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Preface

Every book is a source of knowledge and this one is no exception. The idea that led to the conceptualization 
of this book was the fact that the world is advancing rapidly; which makes it crucial to document the 
progress in every field. I am aware that a lot of data is already available, yet, there is a lot more to 
learn. Hence, I accepted the responsibility of editing this book and contributing my knowledge to the 
community.

Animal biology or zoology is the scientific study of all structural, embryological, evolutionary and 
taxonomical aspects of animals. The study of animal behavior as well as distribution is also encompassed 
in this domain. Zoology has been divided into a number of sub-disciplines and related fields. Some of 
these are comparative anatomy, animal physiology, vertebrate zoology, invertebrate zoology, behavioral 
ecology, paleontology, etc. This book aims to serve as a resource guide in the fields of animal biology and 
diversity by presenting upcoming theories and concepts relevant to these fields. Different approaches, 
evaluations, methodologies and advanced studies in the area of zoology have been included herein. This 
book is a complete source of knowledge on the present status of this important field.

While editing this book, I had multiple visions for it. Then I finally narrowed down to make every 
chapter a sole standing text explaining a particular topic, so that they can be used independently. 
However, the umbrella subject sinews them into a common theme. This makes the book a unique 
platform of knowledge.

I would like to give the major credit of this book to the experts from every corner of the world, who 
took the time to share their expertise with us. Also, I owe the completion of this book to the never-
ending support of my family, who supported me throughout the project.

Editor
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Syzygium aromaticum (L.) elicits lifespan extension 
and attenuates age-related Aβ-induced proteotoxicity
 in Caenorhabditis elegans
Aakanksha Pant1*, Prem Prakash1, Rakesh Pandey2 and Rishendra Kumar3

Abstract: Clove (Syzygium aromaticum) is a popular medicinal plant which has 
been traditionally used in India as spice and medicine to counter various ailments. 
However, the stress modulatory and antiaging potential of this plant is yet to be  
characterized. Therefore, the present study evaluates the effect of clove oil (CO) 
on oxidative stress, lifespan, mobility, and the expression of aging-related proteins 
using Caenorhabditis elegans model system. The CO (10 ppm) was found to extend 
mean lifespan in worms by 21.4% (p < 0.001) under normal and by 63% (p < 0.0001) 
under juglone-induced oxidative stress conditions. The extension of mean lifespan in 
mev-1 mutant and elevated expression of gst-4 and sod-3 confirmed stress modula-
tory effects of CO. Additionally, the CO reduced intracellular ROS and Aβ1–42 proteo-
toxicity. Altogether, the present study unravels the anti-aging and stress modulatory 
potential of CO and suggests CO as a potential pharmaceutical entity in modulating 
aging process.

Subjects: Bioscience; Microbiology; Neuroscience; Pharmacology; Toxicology

Keywords: clove oil; Caenorhabditis elegans; lifespan; Alzheimer’s disease

1. Introduction
Ayurveda, the word derived from Sanskrit itself means “the scripture of longevity”. The practice finds 
its foundation in holistic view of treatment which cures human diseases all the way through the 
establishment of equilibrium between elements of human life, the body, the mind, and the soul. The 
scientific investigation concerning the best known of these traditionally practiced herbs is need of 
the hour and therefore, we investigated anti-aging and stress modulating potential of widely used 

*Corresponding author: Aakanksha Pant, Department of Botany, Government P.G. College, Kumaun University, Dwarahat, 
Almora 263653, India 
E-mail: pant.aakanksha@yahoo.com
Reviewing editor: Tsai-Ching Hsu, Chung Shan Medical University, Taiwan
Additional information is available at the end of the article
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PUBLIC INTEREST STATEMENT
Spices and herbs have been part of various food 
preparations since ancient time till today. These 
spices contribute to various beneficial therapeutic 
effects in human. Clove is one of these spices/
herbs which has proven efficacy in treating dental 
problems, inflammation, and neurodegenerative 
disorders. Therefore, present study evaluates 
effect of clove oil on aging and age-related 
neurodegenerative Alzheimer’s disease using a 
free living soil nematode Caenorhabditis elegans 
organism model which shares genetic similarity 
with human. Clove oil was found to improve health 
span and lifespan of C. elegans in dose-dependent 
manner. The study unravels potential of clove oil in 
delaying aging and age-related pathologies.

1

_________________ WORLD TECHNOLOGIES _________________

http://crossmark.crossref.org/dialog/?doi=10.1080/23312025.2016.1218412&domain=pdf&date_stamp=2016-08-01
mailto:pant.aakanksha@yahoo.com
http://creativecommons.org/licenses/by/4.0/


WT

popular medicinal and aromatic plant clove (Syzygium Aromaticum). This popular spice has proven 
efficacy in treating dental problems, inflammation, and neurodegenerative disorders (Adams, 
Gmünder, & Hamburger, 2007; Chaieb et al., 2007). Despite its well-known therapeutic potential, the 
plant is yet not fully explored against aging disorders. Aging is a multifaceted phenomenon and a 
time-dependent decline in physiological functions which is universal to every living organism 
(Kenyon, 2010). The hallmark of cell senescence is the onset of various age-related afflictions includ-
ing neurodegeneration, cardiovascular disease, and cancer (Guarente & Kenyon, 2000). The main 
goal of gerontological research is to identify pharmacological molecules that can delay age-related 
diseases and maintain vitality of later life in humans. A number of earlier reports have established 
that active constituents of different plant extracts are efficient in reversing aging, extending lifes-
pan, and improving stress tolerance (Arya, Dwivedi, & Subramaniam, 2009; Asthana et al., 2015; 
Kampkötter et al., 2008). Thus, a proper understanding of clove oil (CO) on aging and longevity mod-
ulation is still a unfolded mystery and should be investigated. As an organism, soil nematode 
Caenorhabditis elegans ages and shares similar aspects of aging like human (Kenyon, 2010). Further, 
the advantageous characteristics of this model organism are attributed to its genetic pliability, 
invariant and fully described developmental program, well characterized genome, ease of mainte-
nance, short and fertile life cycle, and small body size (Kenyon, 2010). C. elegans shares more than 
80% gene homology with human and protein network regulating aging is conserved between worm 
and human which makes this nematode model a powerful tool for the screening of lifespan modula-
tors (Kenyon, 2010). The present investigation attempts to determine the effects of CO on oxidative 
stress, lifespan, mobility, neurotoxicity, and the expression of aging-related proteins.

2. Experimental

2.1. Plant material and GC/MS analysis
The Syzygium aromaticum buds were procured from a local market. The volatile oil was obtained by 
conventional hydrodistillation of the buds of S. aromaticum in a clevenger-type apparatus. The GC 
and GC/MS analyses were performed using previously described standard methods (Adams, 2012; 
Kollmannsberger & Nitz, 1994; Srivastava, Srivastava, & Syamsundar, 2005). The GC and GC/MS anal-
yses resulted in the identification of major constituent as eugenol (65%, Figure S1).

2.2. Caenorhabditis elegans maintenance and egg preparation
The wild-type C. elegans Bristol strain N2, TK22, mev-1 (kn1), CL4176 (dvIs27 [myo3::Aβ let 3′UTR 
(pAF29); pRF4 (rol6 (su1006)]), CL 2006 (dvIs2 [pCL12 (unc-54/human Aβ peptide 1–42 mini-
gene) + pRF4]) was used in this experiment. Animals were maintained on nematode growth medium 
(NGM) and fed with OP-50 strain Escherichia coli at 20°C (unless otherwise indicated). A synchronized 
culture was obtained by sodium hypochlorite treatment (50% sodium hypochlorite [12% Cl]; 2.5 M 
sodium hydroxide), which kills adult worms, but not their eggs (Brenner, 1974). The strain used in 
this experiment was obtained from the Caenorhabditis Genetics Centre, University of Minnesota, and 
Minneapolis, USA.

2.3. Lifespan analysis
Age-synchronized N2 worms were used for lifespan assay (Pant et al., 2014). Worms were synchro-
nized by alkaline hypochlorite treatment. The isolated eggs were allowed to hatch on NGM plates 
previously spotted with or without different concentrations of CO different doses (1, 10, 100 ppm) till 
L4 stage. About 25–30 L4 molts were then transferred to NGM plates previously spotted with corre-
sponding test concentration and 50-μM FUdR (Sigma-Aldrich) to block progeny development. Worms 
were then observed daily for survival and transferred to fresh plates after every 3–4 days to avoid 
contamination and to assure the presence of the compound throughout experiment. The experi-
ment was terminated when all worms were scored as dead or censored. Three independent trials 
were performed for all treatments, and the data shown represent three replicates with similar 
effects on longevity.

2 Animal Biology and Diversity
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2.4. Stress assays
The effect of CO on stress response of worm was assessed by exposing treated worms to juglone-
-induced oxidative stress and heat-induced thermal stress (Pant et al., 2014). For assessing thermo-
tolerance, age-synchronized N2 worms were raised on treatment (CO) and control plates at 20°C and 
shifted to 35°C as day-2 adults. The survival of worms was scored by touch provoke method (Lithgow, 
White, Melov, & Johnson, 1995). Furthermore, oxidative stress resistance was assessed by exposing 
age-synchronized CO and EU pre-treated and control day-2 adult worms to lethal dose (250 μM) of 
juglone (5-Hydroxy-1,4-napthoquinone, Sigma-Aldrich). The survival was scored every hour after the 
treatment. The experiments were done in three replicates independent of each other.

2.5. Measurement of body size
The fourth larval stage (L4) worms exposed onto a bacterial lawn spot of an NGM plate containing 
different doses (1, 10, 100 ppm) of CO and control plates without the phytomolecule which were 
incubated for 24 h were directly picked for body size measurement (Pant et al., 2014). The body sizes 
of more than 20 animals in the photo pictures with a scale were randomly measured using the Leica 
Application Suite V3 software (version 3.4.0). The experiment was performed independently thrice.

2.6. Brood size assay
Synchronous wild-type hermaphrodites were cultured at 20°C for 3 days until they reached the L4 
stage. One worm each (three replicates of each treatment) was then transferred and maintained on 
a separate NGM plate with (10, 100 ppm) of CO or without treatment and incubated at 20 ± 0.5°C in 
incubator. Individual worms were transferred daily; the progeny were left to develop for 3 days be-
fore counting (Pant et al., 2014). After three days, the progeny were counted under stereoscopic 
microscope.

2.7. Measurement of aging phenotype

2.7.1. Assessment of feeding behavior
The progression in age is correlated to decline in pharyngeal pumping rate. The effect of CO on feed-
ing behavior was evaluated by counting the pharyngeal contractions and relaxation. Pharyngeal 
pumping is defined as number of contractions (i.e. backward grinder movements in the terminal 
bulbs). This assay was performed with day-2 and day-4 adult worms on approximately 40 worms at 
regular interval of 20 s at room temperature (Pant et al., 2014). The p-value was calculated using 
Assistat 7.7 beta statistical assistance software. The assay was performed three times 
independently.

2.7.2. Lipofuscin assay
The effect of CO treatment on age pigment lipofuscin was evaluated using previously described 
method (Pant et al., 2014). The day-4 adult worms (n = 20) were randomly selected from each treat-
ment group (CO and control) and observed for autoflorescence. The lipofuscin levels were quantified 
by determining the average pixel intensity in each worm using Image-J software (NIH). The p-value 
was calculated using Assistat 7.7 beta statistical assistance software. The assay was performed 
thrice independently.

2.8. Measurement of intracellular ROS in C. elegans
The intracellular ROS levels were determined according to Smith and Luo, 2003 with minor modifica-
tions. Adult day-4 worms treated with or without CO were used for intracellular ROS determination. 
Worms were collected in 300 μl of 0.1% PBST and equally timed homogenization and sonication. The 
homogenized samples were transferred to 96 well plate and prior to reading, 15 μl of 10 mM H2DCF-DA 
was added to each well. Fluorescent readings were measured using Spectra Max M2 multimode micro-
plate reader, (Molecular Devices) at 485 nm excitation and 530 nm emission. Observations were re-
corded at every 20 min for 2 h and 30 min at 37°C. The test was performed three times independently.

3Syzygium aromaticum (L.) elicits lifespan extension and attenuates age-related...
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2.9. Worm paralysis assays
The CL4176 strain [dvIs2 [pCL12 (unc54/human Aβ minigene) + pRF4] containing a heat-sensitive mu-
tation developed to express human amyloid β1–42 (Aβ1–42) present in the muscle tissue was maintained 
on NGM plates at 16°C (Dostal, Roberts, & Link, 2010). Previous to the beginning of the experiment, C. 
elegans were age synchronized at 16°C on CO pre-treated NGM plates. L1 worms from F2 generation 
were transferred to control or treatment plates and allowed to mature gravid adult stage to lay eggs. 
After reaching the L3 stage, the incubation temperature of the plates was increased from 16°C to 
25°C, in order to induce the expression of Aβ1–42. The evaluation of the mobility of worms was started 
18–20 h after increasing the incubation temperature in 2 h increments until all worms were paralyzed. 
The worms are considered paralyzed if they failed to respond to prodding and demonstrated “halos” 
of cleared bacteria around their heads (indicative of insufficient body movement to access food), eggs 
accumulation close to the body. The experiment was performed in three independent trials.

2.10. In vivo gene expression studies in transgenic C. elegans
The in vivo expression of stress response genes sod-3 and gst-4 was quantified with the aid of trans-
genic GFP reporters CF1553 (muIs84) and CL2166 (dvIs19) using fluorescence microscopy. The treated/
untreated worms were photographed individually by piptetting onto 2% agarose pad on glass slide. The 
worms were anaesthetized with 1% sodium azide prior to microscopy. The assay was performed ac-
cording to previously described methods (Pant et al., 2014) using a GFP filter (with excitation at 365 nm 
and emission at 420 nm) using a fluorescence microscope DMI 3000 B (Leica, Wetzlar, Germany) at 20X. 
The fluorescence levels were quantified using Image-J software (NIH).

2.11. Statistical analysis
Experiments were performed at least in triplicate. Significant differences between the lifespan of 
treated and control worms under normal/stressed conditions were determined using Kaplan-Meir 
survival assay in Med Calc software version 12.7.7.0. Data are presented as mean ± SD, and student’s 
t-test or one-way ANOVA analysis was used to determine the statistical significance between ex-
perimental groups. Statistical significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion

3.1. Clove oil promotes healthy lifespan in C. elegans
An increment in aging world population and age-related ailments have sidetracked the aging re-
search towards dietary interventions promoting longevity with maintenance of vitality of later life. 
Aging is a global phenomena accompanied with decline in ability of an organism to maintain cellular 
homeostasis with time (Kenyon, 2010). The significant progress in field of gerontological sciences 
has focused research towards aging and factors modulating lifespan, but mechanisms extending 
lifespan of an organism still remain elusive. Therefore, we evaluated the age defying effects of CO 
which is commonly used in traditional Ayurvedic medicine, dentistry, and food preparations for its 
potential health benefits in humans. The N2 wild-type worms were exposed to different doses of CO 
(1, 10 and 100  ppm) from early stages of lifespan and maximal lifespan extension of 21.4% 
(p  <  0.0001) was recorded in 10  ppm followed by 14.35% (p  <  0.0001) in 100  ppm and 6.99% 
(p < 0.0001) in 1 ppm (Figure 1(A), Table 1). The extension in lifespan by different interventions is 
oftenly associated with decline in feeding behavior, growth, and fertility of an organism (Gruber, 
Tang, & Halliwell, 2007; Kenyon, 2010). The extension in mean lifespan in exchange of health span 
and vitality is not the prime goal of aging research. Therefore, we evaluated effect of CO on pharynx 
pumping rate, growth and fecundity of worm. The non-significant difference between treated (CO) 
and untreated (control) was observed suggesting lifespan extension with maintenance of health 
span (Figure S2(A)–(C)). The present findings are supported by previous studies where lifespan exten-
sion is mediated by various natural herbs and molecules.

4 Animal Biology and Diversity
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3.2. CO reduces intestinal lipofuscin autoflorescence
The lifespan progression is marked with increment in oxidative stress and aggregation of byproducts 
of macromolecular damage which causes stress in an organism (Garigan et al., 2002). The accumula-
tion of auto fluorescent intestinal age pigment lipofuscin is a biomarker of aging in worms. The aggre-
gation of lipofuscin protein is an aging biomarker. The age-related stress is directly linked with lipofuscin 
aggregation. The significant decline in intestinal lipofuscin was observed in CO-treated worm by 

Figure 1. Effect of CO on lifespan in wild type and mutant strain of C. elegans at 20°C. (A) The 
maximum extension of 21.4% (p < 0.0001) in lifespan was recorded in 10 ppm CO followed by 14.35% 
(p < 0.0001) in 100 ppm and 6.99% (p < 0.0001) in 1 ppm; (B) the percentage mean survival in 10 ppm 
CO-treated mev-1 (kn1) mutants is enhanced by 30.94% (p < 0.0001) in comparison to control. The 
data were analyzed using the Kaplan–Meir survival analysis in Medcalc 12.7.7.0 software. Effect of 
CO on stress level; (C) CO (10 ppm) treatment significantly reduced the juglone sensitivity in pre-
treated worms compared to untreated control worms mediating improved survival under oxidative 
stress conditions; (D) CO (10 ppm) treatment significantly enhanced mean lifespan of worms in 
comparison to control under thermal stress conditions. The data are statistically analyzed using 
ANOVA in ASSISTAT 7.7 beta statistical assistance software. Differences between the data were 
considered significant at p ≤ 0.05.

Note: Error bars represent means ± S.E.M. �*p ≤ 0.05. **p ≤ 0.01.

Table 1. Lifespan analysis of wild-type N2 and mev-1 mutant at 20°C
Genotypes Treatments Mean lifespan ±SD ±SE Sample size 

(N)
% Change p-value

N2 wild type Control 16.86 4.73 0.386 150

N2 wild type CO 1 (ppm) 18.04 5.21 0.406 165 6.99 <0.0001

N2 wild type CO 10 (ppm) 20.51 6.43 0.480 178 21.64 <0.0001

N2 wild type CO 100 (ppm) 19.11 6.24 0.45 185 13.34 <0.0001

mev-1 (kn1) Control 13.28 4.52 0.348 169

mev-1 (kn1) CO 10 (ppm) 17.39 4.85 0.391 152 30.94 <0.0001

5Syzygium aromaticum (L.) elicits lifespan extension and attenuates age-related...
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15.78% (p = 0.0019). Whereas, significant increase was recorded in control worms (Figure S2(D)–(F)). 
The significant decline in lipofuscin aggregation suggests that CO can maintain function of primary-
targeted organ with progression in aging process.

