in knowledge regarding the production of pigments 
by N. intermedia, the process of pigment-production 
might be accomplished by research efforts to include the 
fungus in 1st-generation ethanol plants.
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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 
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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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