3.3. CO confers stress tolerance and attenuates ROS level in C. elegans
The increment in stress and intracellular ROS levels leads to decline in mean survival in organisms 
(Abdollahi, Moridani, Aruoma, & Mostafalou, 2014; Epel & Lithgow, 2014). The progression in lifespan 
is accompanied by cellular metabolic decline and disruption of normal cellular redox function which 
hampers cellular macromolecular organization (Kenyon, 2010). Therefore, the present study evalu-
ates effect of CO on stress level and intracellular ROS level in worms. The CO pre-treated worms 
demonstrated enhanced mean survival by 63% (p < 0.0001) in 10 ppm under intracellular ROS gen-
erator juglone-induced oxidative stress (Figure 1(C)). Additionally, enhanced survival was observed in 
CO (10 ppm)-treated worms by 10.87% (p = 0.0119) under thermal stress condition (Figure 1(D)). To 
investigate whether the increment in mean survival under normal and oxidative stress conditions is 
associated with reduction in ROS level, we employed DCF-DA method using whole live nematode for 
quantification of in vivo ROS. The decline of 26% (p = 0.047) in ROS level was observed in CO (10 ppm)-
treated worms in comparison to untreated control worms (Figure S3). Furthermore, CO-treated mev-
1 mutant worm demonstrated prolonged lifespan by 30.94 (p < 0.0001) in comparison to untreated 
control suggesting stress alleviating potential of CO (Figure 1(B), Table 1). Altogether, the results 
suggest CO exposure mediates increment in stress tolerance level compared to untreated control. 
The results are supported by previous findings where enhanced stress tolerance was found to extend 
mean lifespan in various organisms.

3.4 CO-delayed β-amyloid proteotoxicity in C. elegans
The extension in lifespan is of little benefit if it doesn’t revive overall health of living organism. The 
progression in age is accompanied by an increment in oxidative stress which has implication in age-
related pathologies like neurodegeneration (Shaw, Werstuck, & Chen, 2014). The age-related patholo-
gies elicit protein aggregation and misfolding (Dostal & Link, 2010). The disruption of protein 

Figure 2. CO treatment-attenuated Aβ-induced paralysis in C. elegans CL4176 and intracellular ROS 
mediated oxidative stress due to Aβ proteotoxicity in CL2006 transgenic strains. (A) CO (10 ppm) 
treatment was able to rescue worms from Aβ-induced paralysis thereby enhancing mean lifespan 
in worms in comparison to control; (B) CO (10 ppm) treatment reduced Aβ proteotoxicity in CL2006 
transgenic worms by reducing intracellular ROS mediated oxidative stress. The data are statistically 
analyzed using ANOVA in ASSISTAT 7.7 beta statistical assistance software. Differences between 
the data were considered significant at p ≤ 0.05.

Note: Error bars represent means ± S.E.M  *p ≤ 0.05. **p ≤ 0.01.

6 Animal Biology and Diversity
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homeostasis leads to accumulation of insoluble proteins aggregate such as β-amyloids which is asso-
ciated with Alzheimer’s associated neurotoxicity and cell death (Dostal & Link,  2010). The β-amyloids 
aggregation is target of various therapeutic studi   es as it is a marker of AD progression (Gutierrez-
Zepeda, Santell, Wu, Brown, & Wu, 2005). Therefore, we exploited C. elegans transgenic model of hu-
man proteotoxic disease CL4176 (dvIs27 [myo3::Aβ let 3′UTR (pAF29); pRF4 (rol6(su1006))]), which 
expresses an aggregating amyloid β1–42 peptide in muscle tissue (Dostal et al., 2010; Link, 1995, 2006). 
When this transgenic strain is subjected to temperature up shift from 16 to 26°C, worms express 
β-amyloid protein aggregates in body muscles and followed by paralysis. We observed delayed paraly-
sis in CO-treated worms in comparison to untreated control worms (Figure 2(A)). The decline in per-
centage of paralyzed worms was observed in CO-treated worms as compared to control. The CO 
treatment decreased the proportion of paralyzed worms due to β-amyloid aggregates followed by in-
crement in mean survival in CL4176 worms. In addition to that CO treatment demonstrated decline in 
ROS level in β-amyloid expressing transgenic strain CL2006 in comparison to untreated control CL2006 
worms (Figure 2(B)). In C. elegans, increment in oxidative stress level strongly correlates with Aβ toxic-
ity, and it has been shown that a number of natural products that reduce ROS are neuroprotective 
(Dostal & Link, 2010). Altogether, CO rescued paralysis phenotype and reduced ROS level in Alzheimer’s 
worm model suggesting CO can ameliorate detrimental effects of β-amyloid induced proteoxicity.

3.5. CO alters expression of stress response genes
The aging phenomenon is followed by elevation in oxidants production and decline in antioxidant 
enzymes which leads to compromised cellular redox homeostasis (Kenyon, 2010). The CO treatment 
lead to decline in oxidative stress, ROS level and age-related β-amyloid with extension in lifespan. 
Furthermore, the transgenic strains stably expressing SOD-3 and GST-4 were evaluated for change in 
expression on CO treatment. CO exposure up regulated the expression of sod-3 and gst-4 (Figure 3). 
The CO-treated worms demonstrated elevation in SOD-3 expression by 29.7% (p = 0.0222) in compari-
son to control. Additionally, up regulation in GST-4 expression was observed on CO treatment by 
19.38% (p = 0.001) in comparison to untreated control worms. Altogether, extension in mean lifespan 
and decline in cellular stress can be attributed to up regulation of antioxidant genes sod-3 and gst-4.

Figure 3. Effect of CO on stress response gene sod-3. (A) Control sod-3::gfp transgenic strain of C. 
elegans (n = 89); (B) 10 ppm CO-treated sod- 3::gfp transgenic strain; (C) Quantification of SOD-3::GFP 
expression; (D) Control gst- 4::gfp; (E) 10 ppm CO-treated gst-4::gfp transgenic strain of C. elegans ; 
(F) Quantification of GST-4::GFP expression. Scale bar = 200 μm. Scale bar = 200 μm. The data are 
statistically analyzed using ANOVA in ASSISTAT 7.7 beta statistical assistance software. Differences 
between the data were considered significant at p ≤ 0.05.

Note: Error bars represent means ± S.E.M. *p ≤ 0.05. **p ≤ 0.001.
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4. Conclusion
The present study suggests that CO modulates stress level, which leads to lifespan extension and 
alleviation of Aβ proteotoxicity in C. elegans. The CO exposure prolonged lifespan with alleviation of 
stress and age-related Aβ-proteotoxicity which can be attributed to up regulation of stress response 
gene gst-4 and sod-3. The neuroprotective and lifespan prolonging effects demonstrated by CO can 
be subjected to future investigations. The neuromodulatory and longevity promoting effects are of 
medical interest because of its impact on age-related pathologies like AD. Thus, EU might facilitate 
the development of targeted therapy for AD and several age-related disorders.
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Weather constraints on Burmese python survival in 
the Florida Everglades, USA based on mechanistic 
bioenergetics estimates of core body temperature
Randal S. Stahl1*, Richard M. Engeman1, Michael L. Avery2 and Richard E. Mauldin1

Abstract: Invasive Burmese pythons (Python bivittatus) succumbed to weather-
induced mortality in the Florida Everglades in January 2010. We use a mechanistic 
bioenergetics model to calculate body temperature in various-sized pythons for 
the successive months of December and January from 2009 to 2014 using daily 
weather data for the Everglades area. We incorporate python thermal behaviors 
judged to mitigate weather effects on body temperature. These models suggest 
that for at least one month in every year except 2013 pythons experienced body 
temperatures that would subject them to significant physiological stress. However, 
estimated body temperatures as low as those reported for pythons that succumbed 
to exposure occurred only in January and December 2010. Results demonstrate the 
importance of weather variability on survival. 

Subjects: Animal Ecology; Biodiversity & Conservation; Vertebrates

Keywords: Python bivittatus; climate; air temperature; site occupancy; thermal behavior; 
solar radiation

1. Introduction
The invasive Burmese python (Python bivittatus) has been established in Southern Florida, USA, in 
the vicinity of Everglades National Park for around a quarter century (Meshaka, Loftus, & Steiner, 
2000; Snow, Krysko, Enge, & Oberhoffer, 2007). The python population in Florida is attributed to il-
legal pet releases, although the highly destructive Hurricane Andrew in 1992 may also have released 
many from captive breeding and holding facilities (Bilger, 2009; Engeman, Jacobson, Avery, & 
Meshaka, 2011; Snow et al., 2007; Willson, Dorcas, & Snow, 2011). The origin of the individuals 
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ABOUT THE AUTHORS
Current research addresses issues focused on 
understanding the potential for the spread of 
vertebrate invasive species and developing tools 
to prevent or mitigate the spread of vertebrate 
invasive species through human activities. Recent 
work has examined climate constraints on the 
survival of the Burmese python in Florida and 
developing repellents that can be applied to cargo 
to prevent the transport of the brown treesnake 
from Guam.

PUBLIC INTEREST STATEMENT
It has been reported in the popular media that 
the climate along the Eastern seaboard and in 
many southern states of the United States would 
allow for the potential expansion of the invasive 
Burmese python population from the Florida 
Everglades into these regions. We demonstrate 
that extremes in weather using data from the 
Florida Everglades area would likely preclude 
expansion outside the current range using a more 
detailed evaluation of the temperature effect 
on the core body temperature of pythons. In 
general, temperature extremes are more likely 
to constrain invasive species expansion and are 
better estimates for establishment of reptiles than 
average temperature, which is commonly used.
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available in the pet trade at the inception and early growth of the population came from a subset of 
the native range, initially Thailand near Bangkok and subsequently Vietnam near Ho Chi Minh City 
after 1994 (Barker & Barker, 2008a, 2008b). The numbers of pythons that founded the population 
and the ability of these pythons to expand into the temperate regions of the US are largely unknown 
but attributed to a small founder population (Dorcas, Willson, & Gibbons, 2011; Snow et al., 2007; 
Willson et al., 2011).

Rodda, Jarnevich, and Reed (2009, 2011) and Pyron, Burbrink, and Guiher (2008) applied climate 
data from the native ranges of the Burmese python and the closely related Indian python (Python 
molurus) to evaluate possible range expansion of the Burmese python in the contiguous US as the 
combined native range of these species covers both tropical and temperate regions in Asia 
(Groombridge & Luxmoore, 1991; Whitaker & Captain, 2004; Zhao & Alder, 1993). Climate matching 
has been used extensively to predict establishment of an invasive population by contrasting the 
climate in the species’ home range with the local climate of the site of invasion (e.g. Bomford, Kraus, 
Barry, & Lawrence, 2009). This has often been the only consistent predictor of invasion success 
across biological groups (Hayes & Barry, 2008) when combined with previous history of invasion suc-
cess and the numbers of released individuals. The approach is sensitive to both climate parameteri-
zation and the statistical methods used in evaluating the likelihood of the climates being comparable 
between the home range and the new range being evaluated for expansion (Rodda et al., 2011). For 
example, Rodda et al. (2009) predicted a possible range expansion encompassing the southern tier 
of the US from the Delmarva Peninsula in the east to portions of California in the west, while Pyron 
et al. (2008) identified only southern portions of Florida and Texas as suitable for expansion. Both 
approaches used mean monthly minimum and maximum air temperatures at large spatial scales as 
part of the parameterization of the climate-matching modeling.

Climate matching does not account for the effect of weather on the body temperature of an or-
ganism nor does it directly couple the energy environment resulting from weather to the organism 
as modified by thermal behavior. As a result, there is no way to mechanistically determine what 
aspects of a climate preclude site occupancy in a landscape. This can be accomplished by calculat-
ing an energy budget for an organism applying physical mechanisms of energy exchange between 
an organism and its environment.

There are four fundamental physical mechanisms, derived from first principles, used to estimate 
the rates of energy exchange (fluxes) between an organism and its environment: radiation, latent 
heat, conduction, and sensible heat transfer (Montieth & Unsworth, 2013). To elucidate; radiation is 
energy transmitted as light and is associated with sunlight but has a thermal component in the in-
frared and longer wavelengths; sensible heat exchange occurs as a result of a state change for ex-
ample when water evaporates; conduction occurs at an interface between two surfaces, and is 
moderated by a boundary layer resistance; sensible heat transfer accounts for the energy flows in a 
medium, as in air or soil, diurnally.

As an example, the magnitude of these four mechanisms, calculated for the average global mean 
energy budget under contemporary climate conditions results in a net positive energy imbalance of 
0.6 W m−2, with solar radiation accounting for 161 W m−2, sensible heat loss corresponding to 
20 W m−2, latent heat loss contributing 84 W m−2, and conduction having a net loss of 56 W m−2 
(Hartmann et al., 2013). It is this energy imbalance that results in the observed increase in surface 
temperature globally. These same mechanisms are used internationally to predict freeze damage 
when coupled to organism physiology (Snyder & De Melo-Abreu, 2005) as the mechanisms allow for 
the calculation of an organism’s temperature. Reviews of the application of these four mechanisms 
to individual animals can be found in Campbell (1977), Campbell and Norman (1998), and Montieth 
and Unsworth (2013). For poikilotherms, organisms that do not use metabolism to maintain body 
temperature, it is possible to use this approach to predict when an organism’s body temperature 
falls outside some empirically determined lethal limit and can be used to identify periods when local 
weather precludes site occupancy. In contrast, climate match, as a result of the parameters used, 
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can never identify when an organism’s body temperature falls outside a lethal limit and thus can 
never identify weather events that result in mortality. Additionally, these mechanisms can be cou-
pled to organism behavior on short time scales to evaluate behavioral effects on body 
temperature.

Thermoregulatory behaviors involve changing body position (Johnson, 1972, 1973) and the use of 
particular microclimates to improve heat balance (Pearson, Shine and Williams, 2003; Shine and 
Fitzgerald, 1996; Shine & Madsen, 1996; Slip & Shine, 1988) and to maintain body temperature 
(Shine, 1981; Storey & Storey, 1992). The use of burrows by captive pythons during cold spells was 
reported by Dorcas et al. (2011), and the practice is widely reported in related species (Dorcas & 
Willson, 2011). This phenotypic attribute is set in early developmental stages and may not be plastic, 
preventing the snake from adapting to extremes in climate variation (Aubret & Shine, 2010; Shine, 
Madsen, Elphick, & Harlow, 1997). The sum of thermoregulatory tactics, physiological adaptation to 
the cold, and behavioral strategies are mechanisms by which pythons may survive exposure to 
weather extremes.

Within Everglades National Park, pythons prefer saline glades and mangroves (Meshaka et al., 
2000; Snow et al., 2007) and broadleaf and coniferous forest with bordering marsh (Walters, 
Mazzotti, & Fitz, 2016) but avoid marsh and open water. Pythons maintained in semi-natural enclo-
sures in the Upper Coastal Plain of South Carolina containing aquatic, terrestrial, arboreal, and un-
derground refuges exhibited strong seasonal shifts in habitat use, moving from aquatic habitat use 
in the late summer to terrestrial and underground refuges in the fall and winter (Dorcas et al., 2011).

Many species of pythons are reported to shift use of habitat diurnally to moderate body tempera-
ture (Avery et al., 2010; Dorcas et al., 2011; Mazzotti et al., 2011; Pearson, Shine, & Williams, 2003; 
Shine & Fitzgerald, 1996; Shine & Madsen, 1996; Slip & Shine, 1988). Pythons are also reported to 
shift body posture to increase heat exchange with their environment, adopting positions that are 
outstretched, loosely coiled, tightly coiled, and tightly coiled with the head positioned under the coils 
(Johnson, 1972, 1973; Pearson et al., 2003). In carpet pythons, Pearson et al. (2003) measured sig-
nificant changes in body temperature ranging from 24.0°C stretched out, 25.1°C tightly coiled, to 
26.1°C loosely coiled. During cold periods in Florida, pythons were often observed coiled along river 
banks or canal banks (Dorcas & Willson, 2011).

We calculated an energy budget to estimate body temperatures of a python basking tightly coiled, 
and either exposed to ambient climatic conditions on the ground or in a burrow or refuge 30 cm 
below the soil surface. This modeling exercise allowed us to investigate the utility of adopting a 
fixed-heat conserving body position as a thermoregulatory behavior in one of two microclimates on 
body temperature. We chose these scenarios as unusually cold, overcast weather in January 2010 
contributed to weather-induced mortality among Burmese pythons in captive and free-ranging pop-
ulations (Avery et al., 2010; Dorcas et al., 2011; Mazzotti et al., 2011). Avery et al. (2010) and Dorcas 
et al. (2011) observed captive pythons basking in a coiled body position, a thermal regulatory behav-
ior, at ambient air conditions determined to be lethal near or below 0°C. Additionally, Avery et al. 
(2010) reported that captive pythons left heated refuges to bask during this cold spell but that be-
havioral change proved maladaptive.

In calculating the radiation input into the energy budget for a python, we followed the approach 
of Campbell (1977) and defined short-wave radiation as energy having wavelengths between 300 
and 4,000 nm and long-wave radiation having wavelengths between 4,000 and 80,000 nm. Sunlight 
produces a radiant flux density of 1.36 kW/m2 at the edge of the Earth’s atmosphere (Campbell, 
1977). During the daylight hours short-wave radiation has a large impact on body temperature due 
to efficient absorption of this energy associated with the dark coloration of a python above ground. 
The use of a refuge shifts the energy balance from radiative and conductive fluxes at the surface to 
sensible heat transfer from the surface to the refuge and then long-wave radiation fluxes from the 
refuge walls coupled with conduction from the air in the refuge.

12 Animal Biology and Diversity
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We model body temperatures for pythons using temperature data available for Everglades 
National Park for each day in the months of December 2009 and January 2010 and for the next four 
December–January periods. We examine ambient air temperature in the context of being a conduc-
tive mechanism for energy transfer and demonstrate its impact on body temperature. We summa-
rize this approach over the sequential two month periods to assess the frequency with which low 
body temperatures occur. Duration of body temperature falling outside a lethal limit and the 
frequency of occurrence of these events underlie the importance of weather in restricting site 
occupancy and determine the limitations for python range expansion.

2. Methods
Diurnal fluctuations in the body temperature of a python are calculated using a biophysical energy-
flux model from Campbell (1977) and Campbell and Norman (1998). The body temperature of a 
python results from the energy flux between its body and its environment. The energy budget for the 
python that allows for the calculation of body temperature is described as follows (Equation (7.19) 
in Campbell, 1977):

where λE is evaporative heat loss, M is energy produced as a result of metabolism, ρcp is the product 
of air density and the specific heat capacity of air, Tb is core body temperature, Te is equivalent 
environmental temperature (corresponding to the energy radiating from a black body cavity at this 
temperature), rb is whole-body thermal resistance, and re is the sum of parallel resistances at the 
body surface to radiative heat loss (rr) and convective heat loss (ra). For a poikilotherm, it is assumed 
that Μ − λΕ = 0. The equation predicting a python’s core body temperature mathematically simplifies 
to Tb = Te.

The environmental temperature is calculated as (Equation (7.17) in Campbell, 1977):

where εσTa
4 is the long-wave radiation energy loss, ε is the surface emissivity, σ is the Stephan-

Boltzman constant, and Ta refers to ambient temperature. Ta was calculated from Equations (2.2) 
and (2.3) in Campbell and Norman (1998) for air temperature. For the soil temperature at 30 cm 
depth, Ta was calculated from Equation (2.8) in Campbell (1977). Rabs is total energy absorbed from 
both long-wave and short-wave radiation.

The equation that describes Rabs at night is (Equation (7.11) in Campbell, 1977):

where aL is the long-wave absorptivity of the python, and ε is the average emissivity of the surround-
ings. This equation includes a short-wave radiation component during the day which has the follow-
ing form (Equation (7.12) in Campbell, 1977):

The terms Sp and Sd are projected and diffuse short-wave irradiance incident to the snake. The pro-
jected short-wave irradiance is calculated as a ratio of the projected surface area of the python 
normal to the incident radiation divided by the total surface area of the python as a product of the 
short-wave absorptivity of the python, as. Sp varies throughout the day in a sinusoidal manner follow-
ing Equations (5.8)–(5.10) in Campbell (1977). Diffuse radiation is direct solar radiation attenuated 
by clouds, if present, and calculated from Sp using Equation (5.11) in Campbell (1977). As the short-
wave radiation term is impacted by the size of an animal, simulations with snakes coiled with circu-
lar diameters of 0.092, 0.127, 0.376, and 0.81 m were evaluated.

(1)M − �E = �cP(Tb − Te)∕(rb + re)

(2)Te = Ta + re(Rabs − ��T4a )∕�cp

(3)Rabs = aL��T
4
a

(4)Total Rabs = night Rabs + asSp(Ap∕A) + Sd.
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Monthly summaries of daily weather data (Monthly Climate Data F6 Product) collected by the 

National Weather Service at the Miami Weather Station (http://w2.weather.gov/climate/index.
php?wfo=mfl, Accessed 4/30/2014) were used to parameterize the biophysical model for the 
scenario where the pythons are lying in a coil, above ground (exposed) for the months of December 
and January in the years spanning 2009–2014. The daily maximum and minimum air temperatures 
(Table 1), as well as the average daily wind speed and cloud cover, are used to parameterize the 
model.

Data from the National Resource Conservation Service soil-monitoring network are used to pa-
rameterize the second scenario in which pythons are in a burrow 30 cm below the soil surface and is 
based on depth to ground water at the Everglades station (www.NRCS.USDA.gov; SCAN site FL 
Everglades). The soil temperature data are measured at a soil depth of 10 cm. The daily maximum 
and minimum soil temperatures from each day (Table 1) and the average difference between these 
values are used to calculate the temperature amplitude in the soil temperature calculation. Soil 
moisture, measured at the same location, is used to calculate damping depth for the soil tempera-
ture calculation. The soil texture at the monitoring site is loam, the damping depth (the depth at 
which surface temperature fluctuations will be reduced by a fixed amount) based on soil moisture is 
set to 0.105 m, following Campbell (1977).

The model calculates snake body temperature at hourly time steps over a 24 h interval for both 
the above-ground scenario and the burrow scenario for each day in a month. We examine model 
output for each scenario to record the number of hours in a given 24 h interval that a python’s body 
temperature is either <5°C or >5°C but <10°C. The average body temperature for each temperature 
range is also determined. The average number of hours in a month where a python’s body tempera-
ture meets one of these two criteria is also determined. The models are programmed in MATLAB 
(Mathworks, Natick, MA, USA).

3. Results
January (13.2°C) and December (10.6°C) 2010 had the lowest mean daily temperatures over the five-
year period examined. To illustrate the effect of extreme cold on predicted body temperature, we 
present data from January 2010 when mortality in captive pythons was reported by Avery et al. 
(2010) and in telemetered pythons by Mazzotti et al. (2011). For 9 January 2010, when the recorded 
high temperature was 17.2°C, the low was 3.3°C, and the sky was cloudy, model-simulation results 
reveal that air temperature exceeds python body temperature before sunrise (1:00–7:00 h) and after 

Table 1. The monthly mean air and soil temperatures for December or January 2009 to 2014 in 
the data sets used in the models

Note: For January 2014 soil temperatures were recorded from 1/1 to 1/25.

Year Month Air temp mean 
daily max (°C)

Air temp mean 
daily min (°C)

Soil temp daily 
mean at 10 cm 

(°C)

Soil temp mean 
daily amplitude 

(°C)
2009 December 26.5 19.1 21.1 1.7

2010 January 22.4 13.2 16.2 2.1

December 21.7 10.6 17.0 2.4

2011 January 24.3 14.7 18.5 2.1

December 26.4 19.4 20.3 2.9

2012 January 24.7 15.9 18.4 3.2

December 26.3 18.1 18.6 2.7

2013 January 26.5 19.3 19.5 2.8

December 27.2 20.6 18.8 2.2

2014 January 24.3 15.6 15.8 2.8
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WTsunset (17:00–24:00 h; Figure 1). The air temperatures provide a positive energy flux from conduc-
tion. However, the python’s energy balance is dominated by long-wave radiation in the dark, and the 
snakes are radiating more heat into the environment than they are receiving from it, due in part to 
the cold night sky. Python body temperature rises above air temperature from 7:00 to 17:00 h due to 
radiation fluxes and the efficient absorption of short-wave radiation with larger snakes having high-
er body temperatures because their larger surface area allows for greater absorption of short-wave 
radiation. On 9 January 2010, there is a 14 h period (body temperatures falling below the horizontal 
grey line in Figure 1) when a python’s body temperature would have been <10°C and at least a 7 h 
period (body temperatures falling below the horizontal black line in Figure 1) when the body tem-
perature would have been close to the lower lethal limit for a python (<5°C; Jacobson et al., 2012). 
This is consistent with Dorcas et al. (2011) reporting mortality at body temperatures between 5 and 
10°C in captive pythons.

In both January and December 2010, there were four or more days when pythons would have 
experienced predicted body temperatures <5°C for an average interval greater than four hours/day 
across all size classes evaluated by us (Table 2). Pythons are projected to experience body tempera-
tures >5 and <10°C for one or more days for one or more size classes every month evaluated except 
for January and December 2013 (Table 2). January and December 2010 were the harshest months, 
with pythons experiencing body temperatures between 5 and 10°C from 12 to 19 days, depending 
on body size. Pythons with largest body size were projected to experience the largest number of days 
with these low body temperatures (19 days in December 2010).

For pythons in a burrow 30 cm below the soil surface, our modeling predicts that body tempera-
ture is unaffected by either body size or air temperature on 9 January 2010. The diel fluctuation in 
body temperature, irrespective of python body size, ranges from a minimum of 10.3°C to a maxi-
mum of 10.9°C while air temperature ranges from a minimum of 3.9°C to a maximum of 15.6°C on 
this date (data not shown). The bioenergetics of an organism in a burrow are dominated by long-
wave radiation from the surrounding soil and are not sensitive to surface area. For this particular 
day, the body temperature predictions of the pythons remain above 10°C. Soils moderate surface-
ambient temperature fluctuations, via sensible heat transfer, as illustrated by the daily average air 
temperature for January 2010 and the corresponding average soil temperature at 30 cm (Figure 2).

Figure 1. Hourly air temperature for 9 January 2010 compared to the estimated body temperature of 
Burmese pythons arranged in a coil of varying dimension exposed above ground to ambient 
conditions on the same date. Body temperature is dependent on size as the energy balance is 
dominated by solar short-wave radiation.

Notes: Significant mortality has been reported in captive snakes with body temperatures below the 
horizontal grey line at 10°C. Body temperatures below the horizontal black line at 5°C are perceived as 
lethal.
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Table 2. The number days per month, the average number of hours per day, and the average body temperature of Burmese 
pythons were estimated to fall between 5 and 10°C for December or January, 2009 to 2014 when the pythons were exposed 
above ground to ambient climatic conditions

Note: Dashes denote no estimated body temperature in this range for that month.

Year Month Air temp mean 
daily max (°C)

Air temp mean 
daily min (°C)

Body size (m) Number of days 
where body temp is 

>5°C <10°C

Average # of 
hours >5°C 

<10°C

Mean body 
temp >5°C 

<10°C
2009 December 26.5 19.1 0.81 1 6 8.4 ± 0.3

0.376 1 5 8.7 ± 0.2

0.127 1 5 9.3 ± 0.2

0.091 1 4 9.2+0.1

2010 January 22.4 13.2 0.81 11 8.2 7.3 ± 0.1

0.376 12 7.7 7.5 ± 0.1

0.127 12 7.7 7.7 ± 0.1

0.091 12 7.5 7.7 ± 0.1

December 21.7 10.6 0.81 19 5.1 7.8 ± 0.2

0.376 15 5.9 7.8 ± 0.2

0.127 14 5.8 7.8 ± 0.1

0.091 13 6.4 7.7 ± 0.2

2011 January 24.3 14.7 0.81 8 6.4 8.2 ± 0.2

0.376 8 5.2 8.2 ± 0.2

0.127 7 5.1 8.4 ± 0.2

0.091 7 5 8.4 ± 0.2

December 26.4 19.4 0.81 1 2 9.8

0.376 –

0.127 –

0.091 –

2012 January 24.7 15.9 0.81 7 6.6 7.8 ± 0.2

0.376 7 6.3 8.0 ± 0.2

0.127 6 5.8 8.1 ± 0.2

0.091 6 5.5 8.1 ± 0.2

December 26.3 18.1 0.81 3 4 8.7 ± 0.3

0.376 3 2.7 8.7 ± 0.3

0.127 1 5 8.7 ± 0.2

0.091 1 5 8.8 ± 0.2

2013 January 26.5 19.3 0.81 –

0.376 –

0.127 –

0.091 –

December 27.2 20.6 0.81 –

0.376 –

0.127 –

0.091 –

2014 January 24.3 15.6 0.81 9 6.3 8.3 ± 0.2

0.376 8 6 8.5 ± 0.2

0.127 7 5.5 8.6 ± 0.1

0.091 7 5.5 8.6 ± 0.1
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WTJanuary 2014 was the only month in which python body temperatures are predicted to fall below 
5°C in the burrow scenario. It is predicted to have occurred on a single day for a period of 11 h with 
a mean body temperature of 0.5 ± 0.7°C, irrespective of body size. The month of January 2014 had 
only 25 days data collected at a soil depth of 10 cm by the monitoring station. Times which pre-
dicted python temperatures were >5 and <10°C in the years of 2010, 2013, and 2014 ranged from 
two to six days/month.

4. Discussion
For pythons above ground, in all size classes, there are extended periods of time when body tem-
perature is predicted to fall below 5 or 10°C. Dorcas et al. (2011) reported minimum body tempera-
tures for 8 out of 10 snakes succumbing at temperatures higher than 4.1°C, predicted by our model 
to have occurred for 9 January 2010. Mazzotti et al. (2011) also reported mortality in 9 of 10 telem-
etered pythons in the Everglades with body temperatures falling below 10°C prior to 9 January 2010. 
Pearson et al. (2003) reported body temperatures as low as 10°C in female carpet pythons in a region 
at the limit of their known thermal range for portions of the day. The body temperatures calculated 
by the model are not at or below freezing, and mortality was not likely associated with the formation 
of ice crystals in inter or intracellular spaces (Storey & Storey, 1992). More likely, the inability to gen-
erate energy at low temperatures and a corresponding decreased respiration rate and associated 
hypoxia (Davies & Bennett, 1981) are contributing factors to mortality at the body temperatures 
predicted by the model. Burmese pythons are reported to maintain a low energy metabolism (Dorcas 
& Willson, 2011), and cold may exacerbate this low energy state.

Although a burrow or refuge at a depth of 30 cm is expected to have a more stable temperature, 
the soil temperatures predicted by the model would result in body temperatures fatal in pythons 
held in captivity in South Carolina during this time period (Dorcas et al., 2011). Moreover, consider-
able evidence suggests that Burmese pythons are not behaviorally programmed to seek shelter in 
cooler temperatures, but rather to bask, even in lethally cold air temperatures (Avery et al., 2010; 
Barker, 2008; Jacobson et al., 2012). This behavioral pattern of leaving a refuge to bask is reported in 
other python species that experience winter temperatures similar to those observed in Florida 
(Pearson et al., 2003; Shine et al., 1997). Mazzotti et al. (2011) reported maximum body tempera-
tures in telemetered pythons above 30°C which they attributed to basking during this cold period.

Figure 2. Daily average air temperature for January 2010 compared to daily soil temperature on 
the same date at a soil depth of 30 cm.
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Basking under extreme cold may reflect the thermal history of the pythons in FL and the current 
climatic conditions they are experiencing whereby phylogenetic inertia leads to maladaptive behav-
ior in severe cold. Use of a refuge moderates thermal heat loss but does not prevent it. If the objec-
tive is to regulate body temperature, then remaining in a refuge as it cools will not be a successful 
strategy. In the absence of a metabolic means to increase body temperature, increasing exposure 
to solar radiation by basking is the only option, and adopting a tightly coiled body posture helps 
maintain body temperature.

Monthly mean maximum and minimum air temperatures are poor predictors of an ectotherm’s 
body temperature (Tables 1 and 2), as the use of microclimates and modifications to body position 
allows snakes to achieve body temperatures above ambient (Avery et al., 2010; Engeman, Avery, & 
Jacobson, 2014; Engeman et al., 2011; Jacobson et al., 2012). Furthermore, the mean monthly mini-
mum air temperature is 7 to 10°C higher than the lowest modeled average body temperature for 
pythons in January and December 2010. The importance of this is that weather observed in 2010 is 
unusual, climatically, in that it is the only year in which body temperatures predicted by the models 
for snakes above ground were associated with death from exposure, with significant mortality re-
ported during January 2010 in both captive and wild populations (Avery et al., 2010; Dorcas et al., 
2011; Mazzotti et al., 2011).

The average temperatures predicted by the models for snakes 30 cm below ground in the 
Everglades area were not cold enough to kill pythons, in contrast to the conditions reported by 
Dorcas et al. (2011) and this may be attributed to the difference in depth to ground water, a change 
in soil texture and soil moisture content. Soils provide a high degree of thermal insulation, and con-
siderable thermal moderation is predicted by our model to occur over the month of January 2010 
(Figure 2). Soils temperatures lag air temperatures temporally, and short-term extremes in air tem-
perature are buffered with increasing soil depth. Soil temperatures lag air temperature and Dorcas 
et al. (2011, Figure 4) present trends in air and refuge temperatures illustrating this on a longer time 
scale in a semi-natural refuge.

Snakes with larger body sizes are predicted to have experienced a larger number of days with low 
body temperatures in 2010 could have implications for population dynamics. Python size is directly 
related to breeding potential, with females averaging larger than males (De Vosjoli, 1991; Shine  
et al., 1997). Thus, exposed breeding females would be most at risk of cold-induced mortality. As 
such, a cold spell might not only suppress populations, but could also immediately diminish breeding 
potential among the surviving population. However, body-size effects may be mitigated by use of 
other microclimates potentially available in the landscape (Pearson et al., 2003).

The role of microclimates as moderate weather may be reflected in the results of aerial surveys 
conducted by Mazzotti et al. (2011) between 2 January and 4 February 2010, whereby they located 
a total of 104 non-telemetered pythons, of which 60 were found alive. This result does not represent 
a survival rate as the surveys were conducted over a month’s time and there is no information avail-
able on the total population this subsample represents (Engeman et al., 2014). However, in the 
context of the two scenarios we modeled, the majority (84%) of these pythons were located in arti-
ficial habitats identified as levees, canals, and roads (Mazzotti et al., 2011). Anthropogenic structures 
have distinct microclimates that may increase survival, particularly as they are often elevated, drier, 
and warmer sites in the landscape. Insufficient detail is presented in Mazzotti et al. (2011) to assess 
how the behaviors associated with use of these anthropogenic structures impacted the energy 
budgets of the pythons that were detected over this month-long time frame. Based on the results of 
the model, we would anticipate that access to refuges at depths greater than 30 cm, as might exist 
in canal banks or levees, would provide a more stable thermal environment and may not have elic-
ited behavioral changes such as basking to increase body temperature during the coldest periods. 
Extensive use of anthropogenic structures by carpet pythons was reported by Shine and Fitzgerald 
(1996), with an associated increase in population in a mosaic rural landscape, contrasting with a 
general population decline in other parts of Australia.
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Changes in the energetic physiology of pythons under the temperature extremes observed in 
Florida in 2010 would likely be required to ensure survival. The generally moderate climate in Florida 
may preclude opportunities for these attributes to develop (Aubret & Shine, 2010). Rapid weather 
changes, as observed in 2010, may preclude the development of metabolic adaptations, as this re-
quires several weeks in reptiles (Davies & Bennett, 1981). Additionally, these temperature changes 
occurred rapidly enough that changes in body position or microclimate use would not preclude the 
onset of potentially lethal physiological responses.

An important limitation to using a mechanistic energy budget for the calculation of body tempera-
ture in a poikilotherm is that body temperature does not mechanistically determine mortality unless 
temperatures correspond to those at which freezing of tissues occurs. The body temperatures 
calculated from a mechanistic energy budget must be compared with those empirically measured in 
pythons. The critical thermal minimum is especially important in this context and has not been defini-
tively determined for pythons (Avery, 1982; Huey, 1982; Jacobson et al., 2012). The role of frequency 
of exposure must also be empirically determined as the effects of repeated exposure have not been 
accessed as compared to continuous exposure. The weather events evaluated over the five-year pe-
riod by applying a mechanistic bioenergetics model to predict body temperature in pythons demon-
strate the rarity of the severely cold weather observed in 2010 in the Everglades and the importance 
of climate variability as contrasted with an average representation of climate used to predict invasion 
risk for this species.

5. Conclusion
We use a mechanistic bioenergetics modeling approach to investigate the effect of cold weather 
conditions during the successive months of December and January from 2009 to 2014 on Burmese 
python body temperature. The results predict body temperatures for pythons that would result in 
significant physiological stress for all size classes investigated in at least one month for all years we 
evaluated except 2013 (Jacobson et al., 2012). The model results predict critically low body tem-
peratures across all size classes in 2010 for periods long enough to result in likely death based on 
minimum body temperatures reported for pythons (Dorcas et al., 2011; Mazzotti et al., 2011). Our 
approach is unique in that it is mechanistic and couples the environment to the body temperature 
of a python and allows for the inclusion of thermoregulatory behaviors exhibited by pythons in the 
wild. Over the period examined in this study, the bioenergetics approach predicts body temperatures 
low enough to result in mortality as compared to body temperatures empirically determined in py-
thons that were reported to have died as a result of exposure. This approach could be applied to 
other locations to evaluate the possible range expansion of the Burmese python through Florida and 
into other locations in the contiguous US.
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The spontaneous juvenile alopecia (jal) mutation in 
mice is associated with the insertion of an IAP 
element in the Gata3 gene
Malcolm E. Connor1 and Thomas R. King1*

Abstract: Background: A combination of genetic fine-mapping and complementa-
tion testing was used previously to assign the juvenile alopecia mutation  
(abbreviated jal) to the GATA binding protein 3 (Gata3) gene on Chromosome 2 in 
mice. However, sequence analysis of Gata3 exons (including coding and noncoding 
regions) revealed no differences between wild type C3H/HeJ and co-isogenic C3H/
HeJ-jal/J mutant mice. Results: Using a PCR-based scanning method, here we have 
tested the hypothesis that jal might result from insertion of a transposable element 
in or near the Gata3 gene. We show that the jal mutation is specifically associated 
with an intracisternal A particle (IAP) element of the I∆1 subtype that has trans-
posed to Intron 3–4 in the Gata3 gene, and use the same panel of recombinants 
used previously to fine-map jal to show that this IAP element and jal are located 
within the same small genetic interval. Conclusion: Transposition of an IAP element 
of the I∆1 subtype into Intron 3–4 of the mutant Gata3jal allele is the likely cause of 
the juvenile alopecia phenotype in mutant mice.

Subjects: Developmental Biology; Genetics; Molecular Biology

Keywords: retrotransposition; germline mutation; insertional mutagenesis; focal alopecia; 
mouse model

1. Introduction
A significant amount of the mouse genome (8–10%) is composed of endogenous retroviruses 
(ERVs) and other DNA elements with long terminal repeats (LTRs) (Mouse Genome Sequencing 
Consortium (MGSC), 2002), and many of these remain “active,” in that their RNA can be reverse-
transcribed and integrated into new genomic sites by a retrovirus-like transposition mechanism. 
Indeed, it has been estimated that some 10–15% of new mutations in mice are due to transposition 
of an ERV element into or near the altered gene (Maksakova et al., 2006). One family of ERV 
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elements, the intracisternal A particle (IAP), is present in about 1,000 full-length or partially deleted 
copies in the haploid mouse genome (Kuff & Lueders, 1988), and one subclass of deleted IAP ele-
ments, the I∆1 subclass (which has a 1.9 kb deletion in gag-pol), is responsible for nearly all of the 
known, ERV-induced, de novo germline mutations in mice (Maksakova et al., 2006). Most of these 
I∆1 insertional mutations have occurred in the C3H/HeJ standard inbred mouse strain, suggesting 
that one or a small number of I∆1, IAP elements in this strain must persist in evading host suppres-
sion mechanisms (Maksakova et al., 2006).

Our group has previously assigned (by a positional-candidate approach) the juvenile alopecia mu-
tation (abbreviated jal)—which arose spontaneously on the C3H/HeJ genetic background—to the 
Gata3 gene in mice (Ramirez et al., 2013). While complementation testing between jal and the engi-
neered Gata3tm1Gsv null allele (van Doorninck et al., 1999) verified allelism, we could find no DNA de-
fect in the exonic portions of Gata3 in jal mutants (Ramirez et al., 2013). The jal mutation’s C3H/HeJ 
strain-of-origin, the lack of an obvious coding defect in Gata3jal, and the markedly variable expressiv-
ity of the mutant phenotype (vibrissae defects and focal alopecia that may range from global to 
undetectable), combine to suggest that an IAP integration near or within an intron of Gata3 might 
be the basis of this natural variant. Here we test that hypothesis, and report the detection, orienta-
tion, and precise location of an I∆1, IAP element in Exon 3–4 of Gata3 that appears to be specific to 
the C3H/HeJ-jal/J strain and maps to the same small region as the jal mutation itself.

2. Methods
Animals were housed and fed according to Federal guidelines, and the Institutional Animal Care and Use 
Committee at CCSU approved of all procedures involving mice (Animal Protocol Application numbers 
101, 119, and 122). Standard inbred mice (from strains C57BL/6 J, A/J, C3H/HeJ) and C3H/HeJ-jal/J  
mutant mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). We maintained our 
coisogenic C3H/HeJ-jal/J line by crossing heterozygous females with homozygous males, to produce seg-
regating litters. Mutant jal/jal mice were mostly detected by vibrissae defects that were observable short-
ly after birth, and those homozygotes displayed distinct patches of hair loss by two weeks of age that 
persisted throughout life (Figure 1). The mutant phenotype was not fully penetrant, and was highly  
expressive such that the amount of body surface affected by baldness varied from less than 5% to great-
er than 95% (see additional photographs shown in Figure 1 and Additional file 1 in Ramirez et al., 2013).

Genomic DNA was isolated from 3 mm tail tip biopsies taken from two-week-old mice using 
Nucleospin kits from BD Biosciences (Palo Alto, CA, USA). The polymerase chain reaction (PCR) was 

Figure 1. A jal/jal mutant at 3 months of age.
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performed using the Titanium PCR kit from Clontech (Mountain View, CA, USA), and oligonucleotide 
primers for PCR were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA, USA). Gata3-
specific primers were based on sequence information available online (Ensembl Mouse Genome 
Server (EMGS), 2016) and IAP-element-specific primers were based on the IAP LTR sequence 
(GenBank D63767) published by Ishihara, Tanaka, Wan, Nojima, and Yoshida (2004). Specifically, the 
primer designated ISP-R1 or ISP-F4 herein was 5’ GAGCTGACGTTCACGGGAAAAAC 3’; the primer des-
ignated ISP-F2 or ISP-R3 was 5’ ACGACCACTTGTACTCTGTTTTTC 3’. Primers designed to overlap or 
flank the gag-pol deletion that is characteristic of the I∆1 subtype were based on the widely-studied, 
full-length IAP element MIA14 (GenBank M17551), published by Miets, Grossman, Lueders, and Kuff 
(1987). The specific primers designated ISP-Fa, ISP-Fb and ISP-Fc herein are shown in Supplementary 
Figure S1. PCR products were visualized by electrophoresis through 3.5% NuSieve 3:1 agarose gels 
(Lonza, Rockland, ME, USA) for products under 1,000 bp and through 1.5% SeaKem agarose gels 
(Lonza) for products over 1,000 bp in length. Gels were stained with ethidium bromide (0.5 μg/mL) 
and photographed under ultraviolet light. For sequence analysis, 1.5 μg of individual PCR amplimers 
were concentrated into 30 μl using QIAquick PCR Purification kits (Qiagen, Valencia, CA, USA). Purified 
amplimers were shipped to the Keck DNA Sequencing Lab at Yale University (New Haven, CT, USA) for 
primer-extension analysis. All datasets supporting the results of this article are included here in the 
five formal Figures and single Supplementary Figure. The nucleotide sequences described in this 
study are also accessioned in GenBank, NCBI (accession numbers KX555562 and KX555563).

The creation of a 374-member [(A/J x C3H/HeJ-jal/J)F1-jal/+ x C3H/HeJ-jal/J-jal/jal] backcross (N2) 
“mapping panel” that was used previously to locate jal on proximal Chr 2 was described in Ramirez 
et al. (2013). DNA samples from recombinant panel members, which had been previously character-
ized for numerous microsatellite and single-nucleotide polymorphisms (SNPs) on proximal Chr 2 (see 
Ramirez et al., 2013) and stored at −80° C for retrospective analysis, were used here to locate the IAP 
element integrated with Gata3 with respect to jal and to these other marker sites.

3. Results
To detect an IAP element associated with the Gata3jal allele, gene-specific primer (GSP) pairs were 
designed that lay about 1,000 bp apart in the noncoding regions of Gata3. A GSP pair might fail to 
generate amplimers of the expected (wild type) length in PCRs using jal/jal template DNAs if a large 
IAP element (which range in size from 5.4 to 7.3 kb) were integrated between their annealing sites 
(Figure 2(a)). One such GSP pair (which directed amplification of wild type but not jal templates) was 
found (see Figure 2(b)) and these primers were tested individually with primers designed to anneal 
within the LTR region of the IAP element (based on the sequence published by Ishihara et al., 2004; 
GenBank D63767), designated here as ISP-R1, -F2, -R3, and -R4 (see Figure 2(c)). For example, the 
“failed” GSP in the forward orientation (GSP-F) might generate an amplimer with ISP-R1 if an IAP in 
the sense orientation was integrated downstream of the GSP, or with ISP-R3 if an IAP element in the 
antisense orientation was integrated downstream of the GSP. The “failed” GSP in the reverse orienta-
tion (GSP-R) might generate an amplimer with ISP-F2 if an IAP in the sense orientation was inte-
grated upstream of that GSP, or with ISP-F4 if an IAP element in the antisense orientation was 
integrated upstream of the GSP. Figure 2(d) shows the results of PCRs that reveal the integration of 
an IAP element in the antisense orientation at a position about 700 bp downstream of GSP-F and 
about 250 bp upstream of GSP-R. The amplimers produced in these positive reactions were  
sequenced by primer-extension analysis, and the precise integration site of an IAP element in Intron 
3–4 of the Gata3jal allele, designated Gata3IAP, was determined, as shown in Figure 3.

The characterization of a panel of 374 [(A/J × C3H/HeJ-jal/J)F1 × C3H/H3 J-jal/J] backcross off-
spring for the inheritance of jal and various molecular markers on proximal mouse Chromosome 2 
established a location for the jal mutation between positions designated as SNP1 and SNP2 by 
Ramirez et al. (2013), SNPs officially known as rs27112885 and rs27131573, respectively (Ensembl 
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Mouse Genome Server, 2016). Specifically, 6 meiotic crossovers were identified in this 374-member 
panel that fell between SNP1 and jal, and 1 crossover was identified that fell between jal and SNP2 
(summarized in Figure 4(a)). If the IAP element inserted in Intron 3–4 of Gata3jal is the mutational 
basis of the jal mutant phenotype, then this IAP element should map to the same site as jal, that is, 
Gata3IAP should co-segregate with jal in the 374-member backcross panel. As shown in Figure 4(b), 
the Gata3IAP genotype of each rare, recombinant panel member matches its jal genotype, suggesting 
that the Gata3IAP and the jal mutation are at least very closely linked (mapping less than 0.3 cM 
apart), if not identical.

The I∆1 subtype of IAP elements is known to have a 1.9 kb deletion that extends from position 
1708 in gag to position 3608 in pol (Kuff & Lueders, 1988). To determine if the IAP element inte-
grated in the Gata3 gene in C3H/HeJ-jal/J mice might be of the I∆1 subtype (which is known to be 
most frequently associated with de novo insertional mutations in mice, Ishihara et al., 2004; 
Maksakova et al., 2006), a set of forward primers for PCR were designed that would anneal just be-
fore (ISP-Fa), within (ISP-Fb), and just after (ISP-Fc) this characteristic deletion in the IAP sequence. 
These primers were tested individually with a gene-specific reverse primer (GSP-Rd) that would an-
neal just downstream of the integration site of the IAP element in Intron 3–4 of Gata3jal (see Figure 
5(a)). The presence and length of the PCR products obtained (see Figure 5(b)) were consistent with 
the Gata3IAP being of the I∆1 subtype, and primer-extension sequence analysis of the entire interval 
defined by the annealing sites for ISP-Fa and GSP-Rd in the Gata3jal allele (see Supplementary Figure 
S1) confirmed this classification.

Figure 2. Scanning the Gata3jal allele for an integrated intracisternal A particle (IAP) element. (a) Annealing 
sites for a gene-specific primer (GSP) pair, one in the forward and one in the reverse orientation, are shown 
within an intron of the Gata3 gene (represented by a green line with the sense orientation indicated). In the 
top diagram, the GSP are close enough together to yield a PCR product of the wild-type length. In the bottom 
diagram, an IAP (represented by a thick blue line) has integrated between the primer-annealing sites, 
moving the GSP pair so far apart that no product is generated in the PCR. (b) One GSP pair, designated GSP-F 
and GSP-R (sequences given in Figure 3), produced a 1,016 bp amplimer from wild-type DNA templates, but 
no products from jal/jal mutant DNA templates, as expected if an IAP integration occurred between the 
primer-annealing sites. (c) Here an intron with an IAP insertion is depicted in each of the two possible 
orientations, sense (top diagram) or antisense (bottom diagram), with respect to the Gata3 gene. If the IAP 
is integrated in the sense orientation, GSP-F should yield a PCR product with IAP-specific primer (ISP) -R1, 
and GSP-R should yield a product with ISP-F2. If the IAP is integrated in the antisense orientation, GSP-F 
should yield a PCR product with ISP-R3, and GSP-R should yield a product with ISP-F4. (d) GSP-F yielded a 
959 bp product from jal templates with ISP-R3 but none with ISP-R1. GSP-R yielded a 486 bp product from 
jal templates with ISP-F4 but none with ISP-F2. Therefore, the IAP integrated in Intron 3–4 in the Gata3jal 
allele is in the antisense orientation with respect to the gene.
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4. Discussion
Although mice homozygous for germline null alleles of Gata3 die around embryonic day 11  
(Lim  et al., 2000; Pandolfi et al., 1995; van Doorninck et al., 1999), conditional ablation in the epider-
mis has revealed a role for Gata3 in hair follicle development and skin cell lineage determination 
(Kaufman et al., 2003; Kurek, Garinis, van Doorninck, van der Wees, & Grosveld, 2007). These null 
mutants, however, show a complete absence of hair, while mice homozygous for the spontaneous 
juvenile alopecia allele of Gata3, which show patchy hair loss, typically display at least some nor-
mally furred sectors. On this basis, we have previously suggested that Gata3jal likely encodes a nor-
mal primary protein sequence that is, by some stochastic mechanism, improperly regulated (Bisaillon 
et al., 2014; Ramirez et al., 2013).

While we have not attempted here to directly elucidate the mutagenic mechanism of the Gata3IAP 
insertion that we now propose to be the basis of the juvenile alopecia phenotype, several well-
characterized examples of antisense integration of I∆1, IAP elements into the introns of other 
mouse genes (reviewed by Maksakova et al., 2006), suggest a few likely possibilities. For example, 
IAP insertions within introns can cause aberrant splicing or premature termination of the disrupted 
gene’s mRNA (Druker, Bruxner, Lehrbach, & Whitelaw, 2004; Gunn et al., 2001; Vasicek et al., 1997; 
Ware et al., 1997), but our previous investigation of Gata3 cDNA did not reveal any anomalous, jal-
specific transcripts (Ramirez et al., 2013). Most commonly, antisense integrations of I∆1, IAP 

Figure 3. Nucleotide sequence at the site of IAP integration in Intron 3–4 of the mutant Gata3jal 
allele. Sequences in lower case are located within Gata3, Intron 3–4 (beginning with nucleotide 
number 2:9869836); nucleotides from Exon 4 are shown in blue, upper case letters (ending with 
nucleotide number 2:9868821). Sequences that correspond to the primers described in the text and 
in Figure 2 as GSP-F and GSP-R are highlighted in yellow. The six-nucleotide direct repeat created in 
mouse genomic DNA by IAP element insertion (the target site duplication, TSD) is shown in red (and 
corresponds to nucleotides 2:9869167–9869162). The IAP element’s 5’ and 3’ LTRs, in antisense 
orientation, are shown in green; IAP sequences located between the LTRs are abbreviated by blue 
stars. Sequences that correspond to IAP-specific primers described in the text and in Figure 2 as 
ISP-R3 and ISP-F4 are highlighted in blue and pink, respectively. Base-pair positions on mouse 
Chromosome 2 are from NCBI Build 37.2 (Ensembl Mouse Genome Server, 2016; Mouse Genome 
Database, 2016).
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(Duhl, Vrieling, Miller, Wolff, & Barsh, 1994; Michaud et al., 1994; Vasicek et al., 1997). Many of these 
mutant alleles show variable expressivity among genetically identical mice (Druker et al., 2004; 
Michaud et al., 1994; Rakyan et al., 2003), as we have documented for Gata3jal (see Additional file 1 
in Ramirez et al., 2013). Such variable expressivity has been shown to correlate with the methylation 
state of the 5’ LTR, which seems to be established somewhat stochastically (Druker et al., 2004; 
Michaud et al., 1994; Rakyan et al., 2003). Perhaps if the 5’LTR is mostly methylated, its antisense 
promoter will be inactive, and little effect on Gata3 expression in that skin patch leads to normal hair 
development and maintenance in that sector. However, if the LTR is unmethylated, its promoter may 
drive aberrant gene expression that results in follicular dysgenesis. For example, an active LTR pro-
moter may cause ectopic expression of the functional domains of Gata3 protein that are encoded by 
Exons 4–6 in hair-follicle stem cells, leading to their terminal differentiation and loss in that skin 
patch. Alternatively, host silencing mechanisms (such as hypermethylation of DNA; Walsh, Chaillet, 
& Bestor, 1998) directed at the intron-integrated IAP element may interfere with the production of 
a normal Gata3 transcript, leading to alopecia in those skin sectors. In any case, the Gata3jal muta-
tion appears to offer a valuable and convenient model for the study of a “metastable epiallele” 
(Rakyan, Blewitt, Druker, Preis, & Whitelaw, 2002), the expression of which appears to be regulated 
by a stochastic, epigenetic mechanism that can vary between genetically matched individuals or 
even between different skin patches on the same individual.

As in mice, a large (8%) portion of the human genome is of retroviral origin (International Human 
Genome Mapping Consortium (IHGMC), 2001). While the majority of human ERV’s represent ancient 
integrations and lack function due to accumulated mutations and deletions, recent work has 
identified a few nearly intact ERV integrations in humans (including at least one HERV-K provirus 
that may retain the potential for infectivity), and expression of such proviruses in tissues associated 
with cancer and autoimmune disease suggests at least the potential for pathogenic effects 

Figure 4. Gata3IAP and jal are meiotically inseparable among a panel of 374 backcross mice. (a) Ramirez et al. 
(2013) described the production of a panel of 374 backcross mice from a cross of (A/J x C3H/HeJ-jal/J)F1 
females with C3H/HeJ-jal/J mutant males. These panel members segregated for jal and for various other 
markers on proximal Chromosome 2. Here, the most salient 10 members of that panel (i.e., those with 
crossovers nearest the jal mutation) are each represented by a line that depicts the region of Chr 2 between 
markers SNP1 (officially designated rs27112885) and SNP3 (a.k.a. rs27100936) that was inherited from their 
F1 parent. A/J-derived sequences are drawn in black, and C3H-derived sequences are drawn in red. Each 
recombinant is identified by its pedigree number, followed by a letter to indicate its phenotype as wild type 
(w) or mutant (j). Six crossovers (found in recombinants 62, 92, 328, 343, 44, and 211) lie telomeric to SNP1 
but centromeric to jal; one crossover (found in recombinant 309) lies telomeric to jal but centromeric to SNP2 
(a.k.a. rs27131571). Thus, jal must lie between SNP1 and SNP2, an interval that includes only one gene known 
to be expressed in skin, Gata3. Official SNP designations are from dbSNP Build 142 (Ensembl Mouse Genome 
Server, 2016; Mouse Genome Database, XXXX). (b) Recombinant DNA samples from the panel described by 
Ramirez et al. (2013) and controls were characterized for the presence of none, one, or two copies of Gata3IAP. 
All recombinants that were phenotypically mutant were homozygous for Gata3IAP, and the wild-type 
recombinants, heterozygous jal/+, were heterozygous for Gata3IAP/Gata3+. Co-segregation of Gata3IAP and jal 
in this backcross suggests that they are very close or identical.
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WT(Wildschutte et al., 2016). Although ERV insertions in humans are not an important source of new 
germline mutations (as they are known to be in mice), study of ERV-mediated biological effects in 
animal models like the juvenile alopecia mouse are still needed to better understand the regulatory 
effects of existing ERVs and LTRs on the many human genes they are integrated into or near (Jern & 
Coffin, 2008; van de Lagemaat, Landry, Mager, & Medstrand, 2003; Medstrand, van de Lagemaat, & 
Mager, 2002), to anticipate and control the potential side effects of retroviral vectors that might be 
used therapeutically (Dahl et al., 2015; Kagiava et al., 2016; Yi, Jong Noh, & Hee Lee, 2011), and to 
further explore epigenetic silencing of proviruses (mediated by RNA or drug action, for example) 
(Herrera-Carrillo & Berkhout, 2015; Lee et al., 2002; Tyagi & Karn, 2007) as an approach to finding a 
functional cure for retroviral infection.

5. Conclusions
We describe an intracisternal A-type particle element that has integrated into Intron 3–4 of the 
mouse Gata3 gene and is specifically associated with the Gata3jal mutation, which arose spontane-
ously on the standard inbred C3H/HeJ genetic background and was first described in 1999. This IAP 
element is in the antisense orientation with respect to the gene, is flanked by a six-base direct re-
peat, and is shown by sequence analysis to be a deleted element of the I∆1 subtype. The Gata3IAP 
element was mapped to the same small genetic interval as the coisogenic jal mutation itself, sug-
gesting that this IAP insertion is the molecular basis of the juvenile alopecia mutant phenotype.

Abbreviations

ERV�  endogenous retrovirus

IAP�  intracisternal A particle

PCR�  polymerase chain reaction

LTR�  long terminal repeat

SNP�  single nucleotide polymorphism

GSP�  gene-specific primer

ISP�  IAP-specific primer

TSD�  target site duplication

Figure 5. Characterization of the IAP subtype associated with the Gata3jal insertion. (a) The relative 
location of the ISP-Fa, -Fb, -Fc and GSP-Rd annealing sites are shown. Note that each of these primer 
sequences is displayed in Supplementary Figure S1. (b) The ISP-Fa, GSP-Rd primer pair should produce 
a jal-specific amplimer only if the 1.9 kb gag-pol deletion characteristic of IAP elements of the I∆1 
subtype should position primer-annealing sites for -Fa and -Rd near one another, similar to the ISP-Fc 
to GSP-Rd distance. The I∆1 deletion should remove the annealing site for ISP-Fb, so a deleted IAP 
template is not expected to produce an amplimer with the -Fb, -Rd pair. The -Fa and -Rd pair directed 
the amplification of a 1,794 bp product from jal templates, only 85 bp longer than the 1,709 bp jal-
specific product yielded by the -Fc, -Rd primer pair, suggesting that the Gata3jal-associated IAP is of 
the I∆1 subtype. The full DNA sequence of the jal-specific, -Fa to -Rd amplimer (which includes the I∆1 
deletion breakpoints in the Gata3jal-associated 
IAP insertion) is shown in Supplementary Figure S1.
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Analysis of influenza A viruses from gulls: An 
evaluation of inter-regional movements and 
interactions with other avian and mammalian 
influenza A viruses
Jessica Benkaroun1§, Dany Shoham2§, Ashley N.K. Kroyer1, Hugh Whitney3 and Andrew S. Lang1*

Abstract: Birds, including members of the families Anatidae (waterfowl) and Laridae 
(gulls and terns), serve as the major reservoir of influenza A viruses (IAVs). The 
ecogeographic contributions of gulls to global IAV dynamics, in terms of geographic 
scale and virus movements, are important and are distinct from those of waterfowl. 
Gulls primarily carry the H13 and H16 subtypes, yet can be infected by additional 
subtypes. Also, gulls are frequently infected by IAVs that contain mixtures of genes 
from different geographic phylogenetic lineages (e.g. North American and Eurasian). 
The present analysis examines a variety of viruses isolated from gulls and terns 
across the world that exhibit particularly high phylogenetic affinities to viruses found 
in other hosts. This illustrates the potential for gulls to act as highly pathogenic virus 
carriers, disseminators of viruses over long distances, and contributors in the genesis 
of pandemic strains. The historical evolution of an entirely Eurasian gull virus isolated 
in North America was also traced and indicates the Caspian Sea, in southwestern 
Asia, was an important area for the generation of this virus, and analysis of IAVs 
from terns also points to this region as relevant for the generation of novel strains.

Subjects: Genetics; Natural History; Virology

Keywords: IAV; gene migration; virus evolution; inter-species transmission

1. Introduction
Wild birds, including waterfowl, shorebirds, and gulls, harbor the vast majority of known influenza A 
virus (IAV) genetic diversity. Within these influenza IAVs, there is clear distinction between Eurasian 
and North American gene pools (Olsen et al., 2006) and there is increasing evidence of additional 
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an analysis of gull viruses and gull biology relevant 
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phylogeographic lineages (Gonzalez-Reiche & Perez, 2012; Hurt et al., 2014; Pereda et al., 2008). 
However, bird movements lead to inter-regional transmission of IAV genes and their establishment 
in new regions. Intercontinental transmission of IAV genes from Eurasia to America has been fre-
quently observed, and isolation of reassortant viruses that contain gene segments of different con-
tinental origins is particularly common from gulls in these regions, which is presumably facilitated by 
gull movements across the oceans. The North Atlantic Ocean is one location where gull and IAV 
movements between North America and Europe have been documented (Wille, Robertson, Whitney, 
Ojkic, & Lang, 2011), and intercontinental IAV reassortants have also been identified in high propor-
tions (Huang et al., 2014). Additionally, both entirely Eurasian and North American gull IAVs have 
been found in Iceland (Dusek et al., 2014), suggesting this location as important for the mixing of 
viruses between regions. An equivalent position has also been proposed for Greenland (Shoham & 
Rogers, 2006). In North America, only two wholly Eurasian avian IAVs have been found to date. One 
was an H16N3 virus from an American herring gull (Larus smithsonianus) in eastern Canada (Huang 
et al., 2014). The other was the highly pathogenic avian influenza (HPAI) H5N8 virus that recently 
emerged in China, spread to South Korea, Japan, and Siberia, and is proposed to have been transmit-
ted through the Beringia region by migratory waterfowl into Pacific North America (Lee et al., 2015). 
This H5N8 arrival ended the long speculation about whether or not virulent Asian avian strains, such 
as H5N1, could be transmitted into the Americas by migrating birds. There is also a third case, involv-
ing H9N2 viruses from Alaska that were nearly identical (>99%) to viruses in China and South Korea, 
which were proposed to be carried to Alaska by migratory waterfowl (Ramey et al., 2015). In this 
case, however, the gene segments of the viruses showed mixed geographic origins.

In addition to geographic divisions in IAV genes, distinct host group lineages are found. These in-
clude mainly the avian, gull, human, swine, and equine lineages (Olsen et al., 2006). These distinc-
tions make it possible to recognize that inter-species transmissions of IAVs between gulls and other 
hosts have occurred. Although most IAVs from gulls contain gull-lineage gene segments, and most 
are of the hemagglutinin (HA) subtypes H13 and H16, various viruses found in gulls contain HA genes 
and other gene segments that do not appear to be gull-specific, but rather fall within avian clades 
and are closely related to waterfowl viruses in phylogenetic analyses (Hall et al., 2013; Van Borm  
et al., 2012; Wille et al., 2011). The opportunities for these transmissions certainly exist, as gulls 
share terrestrial, freshwater, and marine habitats with other birds and mammals, and therefore 
gulls could be important for moving IAVs among ecosystems and for contributing to the transmis-
sion of highly pathogenic IAVs to other hosts.

The present analysis is an investigation of the potential for gulls to act as carriers of highly patho-
genic viruses, disseminators of viruses over long distances, and contributors in the genesis of pan-
demic strains. This is done through examination of a variety of gull and tern viruses isolated from 
different locations that exhibit particularly high phylogenetic affinities to viruses found in other hosts.

2. Results and discussion

2.1. Ecogenetic aspects of gull IAVs
Avian IAVs constitute the major, and likely the primal, component within the total IAV gene pool 
worldwide (Olsen et al., 2006; Webster, Bean, Gorman, Chambers, & Kawaoka, 1992). Distinct phylo-
geographic lineages, such as those representing Eurasia and North America, can be identified within 
avian IAVs, mainly as a result of partial segregation of migratory birds (Olsen et al., 2006). The first 
indication that gulls might represent a distinct reservoir for IAVs came from surveillance work on the 
Atlantic coast of North America, with the identification of a new HA antigen, H13, distinct from the 
previous 12 HA antigens identified in other avian species (Hinshaw et al., 1982). Two decades later, 
an additional novel HA subtype, H16, was identified and characterized from gulls in Sweden (Fouchier 
et al., 2005). Continued surveillance and research have shown that gulls are predominantly infected 
by these H13 and H16 subtypes (Figure 1), and these subtypes are not often found outside of gulls 
(other than in shorebirds) (Arnal et al., 2015). We performed phylogenetic and time of most recent 
common ancestor (TMRCA) analyses of H13 and H16 nucleotide sequences. These showed three 
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distinct clades for each subtype that were estimated to originate from a common ancestor in the 
1930s for the H13 lineage (Figure 2) and in the 1920s for the H16 lineage (Figure 3), similar to previous 
estimates (Worobey, Han, & Rambaut, 2014). Both trees show some segregation of sequences ac-
cording to geographic origin as well as clades that contain mixtures of viruses from both Eurasia and 
North America. These gull lineage HA genes have been transferred to waterfowl, poultry, and marine 
mammals but there is no evidence of persistence of these sequences in these other host groups.

Inter-hemispheric movements of avian IAV genes from Eurasia to America have repeatedly been 
documented (Dusek et al., 2014; Fries et al., 2013; Ip et al., 2008). However, observations of IAV 
movements from America to Eurasia have been less common. Possible explanations for this include 
a higher rate of infection in birds during movements from Eurasia to America, differences in net 
avian biomass traveling in the two directions, incompatibility of the Eurasian IAV gene pool with 
North American genes introduced into Eurasia, or uneven virological monitoring. Regardless, the 
North American avian IAV gene pool appears appreciably permissive for Eurasian genes, which are 
frequently assimilated (Bahl, Vijaykrishna, Holmes, Smith, & Guan, 2009). This is exemplified by the 
case of the H6 subtype, where it was shown that IAV movement from Eurasia to North America led 
to the replacement of the North American H6 subtype, continent-wide, within a decade of its intro-
duction (Zu Dohna, Li, Cardona, Miller, & Carpenter, 2009). However, this is an extreme case, and 
Eurasian gene introductions do not usually appear to be so dramatic and successful. As mentioned 
above, there have been only two discoveries of entirely Eurasian IAVs in North America, the H16N3 
gull virus and the highly pathogenic H5N8 virus. Examining the evolutionary histories of the entirely 
Eurasian H16N3 gull virus’ genes reveals that the Caspian Sea appears to be a source for the genera-
tion of this virus and others. Indeed, genetic analyses illustrate the spatiotemporal distribution of 
viruses that traces its gene segment origins from Astrakhan, in Russia, in 1983 to Ukraine in 2005, 
Scandinavia between 2006–2009, then to Iceland and Eastern Canada in 2010 (Figure 4 and Table 
S1). Therefore, it appears that the Eurasian isolate from Eastern Canada has been generated through 
the gradual accumulation of different genes (through reassortment events) at different locations 
from 1983 to 2010, although we recognize that there are limitations in the consistency of availability 
of data through time and from all regions. This was presumably facilitated through the migration of 
gulls across these regions and the spatiotemporal pattern suggests a predominantly east to west 
movement and evolutionary trend. While only single gene segments were found closely related to 
the Eurasian gull virus preceding Iceland, this recent virus from Iceland showed a close relationship 
to the virus from Eastern Canada for four gene segments (HA, PB2, PA, and NP). It is also notable that 
an H16 segment similar to the North American virus was detected three years later in a duck in 
Japan, which points towards an active inter-hemispheric gull-duck interface (Table S1). Globally, the 
H16N3 North American gull virus is presently the first and only whole IAV of which a trans-Atlantic 

Figure 1. Distribution of IAV subtypes isolated from gulls.
Notes: The numbers of viruses for which sequence data are available with the indicated subtypes 
isolated from gulls in North America and Eurasia are shown. The circular representation shows the total 
proportions when both regions are combined. Gull viruses were located by presence of M gene segment 
sequences in the NCBI Influenza Virus Resource (http://www.ncbi. nlm.nih.gov/genomes/FLU/FLU. html), 
as of September 2015.
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ecophylogenetic course has been concretely traced. Its origin and spatiotemporal phylogenetic his-
tory are analogous to the apparent natural history of the H14 viruses that were originally isolated 
from a gull and mallard (Anas platyrhynchos) in Astrakhan, and subsequently recovered 28 years 
later in ducks in North America (Fries et al., 2013). The H14 subtype was originally isolated in 1982 
from both European herring gulls (Larus argentatus) and mallards sampled in Central Asia along the 
northern shore of the Caspian Sea. Subsequent identifications of H14 viruses have occurred solely in 
North and Central America (USA and Guatemala) during 2010 to 2012 (Boyce et al., 2013; Ramey  
et al., 2014). These viruses originated from sea ducks and dabbling ducks, which are most frequently 
associated with marine and freshwater habitats, respectively. This unusual spatiotemporal profile 
might indicate a role played by gulls in inter-hemispheric and marine-freshwater avifauna IAV trans-
mission. The gap in H14 virus isolation from 1982 to 2010 could be due to a lack of fortuitous 

Figure 2. Time-clock Bayesian inference analysis of H13 nucleotide sequences from North America 
and Eurasia.

Notes: All H13 nucleotide sequences were downloaded from the NCBI Influenza Virus Resource (Bao et al., 
2008) and aligned using MUSCLE integrated in MEGA6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013). 
The aligned sequences were quality-trimmed, resulting in an alignment of 1133 nts (corresponding to nt 
positions 465–1597). This region was chosen because it allowed the inclusion of the largest number of virus 
sequences. We compared this tree to one constructed with a subset of viruses for which the complete 
segment sequences were available and the overall topology is not affected by use of this portion (not shown). 
The maximum credibility tree was generated from the trimmed alignment by the Bayesian inference method 
implemented in BEAST v1.8.0 (Drummond, Suchard, Xie, & Rambaut, 2012) using the SRD06 substitution 
model with a strict molecular clock and with the use of the GMRF Bayesian sky ride coalescent prior 
distribution. These parameters were chosen because they gave the best distribution of posterior probabilities. 
A strict molecular clock was chosen as appropriate to estimate the time of the most recent ancestors at each 
node because the sequences are almost all from the same host species. The branches are colored according 
to the host group: green, North American gulls; blue, Eurasian gulls; brown, poultry; dark blue, marine 
mammals; dark pink, Eurasian waterfowl; orange, North American waterfowl; purple, shorebirds and other 
wild birds excluding gulls, waterfowl, and poultry. The posterior probabilities for the support of the branches 
are given at major nodes. Photo credit: http://www.freeimages.com.
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sampling during those periods and the same applies for the large gap between the identification of 
gene segments similar to the North American H16N3 gull virus. Regardless, the overall movements 
of the involved host species are compatible with the viral migration routes. Broadly, such analyses 
might be useful for detailed reconstruction of evolutionary processes in other IAVs.

2.2. Ecogeographic aspects of gull IAVs
The global distribution of gulls is vast and nearly unlimited worldwide (Olsen & Larsson, 2004). They 
breed on every continent, from the margins of Antarctica to the high Arctic. Many species breed in 
coastal colonies and although they are less common on tropical islands, where terns are often very 
common, a few species do inhabit islands such as the Galapagos and New Caledonia. There is con-
siderable variety within the group, and species may breed and feed in marine, freshwater and/or 
terrestrial habitats. Many gull species migrate, but the extent to which they migrate varies among 
species. Some species migrate long distances, such as Franklin’s gull (Leucophaeus pipixcan) that 
migrates from Canada to wintering grounds in southern South America. Two examples illustrating 
inter-hemispheric distribution are black-headed gull (Chroicocephalus ridibundus) and laughing gull 
(Leucophaeus atricilla). The black-headed gull mostly breeds in Europe and Asia, and most of the 
population is migratory, wintering further south, but some birds in the milder westernmost areas of 
Europe are non-migratory. Some birds also spend the winter in northeastern North America. 
Additionally, black-headed gulls have an impressive ability to adapt to man-made environments. 
The laughing gull is largely a species of North and South America although it also occurs as a rare 
vagrant to western Europe. Herring gulls exhibit intercontinental distribution and connectivity and 
there is overlap in the ranges of closely related species/subspecies within a larger species complex 
that includes American herring gull, European herring gull, and East Siberian gull (Larus vegae) 
(Sangster, Collinson, Knox, Parkin, & Svensson, 2007). However, it is likely that migratory connectivity 

Figure 3. Time-clock Bayesian inference analysis of H16 nucleotide sequences from North America 
and Eurasia.

Notes: All complete H16 nucleotide sequences were downloaded from the NCBI Influenza Virus Resource 
(Bao et al., 2008) and aligned using MUSCLE integrated in MEGA6 (Tamura et al., 2013). The aligned 
sequences were quality-trimmed, resulting in an alignment of 1562 nts (corresponding to nt positions 
94–1655). The maximum credibility tree was generated from the trimmed alignment by the Bayesian 
inference method implemented in BEAST v1.8.0 (Drummond et al., 2012) using the SRD06 substitution 
model with a strict molecular clock and with the use of the GMRF Bayesian sky ride coalescent prior 
distribution. The branches are colored according to the host group: green, North American gulls; blue, 
Eurasian gulls; brown, poultry; dark pink, Eurasian waterfowl; orange, North American waterfowl; purple, 
shorebirds and other wild birds excluding gulls and waterfowl. The posterior probabilities for the support 
of the branches are given at major nodes. Photo credit: http://www.freeimages.com.
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exists among these related American, East Eurasian, and European populations, and this may serve 
as a platform for virus movements across both the Pacific and Atlantic Oceans.

2.3. Clinical and subclinical IAV infections of gulls
Historically, IAVs have been classified as virulent in gulls and terns in only two natural episodes. 
These are the first wild bird IAV isolate, A/Tern/South Africa/61(H5N3) (Becker, 1966), and the Asian 
highly pathogenic H5N1 lineage that infects many species of mammals and birds (Amonsin et al., 
2007; Chen et al., 2005; Claas et al., 1998; Mushtaq et al., 2008; Subbarao et al., 1998). However, an 
H13 virus circulating in a Canadian colony of dense-breeding ring-billed gulls (Larus delawarensis) 
caused inflammation of the heart, kidney, pancreas, and liver in chicks but no clinical symptoms 
(Velarde, Calvin, Ojkic, Barker, & Nagy, 2010). Details from some of the experimental infection stud-
ies involving gulls or other hosts infected with avian strains or with gull viruses are summarized in 
Tables 1–3, and some details are expanded below.

Experimental infection with the A/chicken/Hong Kong/220/97(H5N1) strain produced mild disease in 
laughing gulls (Perkins & Swayne, 2002), whereas severe disease and mortality were reported in laugh-
ing gulls after infection with highly pathogenic H5N1 strains from 2001 and 2006 (Brown, Stallknecht, 
Beck, Suarez, & Swayne, 2006). Another highly pathogenic H5 strain, A/Chicken/Penn/1370/83(H5N2), 
which caused 80% mortality in chickens in a Pennsylvania outbreak, produced little to no clinical signs 
in experimentally infected ring-billed gulls (Wood, Webster, & Nettles, 1985). Franklin’s gulls experi-
mentally infected with a turkey virus that was pathogenic for turkeys did not develop signs of disease, 
yet were capable of shedding the virus (Bahl & Pomeroy, 1977). These studies suggest that gulls could 
be infected with virulent strains from poultry and serve as asymptomatic carriers for subsequent virus 
transmission. In another study, the virus A/laughing gull/NJ/AI08–1460/2008(H13N9) was used to ex-
perimentally infect ring-billed gulls by the respiratory route, and high susceptibility to the virus was 
observed without developing any clinical symptoms (Brown et al., 2012). Most importantly, the virus 
was excreted via the oropharynx and cloaca for several days. Collectively, in vivo experimental infec-
tion studies show fairly consistent clinical sensitivity of gulls to different highly pathogenic viruses, and 
subclinical sensitivity to low pathogenicity viruses, with consistent evidence of virus shedding.

Studies involving experimental infections of mammals with gull viruses have been limited, but 
several are of particular interest. In one study (Hinshaw et al., 1982), the H13 gull virus A/gull/
Massachusetts/26/1980(H13N6) was used in experimental infection of ferrets, which are generally 
considered as the best animal model for human influenza infection. When challenged intranasally, 
the ferrets contracted the virus and shed it in nasal secretions. Additionally, attachment of the strain 
A/black-headed gull/Sweden/2/99(H16N3) to human, gull, and mallard tissues was investigated us-
ing tissue microarrays and virus histochemistry, using mallard and human viruses as references 
(Lindskog et al., 2013). The H16N3 virus attached more readily to the human respiratory tract than 
the other avian IAVs, and it could also bind to the human cornea and conjunctiva. The human virus, 
A/Netherlands/213/03(H3N2), also attached to the trachea of both gull species investigated, which 
demonstrates the presence of the first necessary characteristic for respiratory transmission. It was 

Figure 4. Putative geographic progression of gull virus genes that contributed to the genesis of the 
Eurasian H16N3 gull virus identified in Newfoundland, Canada.

Notes: The background map was downloaded from Mapbox Editor online tool (https://www. 
mapbox.com/editor).
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consequently suggested that H16 viruses might present a different cell tropism in humans and mal-
lards than other bird-origin IAVs (Lindskog et al., 2013). Elsewhere, it was shown that several gull 
species display α2,6-linked sialic acid receptors, to which human IAVs usually bind, on the surface of 
their tracheal epithelium (Jourdain et al., 2011). Those findings indicate the potential for either direct 
or indirect gull-human IAV interface. Viruses from gulls were also among those identified in wild 
birds as encoding proteins that differed at relatively few amino acid positions from the 1918 pan-
demic strain (Watanabe et al., 2014), with gull viruses found that had <15 amino acid differences in 
their PB2, PB1, PA, NP, M1 or NS1 proteins. A virus identified in wild birds that contained such seg-
ments showed higher pathogenicity than typical avian viruses and was able to gain mammalian 
respiratory drop transmission after acquiring as few as three substitutions in the HA protein 
(Watanabe et al., 2014). This supports the notion that the potential to generate a pandemic virus 
exists within wild birds and, although the sequences used in the experimental study were not from 
gull viruses, gulls are a relevant part of this scenario.

2.4. Inter-species transmission of gull IAVs
Although the level of active infection found is much lower, seroprevalence for IAV in gulls is high, 
reaching 45–92% (Brown et al., 2010; Huang et al., 2014; Toennessen et al., 2011; Velarde et al., 
2010). As mentioned above, gulls also exhibit notable capacity in terms of inter-hemispheric virus 
transmission (Hall et al., 2013; Huang et al., 2014; Perkins & Swayne, 2002; Ratanakorn et al., 2012; 
Van Borm et al., 2012; Wille, Robertson, Whitney, Bishop, et al., 2011, Wille et al., 2011). If gull-im-
ported Eurasian gene segments persist within the American gene pool, they could subsequently be 
transmitted to domestic hosts such as chickens, turkeys and pigs. In consideration of experimental 
studies that frequently show subclinical infections of gulls by highly pathogenic avian viruses, these 
hosts should be regarded as candidates for inter-hemispheric transmission of highly pathogenic 
viruses. The following sections will evaluate whether gulls could play a major role in inter-species 
and long-range transmission of IAVs and specific IAV genes and whether they could be considered 
as contributors to the transmission of HPAI viruses.

2.4.1. The gull-poultry IAV interface
The first evidence of poultry infection by a gull IAV came from a study in which H13N2 viruses were 
isolated in North America from subclinically infected domestic turkey flocks living near accessible 
pond water and gulls (Sivanandan, Halvorson, Laudert, Senne, & Kumar, 1991). The H13 sequence of 
one of the resultant viruses, A/turkey/MN/1012/1991(H13N2), is included within the North American 
gull AIV lineage (Figure 2). These turkey H13N2 viruses did exhibit marked pathogenicity in experimen-
tally infected turkeys (Laudert, Sivanandan, Halvorson, Shaw, & Webster, 1993). However, various H13 
gull viruses used for experimental challenges of various poultry species infrequently resulted in infec-
tion and appeared only subclinical (Table 2). There have been no reports of H16 viruses infecting poul-
try. A low pathogenicity H7N7 gull strain was widely invasive and caused systemic, though subclinical, 
infection in experimental studies with chickens (Otsuki, Kawaoka, Nakamura, & Tsubokura, 1982). 
Another low pathogenicity gull virus of the H7 subtype, A/Laughing gull/DE/42/06(H7N3), is believed to 
have been naturally transmitted to chickens, with subsequent evolution to a highly pathogenic form 

Table 3. Gull virus binding assays on avian and human tissues (Lindskog et al., 2013)
Species’ tissue tested Virus strain Tissues bound
Franklin’s gull (Leucophaeus pipixcan) A/black-headed gull/Sweden/2/99/

H16N3
Trachea, duodenum, ileum, ileocecal 
junction, colon

Herring gull (Larus argentatus) A/black-headed gull/Sweden/2/99/
H16N3

Duodenum, ileum, ileocecal junction, 
colon

Mallard (Anas platyrhynchos) A/black-headed gull/Sweden/2/99/
H16N3

Trachea

Human A/black-headed gull/Sweden/2/99/
H16N3

Cornea, conjunctiva, nasopharynx, 
bronchus, pulmonary alveolus, 
salivary gland
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therein (Krauss et al., 2007). This virus was also fully infectious, although mostly subclinically, in ex-
perimentally challenged chickens (Krauss et al., 2007). Inter-species transmission between gulls and 
chickens was also observed with A/brown-head gull/Thailand/vsmu-4/2008(H5N1), being highly 
similar to two highly pathogenic chicken isolates identified from the same region (Figure 5). Further 
sampling in turkey and chicken flocks, especially where there are potential interactions with gulls, 
would help confirm whether gulls could play a significant role in IAV transmission to poultry.

Figure 5. Phylogenetic analysis of gull H5 and H7 nucleotide sequences.

Notes: Sequences of H5 and H7 genes that showed the highest similarity in BLAST (Altschul, Gish, 
Miller, Myers, & Lipman, 1990) searches to gull gene sequences were downloaded from NCBI and 
aligned by MUSCLE with MEGA6 (Tamura et al., 2013). The aligned sequences were quality-trimmed, 
resulting in alignments of 1,073 nts (corresponding to nt positions 172–1,242) and 1,054 nts 
(corresponding to nt positions 32–1,085) for the H5 and H7 gene segments, respectively. The 
phylogenetic tree was inferred in MEGA6 with the neighbor-joining method with 1,000 bootstrap 
replications. Evolutionary distances were computed using the Maximum Composite Likelihood 
method and are represented by the number of base substitutions per site (scale bar). The branches 
are colored according to the host group: green, gulls; red, waterfowl from Eurasia; orange, waterfowl 
from North America; pink, swine; brown, poultry; purple, shorebirds and other wild birds excluding 
gulls and waterfowl; blue, humans and other mammals excluding swine.
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2.4.2. The gull-waterfowl IAV interface
Sympatry exists among many gull species and waterfowl across freshwater and marine habitats. In 
addition to the H14 viruses discussed above, particularly high gene sequence identity can be found 
between various gull and duck viruses (Figures 4 and 5, Table S2). These include both wild (mostly 
mallard) and domestic duck viruses in America and Eurasia. These diverse affinities substantiate an 
ongoing, reciprocal gull-waterfowl interface, worldwide, which spans both natural ecosystems and 
farms containing domestic ducks. Additionally, one study showed that H16N3 gull viruses isolated in 
Russia readily replicated in respiratory and intestinal tissues in challenged ducks (Iamnikova et al., 
2009).

2.4.3. The gull-marine mammal IAV interface
The movement of IAV between gulls and mammals was identified for the first time in 1981, when it 
was shown that all genomic segments from a seal H7N7 virus were highly similar to viral gene seg-
ments from avian species, including gulls (Webster et al., 1981). Interestingly, the seal isolate repli-
cated poorly in avian species but well in mammals such as ferrets, pigs, and cats, which indicated 
this isolate had probably accumulated mammalian-adaptive mutations. Phylogenetic analysis of 
some seal and whale viruses has shown that these are frequently closely related to gull and shore-
bird viruses (Groth et al., 2014). More specifically, relatedness between NP gene segments of the 
strains A/gull/Maryland/704/77(H13N6) and A/whale/Maine/328/84(H13N2) from the Atlantic Coast 
of the USA was found (Mandler et al., 1990). Similarly, the HA gene segment from the same whale 
isolate falls within a North American gull H13 lineage, and presumably originated from gulls (Figure 
2, Table S2). High sequence identity was also found between the H5 gene segments from a gull iso-
late, A/black_headed_gull/HK/12.1/2003(H5N1), and a human isolate, A/Hong_Kong/213/2003(H5N1), 
both obtained in Asia (Figure 5, Table S2).

2.4.4. The gull-swine IAV interface
Swine are considered one of the most important mixing vessels of IAV, as genetic reassortment 
between avian and mammalian viruses occurs in this host. Many of the viruses found in swine also 
contain genes that originated from human and bird viruses. H1N1, H1N2, and H3N2 viruses are en-
demic in the swine population worldwide (Brown, 2000), which also represent the subtypes circulat-
ing in the human population and the presence of those viruses or their genes within gulls might be 
important in terms of transmission of viruses across distances and host species. To date, several H1 
viruses have been found in the gull population in North America and they all fall within a North 
American lineage that mainly comprises waterfowl viruses. Although no direct evidence of AIV 
transmission between gulls and swine has been found to date, we identified gull viruses that do 
exhibit phylogenetic affinities to swine viruses, in conjunction with related waterfowl and poultry 
viruses. One swine virus from 2002, A/swine/Saskatchewan/18789/02(H1N1), which was closely re-
lated to waterfowl viruses (Karasin, West, Carman, & Olsen, 2004), was also close to two gull viruses 
obtained in 2002 from the United States for the HA gene segment (Figure 6).

The H3N2 viruses currently found in swine are believed to have originated mostly from reassort-
ment events involving avian and swine viruses or avian, swine and human viruses (Brown, 2000) and 
the triple reassortant virus has now become predominant in the swine population (Richt et al., 2003). 
Sequence analysis of H3 genes from gull viruses showed that two viruses from America and Asia, A/
herring gull/New Jersey/159/1990(H3N6) and A/herring gull/Irkutsk/111/2005(H3), which belong to a 
Eurasian avian lineage, were related to swine and poultry viruses from England and China (Figure 6). 
Additionally, H3 gene segments from shorebirds related to A/herring gull/New Jersey/159/1990(H3N6) 
and found in North America are falling within a Eurasian lineage, which further illustrate the potential 
role of gulls in inter-hemispheric movement of IAVs (J. Bahl et al., 2013).
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2.5. The role of gulls as contributors to the transmission of HPAI viruses
Transmission of IAV from wild birds to poultry and swine is a major concern for the agriculture indus-
try and must also be considered with respect to the possible generation of novel pandemic viruses. 
H5 and H7 subtypes have been commonly associated with high mortality in poultry (Stech & 
Mettenleiter, 2013). Analysis of H5 sequences from gull viruses showed that most of them are closely 
related to highly pathogenic H5N1 virus isolated from waterfowl, poultry, and swine (Figure 5). 
Specifically, the virus A/slaty-backed gull/Shandong/59/04(H5N1) is identical to the avian virus A/

Figure 6. Phylogenetic analysis of gull H1 and H3 nucleotide sequences.

Notes: Sequences of H1 and H3 genes that showed the highest similarity in BLAST (Altschul et al., 1990) 
searches to gull gene segments were downloaded from NCBI and aligned by MUSCLE with MEGA6 
(Tamura et al., 2013). The aligned sequences were quality-trimmed, resulting in alignments of 1,028 nts 
(corresponding to nt positions 10–1,037) and 641 nts (corresponding to nt positions 1,049–1,689) for the 
H1 and H3 gene segments, respectively. For the H3 sequences, this region was chosen because it allowed 
the inclusion of the largest number of virus sequences. We compared this tree to one constructed with a 
subset of viruses for which the complete segment sequences were available and the overall topology is 
not affected by use of this portion (not shown). The phylogenetic tree was inferred in MEGA6 with the 
neighbor-joining method with 1,000 bootstrap replications. Evolutionary distances were computed using 
the Maximum Composite Likelihood method and are represented by the number of base substitutions per 
site (scale bar). The branches are colored according to the host group: gulls, green; red, waterfowl from 
Eurasia; orange, waterfowl from North America; swine, pink; brown, poultry; purple, shorebirds and other 
wild birds excluding gulls and waterfowl.
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babbler/Fujian/320/04(H5N1) and groups closely with a swine strain, A/swine/Anhui/ca/2004(H5N1), 
with all these isolates from 2004. This shows that there has been frequent inter-species transmis-
sion of this virus between avian species, including gulls, and swine. Similarly, phylogenetic analysis 
of H7 sequences from gulls showed that gull viruses from both North America and Eurasia are closely 
related to viruses associated with lethal H7 outbreaks in poultry (Figure 5).

The movements of viruses among gulls, waterfowl, poultry, and mammals indicate that gulls need 
to be considered as important contributors to IAV evolutionary dynamics and ecology. It is also im-
portant to recognize the potential contribution of gulls to the generation of pandemic viruses, which 
always carry gene segments of bird origin, and that could contribute to the emergence of patho-
genic strains.

2.6. The role of terns in global IAV transmission, and relationships of tern IAVs to those 
from other hosts
Terns are the most closely related taxon to gulls; they exhibit shared ecological features and can also 
be sympatric with gulls. It is also noteworthy that the first isolate of IAV from wild birds was from 
terns, with A/tern/South Africa/1961(H5N3) representing a HPAI H5 virus that caused many deaths 
among terns in South Africa (Becker, 1966). Close relationships of viruses from terns to those from 
other hosts can also be found. A low pathogenicity tern isolate, A/tern/Potsdam/342–6/1979(H7N7), 
is similar to a virus that infected chickens in Germany and subsequently accrued several mutations 
to become a highly pathogenic virus that caused a severe outbreak in chickens (Röhm, Süss, Pohle, 
& Webster, 1996). A connection from terns to marine mammals has also been previously docu-
mented with the NP gene segment of the tern isolate A/tern/Turkmenistan/18/1972(H3N3) closely 
related to the whale isolate A/whale/Pacific Ocean/19/1976(H1N3) (Mandler et al., 1990).

Phylogenetic analyses with tern virus sequences showed high relatedness of these viruses to vi-
ruses identified in gulls, ducks, turkeys, and whales from around the world (Figures S1 and S2, Table 
S3). Broadly, these sequence comparisons reveal a series of IAVs isolated from two partially sympa-
tric and highly migratory tern species, the common tern (Sterna hirundo) and the Arctic tern (Sterna 
paradisaea). In particular, the common tern isolate from South Africa showed inter-hemispheric re-
assortment, as well as affinities to isolates from turkey, seal, whale, and another common tern strain 
(Figure S2). This isolate from Turkmenistan is one of a group of common tern viruses from a region of 
Central Asia that show affinities to North American gull isolates, a European mallard isolate, a tufted 
duck (Aythya fuligula) isolate from southern Siberia, and some duck isolates from Taiwan. The phylo-
genetic analysis of M gene segments also showed significant homology between an Arctic tern virus 
(A/arctic tern/Alaska/300/1975(H5N3)) and gull and turkey viruses from North America (Figure S1). 
Finally, the three polymerase gene segments of the same A/arctic tern/Alaska/300/1975(H5N3) iso-
late also exhibit affinities to these same North American gull isolates, and the PB2 gene segment is 
also highly related to gull isolates from Astrakhan, Asia (Figure S1). Overall, these analyses show that 
terns also constitute an important IAV host. They share many characteristics and display migratory 
connectivity with gulls, and they should also be considered as contributors to IAV dynamics, diversity 
and transmission to different hosts.

2.7. Ecobiological aspects of gull IAVs
Two aspects of the ecobiology of gulls are particularly relevant for their role in IAV dynamics. These 
concern their utilization of both marine and freshwater habitats and their potential role in zoonotic 
transmission pathways. Gulls are generalist feeders and eat both live-captured prey and opportun-
istically scavenge, including on carcasses of birds and mammals. Presumably, one means by which 
gulls could potentially contract IAVs from other species in aquatic habitats is by eating IAV-infected 
dead birds or mammals. The utilization of both marine and freshwater habitats, and interactions 
with different species in both environments, raises the possibility for gulls to be exposed to viruses 
from both freshwater and marine sources. The ecology of IAVs is fairly well understood in freshwater 
habitats, but this has been explored less in marine environments. However, alongside gulls, addi-
tional marine birds such as murres and puffins (members of the family Alcidae) and sea ducks 
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(family Anatidae, tribe Mergini) are known to host IAVs and be sympatric with gulls (Ip et al., 2008). 
Although some IAVs do not appear very stable in elevated salinity (Stallknecht, Kearney, Shane, & 
Zwank, 1990), marine birds drink seawater and it must be presumed that effective fecal–oral trans-
mission can take place in seawater. Viral circulation within marine environments also involves seals 
and whales, which are known to host avian-derived IAVs and apparently mostly those originating 
from gulls and terns as our phylogenetic and phylogeographic findings concerning both gull and tern 
viruses indicate relationships with viruses from marine mammals globally.

There is also an important zoonotic dimension for IAV circulation in gulls. While the important role 
played by waterfowl as facilitators of the emergence and dispersal of epizootic and pandemic strains 
is soundly established, gulls are both cosmopolitan migrants and salient synanthropic birds adjacent 
to the duck-poultry-swine-human IAV interface. It has previously been articulated that there is a 
crucial epidemiological position occupied by gulls among wildlife, domestic birds as well as humans 
(Arnal et al., 2015), and the potential for gulls to act in transmission of micro-organisms from sew-
age plants or outflows to domestic animals has also been described (Teale, 2002). Natural interfaces 
between gull viruses and those from ducks, turkeys, chickens, and swine have been identified in the 
present analysis, either in terms of interchangeability of certain gene segments, or whole viruses, 
and IAV-related interactions of gulls with ducks, turkeys, chickens, and mammals, phylogenetically 
and ecologically, might contribute to emergence and spread of epizootic and pandemic strains. It is 
also of note that a connection was found between marine mammal and human infections with the 
2009 H1N1 human pandemic strain, which naturally infected and spread, subclinically, among seals 
in California (Goldstein et al., 2013; Ohishi et al., 2004). However, it is not known if gulls or terns were 
directly involved in transmission of this virus.

3. Concluding remarks
Within the enormous spectrum of IAVs hosted by avian species, gull IAVs constitute an important 
component, somewhat parallel to waterfowl viruses, of the global ecophylogenetic system defining 
this protean virus. Gulls affect, both directly and indirectly, the evolutionary dynamics of low and 
high pathogenicity avian viruses and various mammalian IAVs worldwide. Analysis of the evolution-
ary history of an entirely Eurasian virus isolated in North America allowed the reconstruction of the 
gradual evolutionary process that generated this virus, starting in Central Asia, moving northwest, 
and ending in Iceland, with subsequent transmission to Canada. The origin of this virus appears to 
be associated with a region of Central Asia that also appears to have given rise to an important H14 
strain that involved both gull and duck viruses. Such reverse ecophylogenetic analysis is useful for 
attaining a broadened perspective of the evolutionary history of a given virus and can allow identifi-
cation of the presumed strains, genes, and hosts involved in the evolutionary and spatiotemporal 
pathways that gave rise to a strain in question. Additional gull viruses that were identified as phylo-
genetically interesting in this analysis were also from the same Central Asian geographic region. A 
similar scenario was found when analyzing a series of common tern viruses that were obtained in 
the same general region of Central Asia, where those viruses exhibited clear affinities to gull, duck, 
and whale viruses. Our analyses of the tern viruses reveal a broad phylogeographic contribution for 
these viruses beyond Central Asia, with gene transactions extending to Europe, South Africa, North 
America, and the Pacific Ocean.

The traits contributing to the importance of gulls as IAV hosts include their cosmopolitan distribu-
tions, migratory behaviors, synanthropic associations with humans, use of both marine and fresh-
water habitats, prevalence as a host of many different IAVs of a large variety of host group origins 
(including farm animals), and predominance of subclinical infections. As shown in the present study, 
the summary of these properties defines an important IAV host group that needs to be considered 
in the context of the perpetuation and emergence of enzootic, epizootic, and pandemic strains.
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First record of a Leptus Latreille mite (Trombidiformes, 
Erythraeidae) associated with a Neotropical trapdoor 
spider (Araneae: Mygalomorphae: Actinopodidae)
Lidianne Salvatierra1* and Marlus Q. Almeida2

Abstract: The first occurrence of a parasitic mite, Leptus Latreille (Trombidiformes,
Erythraeidae) parasitizing an adult male of a trapdoor spider Actinopus Perty, 1833
(Araneae: Mygalomorphae: Actinopodidae) and the first occurrence of Leptus sp.
larvae in the municipality of Manaus, Amazonas state, Brazil are reported.

Subjects: Environment & Agriculture; Zoology; Entomology & Acarology

Keywords: Acari; parasitism; mutualism; ectoparasite; Arachnida; Neotropical; Amazon

The cosmopolitan genus Leptus Latreille, 1796 (Prostigmata: Parasitengona: Erythraeidae) has a
total of 10 species described for Brazil, 27 species for the Neotropical region, and more than 270
described species worldwide (Haitlinger, 2004; Mąkol & Wohltmann, 2012). Leptus mites have seven 
larval stages of which nymphs are ectoparasitic using a wide range of arthropods to feed and trans-
port (Penney & Green, 2011).

After hatching from eggs, the mite larvae pierce the cuticle of the invertebrate host and gain ac-
cess to the host’s hemolymph and interstitial fluids via a straw-like stylostome. After engorging, 
larvae drop off the host and transform into eight-legged nymphs and then adults (Penney & Green, 
2011). Both adults and deutonymphs are free-living predators of small invertebrates. Most common 
hosts are insects (Flechtmann, 1980; Kamran, Afzal, Bashir, & Raza, 2009; Teixeira, 2011; Wilson, 
Rubink, & Collins, 1990; Wilson, Wooley, Nunamaker, & Rubink, 1987) and arachnids such as opil-
iones, scorpions, and spiders (Fain, Gummer, & Whitaker, 1987; Mohamed & Mohamed, 2011; 
Townsend, Mulholland, Bradford, Proud, & Parent, 2006; Welbourn & Young, 1988).

This work reports the first occurrence of larva of the genus Leptus parasitizing an adult male of a 
trapdoor spider Actinopus (Araneae: Mygalomorphae: Actinopodidae) and the first occurrence of 
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Leptus sp. larvae in the municipality of Manaus, Amazonas state. Specimens were collected near the 
“Universidade Federal do Amazonas,” Manaus, Amazonas, Brazil, and are deposited into the “Coleção 
de Invertebrados” located at the Instituto Nacional de Pesquisas da Amazônia (INPA), Manaus, 
Amazonas, Brazil. Photos were taken using a stereomicroscope Leica MZ16, equipped with Leica 
camera M205c.

Actinopus Perty, 1833, also commonly known as trapdoor spiders, are distributed throughout 
Central and South America (Brescovit, Bonaldo, Bertani, & Rheims, 2002; Ríos, 2014) and can be easily 
identified by the thoracic groove procurved and rastellum on distinct process (Brescovit et al., 2002; 
Raven, 1985). The biology and ecology of the species are still little known, females and young males 
have cryptic habits, living most of the time in excavated burrows, closed by a trap door made of soil 
particles and silk, making difficult to detect these spiders in their natural habitat (Brescovit et al., 
2002; Coyle, Goloboff, & Samson, 1990; Miglio, 2009). Few works reported associations between mites 
and mygalomorph spiders (Ebermann & Goloboff, 2002; Masan, Simpson, Perotti, & Braig, 2012; 
Welbourn & Young, 1988). The spider was identified as belonging to Actinopus cucutaensis Mello-
Leitão, 1941 by the copulatory bulb with elongated and well-developed paraembolic apophysis.

The six-legged Leptus larva (body length 0.55 mm, width 0.18 mm) (Figure 1(A), (C–D)) was located 
near posterior margin on dorsal portion of the spider’s carapace (body length 22.6 mm; carapace 
long 11.7 mm, wide 11.1 mm) (Figure 1(B)). The specimen was firmly attached to the carapace by its 
chelicerae, and when it was removed, no injury caused by its mouthparts was visibly detected. The 
larva is an undescribed species of Leptus.

Figure 1. (A) Mite larva of Leptus sp., habitus, dorsal view; (B) spider of Actinopus sp., carapace, 
dorsal view (white arrow indicates where mite was attached); (C) details of larva’s gnathosoma 
and dorsal scutum; (D) dorsal idiosomal setae.
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Currently, 79 arachnid species among mites (9 spp.), spiders (17 spp.), scorpions (11 spp.), harvest-
men (39 spp.), pseudoscorpions (2 spp.), and tailless whip scorpions (1 sp.) were reported as host of 
Leptus spp. (Table 1).

Table 1. Updated records of Leptus spp. parasitising arachnids
Host Host species Leptus species Country References
Subclass Acari

Order Trombidiformes

Family Erythraeidae Abrolophus sp. L. trimaculatus Germany Wendt, Olomski, 
Leimann, and 
Wohltmann (1992)

Balaustium 
globigerum

L. ignotus Netherlands Oudemans (1912)

Erythraeus sp. L. echinopus Denmark Southcott (1992)

Family Anystidae Anystis baccarum L. killingtoni UK Turk (1945)

A. baccarum L. trimaculatus Germany Wendt et al. (1992)

A. rosae

Order Sarcoptiformes

Family Damaeidae Damaeus grossmani Leptus spp. USA Norton, Welbourn, 
and Cave (1988)

Spatiodamaeus 
verticillipes

Leptus spp. USA Norton et al. (1988) 
(as Damaeus 
verticillipes)

Family Oribatellidae Oribatella extensa Leptus spp. USA Norton et al. (1988)

Family Xenillidae Xenillus occultus Leptus spp. USA Norton et al. (1988)

Order Amblypygi

Family Charinidae Phrynus kennidae Leptus sp. Dominican Republic Armas and Trueba 
(2003)

Order Araneae

Family Actinopodidae Actinopus cucutaensis Leptus spp. Brazil This paper

Family Eutichuridae Cheiracanthium sp. L. hidakai Japan Kawashima (1958)

Family Sparassidae Delena cancerides L. charon Australia Southcott (1999)

Isopeda frenchi L. minno Australia Southcott (1999)

Isopeda woodwardi L. charon Australia Southcott (1999)

Isopeda sp. L. charon Australia Southcott (1999)

Isopeda sp. L. faini Australia Southcott (1999)

Isopedella inola L. orthrius Australia Southcott (1999)

I.leai L. orthrius Australia Southcott (1999)

Family Theridiidae Enoplognatha ovata Leptus sp. USA Reillo (1989)

Holconia insignis L. faini Australia Southcott (1999)

Family Lycosidae Lycosa sp. L. gifuensis Japan Kawashima (1958)

Pardosa sp. Leptus sp. USA Sorkin (1982)

Family Uloboridae Miagrammopes  
singaporensis

L. hidakai Singapore Baker and Selden 
(1997)

Family Tetragnathidae Pachygnatha clerki L. ignotus UK Parker (1962)

(Continued)
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Host Host species Leptus species Country References
Family Philodromidae Philodromus 

imbecillus
Leptus sp. USA Cokendolpher, Horner, 

and Jennings (1979)

Family Salticidae Saitis sp. L. atticolus South Africa Lawrence (1940)

Family Zodariidae Systenoplacis sp. L. rwandae Rwanda Fain and Jocqué 
(1996)

Undetermined spider – L. ignotus France Bruyant (1911)

Order Opiliones

Family Manaosbiinae Cranellus montgomeryi Leptus sp. Trinidad Townsend et al. 
(2008)

Family Cosmetidae Cynorta sp. L. gracilipes Surinam Oudemans (1910a)

Cynortula sp. Leptus sp. Trinidad Townsend et al. 
(2008)

Paecilaema inglei Leptus sp. Trinidad Townsend et al. 
(2008)

Family Gonyleptidae Discocyrtus funestus L. lomani Chile Oudemans (1902)

Family Sclerosomatidae Gragellula niveata L. phuketicus Thailand Southcott (1994)

Gragellula sp. L. phuketicus Thailand Southcott (1994)

Gagrella sp. L. gagrellae Indonesia Oudemans (1910b)

Leiobunum calcar L. indianensis USA Fain et al. (1987)

L. formosum L. indianensis USA Cokendolpher (1993)

Leptus sp. USA Townsend et al. 
(2006)

L. longipes L. indianensis USA Fain et al. (1987)

L. nigripes L. nearcticus

L. speciosum L. indianensis USA Fain et al. (1987)

L. ventricosum

L. vittatum L. nearcticus USA Fain et al. (1987)

Prionostemma sp. Leptus sp. Trinidad Townsend et al. 
(2008)

Trachyrhinus 
marmoratus

Leptus sp. USA MacKay, Grimsley, 
and Cokendolpher 
(1992)

Family Phalangiidae Lacinius ephippiatus L. holmiae Slovakia Stašiov (2003)

Lophopilio palpinalis L. holmiae Slovakia Stašiov (2003)

L. ignotus Poland Haitlinger (1987) (as 
Odiellus palpinalis)

L. phalangii Poland Gabrys (1991) (as 
Odiellus palpinalis)

Megabunus diadema L. beroni France Fain and Amico 
(1997)

Mitopus morio L. beroni Belgium Fain (1991a)

France Fain and Amico 
(1997)

Table 1. (Continued)

(Continued)
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Host Host species Leptus species Country References
L. holmiae Denmark Southcott (1992)

Iceland

Ireland

Poland

L. ignotus Bulgaria Beron (1975)

L. kalaallus Greenland Southcott (1992)

Leptus spp. Norway Åbro (1988)

L. holmiae Poland Haitlinger (1991)

Oligolophus hansenii L. beroni France Fain and Amico 
(1997)

Oligophorus tridens L. holmiae Poland Haitlinger (1991)

Slovakia Stašiov (2003)

Opilio canestrinii L. holmiae Denmark Southcott (1992)

O. pentaspinulatus L. hidakai Japan Kawashima (1958)

O. ruzickai L. ignotus Bulgaria Beron (1975)

Opilio sp. L. holmiae Sweden Southcott (1992)

L. ignotus Sweden Oudemans (1912)

Phalangium opilio L. holmiae UK Southcott (1992)

L. ignotus Poland Haitlinger (1987)

France Fain and Amico 
(1997)

L. mariae Poland

L. molochinus Poland

L. phalangii Poland Gabrys (1991)

L. phalangii UK Evans (1910)

Leptus spp. Norway Åbro (1988)

P. partietinum L. ignotus Netherlands Oudemans (1912)

Phalangium spp. L. ignotus France Bruyant (1911)

Rilaena triangularis L. holmiae UK Southcott (1992) (as 
Platybunus 
triangularis)

L. ignotus Poland Haitlinger (1987) (as 
Platybunus 
triangularis)

L. phalangii Poland Gabrys (1991) (as 
Platybunus 
triangularis)

Rhamsinitis fissidens L. rwandae Rwanda Fain and Jocqué 
(1996)

Family Samoidae Maracaynatum 
trinidadense

Leptus sp. Trinidad Townsend et al. 
(2008)

Pellobunus longipal-
pus

Leptus sp. Trinidad Townsend et al. 
(2008)

Family Cranaidae Phareicranaus 
calcariferus

Leptus sp. Trinidad Townsend et al. 
(2008)

Santinezia serratotibilis Leptus sp. Trinidad Townsend et al. 
(2008)

Table 1. (Continued)

(Continued)
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Host Host species Leptus species Country References
Family Manaosbiidae Rhopalocranaus 

albilineatus
Leptus sp. Trinidad Townsend et al. 

(2008)

Family Stygnidae Stygnoplus clavotibi-
alis

Leptus sp. Trinidad Townsend et al. 
(2008)

Family Agoristenidae Avima sp. Leptus sp. Trinidad Townsend et al. 
(2008) (as Trinella 
sp.)

Undetermined L. bicristatus Malawi Fain and Elsen (1987)

L. jocquei

L. puylaerti 

L. polythrix

L. stieglmayri Brazil Oudemans (1905)

L. ignotus Poland Haitlinger (1991)

Leptus sp. USA Welbourn (1983)

Order Pseudoscorpiones

Family Neobisiidae Neobisium sp. Leptus sp. France Judson and Mąkol 
(2011)

Undetermined – L. chelonethus Australia Womersley (1934)

Order Scorpiones

Family Buthidae Buthus occitanus L. pyrenaeus France Andre (1953)

Centruroides vittatus Leptus sp. USA Welbourn (1983)

Hemilychas 
alexandrinus

L. waldockae Australia Fain (1991b) (as 
Lychas alexandrines)

Lychas sp. L. korematus Australia Southcott (1999)

Family Bothriuridae Cercophonius squama L. charon Australia Southcott (1999)

Tasmania Seeman and Miller 
(2002)

Family Scorpionidae Urodacus manicatus Leptus sp. Australia Southcott (1955) (as 
Urodacus abruptus)

L. baudini Australia Southcott (1999)

L. urodaci Australia Southcott (1999)

L. smithi Australia Southcott (1999)

L. pistoris Australia Southcott (1999)

L. carduus Australia Southcott (1999)

U. armatus Leptus sp. Australia Fain (1991b)

U. hoplurus

U. yaschenkoi

U. hartmeyeri L. korematus Australia Southcott (1999)

U. varians L. korematus Australia Southcott (1999)

Urodacus 
cf.yaschenkoi

L. barmeedius Australia Southcott (1999)

Undetermined – Leptus sp. Mexico Welbourn (1983)

Leptus sp. Costa Rica Welbourn (1983)

Table 1. (Continued)

Source: Modified from Baker and Selden (1997).
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Little is known about the impact of Leptus larva feeding on their host upon the survival, locomo-
tion, or reproductive capacity of their spider hosts, but it is known that Leptus larvae are able to 
transmit Spiroplasma bacteria which can be mutualistic or pathogentic (DiBlasi et al., 2011). Although 
specific associations between deutonymphs of Astigmata and Heterostigmata mites, and larvae of 
Prostigmata mites, and spiders are well documented, little is known about the spider mite associa-
tions in Brazil and the implications for the host.

This paper revealed an unrecorded association between trapdoor Actinopus spider and a Leptus 
mite for Brazil, which indicated that similar interactions (parasitic and non-parasitic) are likely to be 
far more diverse. Additional field and laboratory studies of the life history and ecology of parasite 
and host species are required.
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Acute and sub-acute toxicity studies on the effect 
of Senna alata in Swiss Albino mice
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Abstract: Senna alata has attracted the attention of many researchers due to its 
numerous medicinal properties. This study aims to test the acute and sub-acute 
toxicity of its leaf extracts in Swiss albino mice. Studies were carried out with a 
fixed dose of 1,000, 2,000, and 3,000 mg/kg body weight through oral administra-
tion daily. Signs of toxicity in terms of behavior and mortality were noted after 
every two hours till 24 h of administration for acute toxicity and further adminis-
tration of extracts till 15 days to analyze the physical, biochemical, hematological 
parameters, and histopathological studies in liver, kidney, and spleen for sub-
acute study. The highest dose administered did not produce mortality or changes 
in the general behavior of the test animals. All parameters were unaltered 
throughout the study. The present study revealed no obvious toxicity in mice 
treated with S. alata. These results indicate the safety of the oral administration 
of leaf extract.
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PUBLIC INTEREST STATEMENT
Helminthiasis is a neglected disease and has shown 
resistance to some available marketed drugs. 
Scientists continue the search for new anthelmintic 
especially from natural sources agents and plants 
have proved to be a potential source for this 
purpose. There are few species of Senna plant that 
showed to have medicinal properties, three species 
viz. S. alexandrina, S alata and S. occidentalis leaf 
extracts have been reported for the first time from 
our laboratory to have cestocidal property. Amongst 
the three plants, S. alata leaf extracts showed to 
have more anthelmintic efficacy and is apparently 
believed to be nontoxic, but detail pre-clinical 
toxicological evaluation in animals have not been 
evaluated. Moreover, not all medicinal plants are 
safe for consumption in the crude form. Some level 
of toxicity arises from the potent toxic compounds 
present in it and nontoxic compounds can also 
behave like a toxic compound even at a lower 
dose, and can produce an adverse effect in human 
or animal cells. Thus, it is required to examine 
the toxicity profile of S. alata leaf extract, given its 
widespread consumption by human.
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1. Introduction
According to World Health Organization (2003), more than 80% of the world’s population rely on 
traditional medicine for their primary health care and more than 30% of the plant species have been 
used for this purpose. A major population of the world are attracted to this type of traditional medi-
cine due to scarcity and high costs of available drugs (Hudaib et al., 2008) and an easy access to 
these plants in some regions of the world (Humber, 2002). Besides, a large amount of evidences has 
shown immense potential of medicinal plants for prevention, diagnosis, and treatment of various 
diseases (Abera, 2014; Ghosh, Sahoo, Das, Duley, & Palhy, 2014). In India, over 3,000 plants were of-
ficially recognized for their medicinal value, but it is generally estimated that over 6,000 plants are 
being used in traditional, folklore, and herbal medicines. Although the scientific study of some me-
dicinal plants clearly validates the effectiveness and reliability of ethno-medical knowledge and tra-
ditional use in managing diseases, however herbal medicines are complex mixtures of many 
bioactive phytochemicals which may differ in different mechanisms (Sengupta, Sharma, & 
Chakraborty, 2011). Some level of toxicity arises from the potent toxic compounds present in it, and 
nontoxic compounds can also behave like a toxic compound even at a lower dose, and can produce 
an adverse effect by interacting with human or animal cells. Therefore, not all medicinal plants are 
safe for consumption in the crude form. Thus, such plants should be investigated to better under-
stand their properties, safety and efficiency.

Senna alata Linn. (Family Fabaceae) has been recognized in traditional medicine for its medicinal 
activities (Lim, 2013; Karthika, Manivannan, & Mohamed, 2016) and was also recently reported to 
have anthelmintic activity (Kundu, Roy, & Lyndem, 2012, 2014). Though this plant is apparently be-
lieved to be nontoxic, but detail pre-clinical toxicological evaluation in animals have not been evalu-
ated. Thus, it is required to examine the toxicity profile of S. alata leaf extract given its widespread 
consumption by human.

2. Results and discussion
During the 15-day period of toxicity study, mice showed no signs of behavioral distress or change in 
skin color, no changes in the eyelids, sleep, food, and water intake, and no observable toxicity symp-
toms or death. The experimented mice survived till the completion of the experimental duration at 
all levels of treatment (Table 1). Thus, this indicates there was no disturbance in carbohydrate, pro-
tein, or fat metabolism (Klaassen, 2001).

Though the body weight gradually increased in control and treated groups, there was no signifi-
cant difference in mean body weight amongst the different treated groups and the control (Table 
2) which indicated that the extract has negligible levels of toxicity on the growth of the animals as 
also observed by Mir, Sexena, and Malla (2013) and Rajalakshmi, Jayachitra, Gopal, and Krithiga 
(2014). There were no significant changes in organ weight and relative organ weight of liver, kid-
ney, and spleen with respect to the body weight as well (Table 3). Kluwe (1981), documented that 
the increase in organ weight had been observed to be a relative sensitive indicator of nephrotoxic-
ity. Thus, S. alata did not induce any toxic effect on the kidneys and the other organs going by this 
indicator.

Hematological tests showed no significant differences in hemoglobin, RBC, WBC (total and differ-
ential), and platelet count in all doses as compared to control. In WBC differential count, lympho-
cytes showed slight variation in the dose of 2,000 and 3,000 mg/kg body weight compared to 
1,000 mg/kg body weight and also to control, while eosinophil count showed no significant differ-
ences at all dose levels compared to control (Table 4). According to Onyeyilli, Iwuoha, and Akinniyi 
(1998), administration of an agent can result in loss of blood cells and/or inhibition of blood cell 
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Table 1. Acute toxicity study of ethanol extract of Senna alata in mice

Notes: + = normal, − = absent.

Observations Response
Control 1,000 mg/kg body 

wt.
2,000 mg/kg body 

wt.
3,000 mg/kg body 

wt.
Consciousness + + + +

Grooming − − − −

Touch response + + + +

Sleeping duration + + + +

Movement + + + +

Gripping strength + + + +

Righting reflex + + + +

Food intake + + + +

Water consumption + + + +

Tremors − − − −

Diarrhea − − − −

Hyper activity − − − −

Pinna reflex + + + +

Corneal reflex + + + +

Salivation + + + +

Skin color + + + +

Lethargy − − − −

Convulsion − − − −

Morbidity − − − −

Sound response + + + +

Table 2. Body weight of mice during sub-acute toxicity study after administration of S. alata 
extract

Note: All values are expressed as mean ± SD of 6 animals.

Body weight
Initial day After 5 days After 10 days After 15 days

Control 26.3 ± 0.35 27.45 ± 0.5 29.95 ± 1.51 34.34 ± 4.33

1,000 mg/kg 24.67 ± 0.3 26.20 ± 0.54 28.14 ± 0.41 30.87 ± 2.38

2,000 mg/kg 24.63 ± 0.25 26.59 ± 0.35 27.51 ± 0.35 29.32 ± 0.66

3,000 mg/kg 25.02 ± 0.32 26.94 ± 0.51 28.11 ± 0.5 30.44 ± 1.79

Table 3. Absolute organ weight (g) and relative organ weight (g) during sub-acute toxicity 
study of S. alata extract

�Notes: Values are expressed as mean ± SD of 6 animals. A rows means followed by a common superscript are not 
significantly at 5% by using DMRT.

Liver Kidney Spleen
Absolute 

organ 
weight

Relative 
organ 
weight

Absolute 
organ 
weight

Relative 
organ 
weight

Absolute 
organ 
weight

Relative 
organ 
weight

Control 1.58 ± 0.11a 4.59 ± 0.23b 0.25 ± .014c 0.72 ± 0.03d 0.23 ± 0.02e 0.66 ± 0.05f

1,000 mg/kg 1.62 ± 0.02a 5.23 ± 0.28b 0.25 ± 0.02c 0.79 ± 0.03d 0.20 ± 0.03e 0.61 ± 0.06f

2,000 mg/kg 1.57 ± 0.09a 5.33 ± 0.20b 0.23 ± 0.02c 0.79 ± 0.10d 0.21 ± 0.03e 0.72 ± 0.10f

3,000 mg/kg 1.50 ± 0.14a 5.00 ± 0.54b 0.22 ± 0.03c 0.73 ± 0.05d 0.20 ± 0.02e 0.67 ± 0.08f
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synthesis and decrease in such hematological parameters in experimental animals has been associ-
ated with anemia. The above results suggest the nontoxicity of S. alata in mice. A similar observation 
was reported by Ping, Darah, Chen, Sreeramanan, and Sasidharan (2013), after oral administration 
of Euphorbia hirta, Carica papaya, Petroselinum crispum, and Lygodium flexuosum.

The serum analyses showed no significant difference in calcium and chloride level between the 
control and experimental group. However, there is a less significant level of difference in phosphorus 
at 1,000 and 2,000 mg/kg body weight compared to control group (Table 5). Similarly, levels of cre-
atinine and uric acid were not significantly different between the control and the experimental 
group of mice (Table 6). This observation was also made by Ping et al. (2013). Moreover, levels of 
total protein, albumin, SGPT, total bilirubin, direct bilirubin, cholesterol, triglyceride, alkaline phos-
phatase (ALP), and aspartate transaminase (AST) also showed no significant difference, however 
slight variation in the latter two was observed at 1,000 mg/kg body weight of the control group 
(Table 7). Liver injury is characterized as hepatocellular when there is predominant elevation of the 
ALT, while AST is a mitochondria enzyme whose increased activity reflects severe tissue injuries 
(Martin, 2006). Hypo-proteinaemia, a common finding in liver damage (Larrey, 2002), was also not 
observed in the present study. This indicates that the extract did not cause any overt liver damage 
at the dose levels studied. Further, there was a low level of glucose in the treated group as compared 
to the control group (Table 7) which may be due to inadequate insulin secretion that indicates nor-
mal functioning of the liver. Similar observations were made by Rajalakshmi et al. (2014), Nabukenya 

Table 4. Hematological parameters of sub-acute toxicity study of S. alata extract in mice

�Notes: Values are expressed as mean ± SD of 6 animals. A column means followed by a common superscript are not 
significant at 5% by using DMRT.

Hematological 
parameters

Group 1 
control

Group 2 
1,000 mg/kg 

body wt.

Group 3 
2,000 mg/kg 

body wt.

Group 4 
3,000 mg/kg 

body wt.

Unit of 
values

Hemoglobin 14.03 ± 0.45a 13.7 ± 0.41a 14 ± 0.43a 14.16 ± 0.67a gm/dl

RBC count 7.07 ± 0.81b 7.07 ± 0.31b 7 ± 0.57b 7.1 ± 0.51b Million/Cu mm

Total lymphocytes 11.71 ± 1c 11.68 ± 0.4c 11.57 ± 0.23c 11.53 ± 0.5c 103/μl

Neutrophils 25.5 ± 3.78d 24.83 ± 3.82d 25.17 ± 3.31d 25.17 ± 2.56d %

Lymphocytes 66.55 ± 2.91e 65.1 ± 3.89e 64.79 ± 2.35e 64.45 ± 3.34e %

Eosinophils 1.33 ± 0.52f 1.33 ± 0.52f 1.33 ± 0.52f 1.33 ± 0.52f %

Monocytes 0 0 0 0 %

Basophils 0 0 0 0 %

Platelet count 273 ± 7.35g 268.17 ± 11.34 g 268.83 ± 6.33g 271.67 ± 25.57 g 103/μl

Table 5. Sub-acute toxicity study on the electrolytes of mice after treatment with S. alata 
alcoholic leaf extracts

�Notes: Values are expressed as mean ± SD of 6 animals. A column means followed by a common superscript are not 
significant at 5% by using DMRT.

Serum 
biochemical 
parameter

Group 1 
control

Group 2 
1,000 mg/kg 

body wt.

Group 3 
2,000 mg/kg 

body wt.

Group 4 
3,000 mg/kg 

body wt.

Unit of values

Phosphorus 5.5 ± 0.5a 5.1 ± 0.83a 5.0 ± 0.4a 5.4 ± 0.3a mg/dl

Chloride 102.82 ± 3.94b 102.77 ± 3.36b 102.4 ± 1.6b 100.13 ± 1.88b mmol/lit

Calcium 10.47 ± 0.52c 10 ± 0.01c 10.06 ± 0.2c 10.1 ± 0.5c mg/dl
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et al. (2014), Priyadarshini, Mazumder, and Choudhury (2014) and Bello et al. (2016). Cholesterol and 
triglyceride levels have no significant difference in treated animals which concurs that this plant 
extract does not present any risk of hypercholesterolemia or artherosclerosis at a high level of doses 
(Bello et al., 2016).

Histological studies revealed no abnormalities in liver, kidney and spleen tissue in treated mice. 
The liver tissue displayed normal hepatocytes without any enlargement in sinusoidal vein, central 
vein, and portal triad in all treated groups compared to control (Figure 1). Similar type of observation 
was also seen by Bello et al. (2016) in rat liver. Kidney micrograph revealed normal architecture of 
glomerulus and Bowman’s capsules with no degeneration, necrosis, or inflammation (Figure 2), 
which are comparable with the study made by Ping et al. (2013) and Nabukenya et al. (2014). 
Histological features of spleen showed normal splenocytes with prominent nucleus in both treated 
and control groups (Figure 3). These observations agreed with that of Ping et al. (2013) in rat model 
that have been treated with Euphorbia hirta. Thus, histopathological evaluation indicated that the 
extract did not have any adverse effect on morphology of the tissues and these observations sup-
ported the biochemical results mentioned above. Therefore, it is concluded that S. alata did not 
produce any toxic effect in male albino mice.

Table 6. Sub-acute toxicity study on biomarkers of kidney malfunction in mice treated with  
S. alata

�Notes: Values are expressed as mean ± SD of 6 animals. A column means followed by a common superscript are not 
significant at 5% using DMRT.

Serum 
biochemical 
parameter

Group 1 control Group 2 
1,000 mg/kg 

body wt.

Group 3 
2,000 mg/kg 

body wt.

Group 4 
3,000 mg/kg 

body wt.
Creatinine (mg/dl) 0.87 ± 0.12d 0.84 ± 0.18d 0.87 ± 0.18d 0.86 ± 0.12d

Uric acid (mg/dl) 4.45 ± 0.38e 4.41 ± 0.51e 4.25 ± 0.79e 4.21 ± 0.16e

Table 7. Sub-acute toxicity study of biomarkers of liver malfunction in mice treated with  
S. alata

�Notes: Values are expressed as mean ± SD of 6 animals. A column means followed by a common superscript are not 
significant at 5% by using DMRT.

Serum 
biochemical 
parameter

Group 1 
control

Group 2 
1,000 mg/kg 

body wt.

Group 3 
2,000 mg/kg 

body wt.

Group 4 
3,000 mg/kg 

body wt.

Unit of values

Glucose 103.78 ± 9.3a 99.61 ± 7.6a 103.88 ± 1.81a 86.3 ± 1.41a mg/dl

Total protein 6.55 ± 1.15b 6.33 ± 0.1.15b 6.21 ± 0.42b 6 ± 0.44b g/dl

Albumin 3.95 ± 0.1c 3.86 ± 0.15c 3.87 ± 0.18c 3.8 ± 0.43c g/dl

Alkaline 
phosphatase

99.44 ± 8.65d 95.6 ± 12.33d 95.2 ± 15.04d 97 ± 6.33d IU/L

Aspartate 
transaminase

102.28 ± 27.29e 93.41 ± 10.92e 97.91 ± 12.23e 97.83 ± 8.57e IU/L

SGPT 38 ± 7.6f 36.27 ± 6.4f 36 ± 11.8f 38.05 ± 6f IU/L

Direct bilirubin 0.173 ± 0.03g 0.156 ± 0.04g 0.165 ± 0.05g 0.165 ± 0.06g mg/dl

Total bilirubin 0.87 ± 0.06h 0.85 ± 0.13h 0.86 ± 0.09h 0.86 ± 0.06h mg/dl

Cholesterol 196.64 ± 20.69i 193.85 ± 18.16i 196.4 ± 20.9i 195.15 ± 8.85i mg/dl

Triglycerides 131.1 ± 10.08j 130.45 ± 9.1j 129.66 ± 9.53j 130 ± 7.41j mg/dl
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WTFigure 1. Histology study of liver from of mice: (a) control group; (b) 1,000 mg/kg; (c) 2,000 mg/kg 
and (d) 3,000 of S. alata leaf extract in a 15-day sub-acute toxicity.

Notes: No significant damage was detected in any treatment group Indicators: Bowman’s 
capsule (BW), glomerulus (G), proximal collecting tubule (P), distal collecting tubule (D).

Figure 2. Histology study of kidney of mice: (a) control group; (b) 1,000 mg/kg; (c) 2,000 mg/kg 
and (d) 3,000 of S. alata leaf extract in a 15-day sub-acute toxicity.

Notes: No significant damage was detected in any treatment group. Indicators: Portal Triad 
(pt); Central Vein (CV).
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WT3. Materials and methods

3.1. Preparation of plant extract
S. alata leaves were collected from in and around the University campus of Visva-Bharati, 
Santiniketan. Young leaves were washed with distilled water, allowed to dry in an oven at 50°C, and 
crushed to powder. About 250 g of the powdered form was extracted with 1 L of ethanol (90%) in a 
Soxhlet apparatus for 7–8 h, and the final crude extract was recovered using rotary evaporator and 
stored at 4°C until further use.

3.2. Expremental designs
Twenty-four Swiss albino male mice weighed 24–28 g were divided into four groups of six animals 
each (Group 1–4). Group 1 is control group, fed daily with only normal laboratory diet and water. 
Group 2–4 were treated with a dose of 1,000, 2,000, and 3,000 mg/kg body weight, respectively, for 
15 days through an oral needle following a period of 10-h fasting. All animals were maintained on 
standard laboratory diets with water ad libitum. The experimental protocol and procedures used in 
this study were approved by the Institutional Animal Ethical Committee (IAEC), Visva-Bharati, 
Santiniketan.

3.3. Acute oral toxicity study
After administration of the extract, animals were monitored continuously for every two hours for a 
day to detect acute changes in morphological and behavioral responses, spontaneous activity, irri-
tability, corneal reflex, tremors, convulsion, salivation, diarrhea, lethargy if any, and also monitored 
for any mortality during the course of toxicity study.

Figure 3. Histology study of spleen of mice showing normal splenocytes with defined red pulp and 
white pulp in control and treated group: (a) Control; (b) 1,000 mg/kg; (c) 2,000 mg/kg and (d) 
3,000 mg/kg body weight of S.alata leaf extract.

Notes: No significant damage was detected in any treatment group Indicators: Red pulp (r), 
White pulp (w).
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3.4. Sub- acute oral toxicity study
Body weight of each animal was recorded every five days interval till the last day of experiment. 
After the 15th day, all animals were sacrificed after light chloroform inhalation of anesthesia and 
different hematological and biochemical studies were performed.

3.4.1. Hematological assay
About 1.5–2 ml of blood was drawn directly with a hypodermic syringe to minimize the damage of 
serum contamination through a cardiac puncture (Jochems, Valk, Stafleu, & Baumans, 2002). About 
100 μl of the collected blood sample was used for the determination of hematological parameters 
like hemoglobin concentration, total RBC count, total WBC count, WBC differential count, and total 
platelet count following the methods of Smith (1995) and Kjeldsberg (1998).

3.4.2. Analysis of serum biochemical parameters
The rest of the collected blood sample was prepared for serum isolation according to the method of 
Singh and Rana (2007). In brief, blood was kept for 20 min at room temperature of 30°C and then 
centrifuged at 2,500 rpm for 5 min at 4°C. The serum obtained as supernatant, was collected in an 
eppendorf tube and kept at 4°C till use. Determination of glucose, calcium, phosphorus, chloride, 
total protein, albumin, ALP, AST, SGPT, total bilirubin, direct bilirubin, creatinine, cholesterol, triglyc-
eride, and uric acid were analyzed by different assay kits following the manufacturer protocol.

3.4.3. Measurement of relative organ weight
Liver, kidneys, and spleen were carefully dissected out and weighed separately. The relative organ 
weight of each animal was then calculated as follows:

3.4.4. Histological examination
Each selected organs were cut into small pieces and kept in Bouin’s fixative for 24 h, and processed 
for histological study following methods of Mayer (1896) with slight modification and later observed 
under a light microscope.

3.5. Chemicals
All the chemicals used were of analytical grade. Ethanol was supplied by Bengal Chemicals, Kolkata. 
Stains and fixatives were purchased from Sigma–Aldrich. All biochemical assay kits were purchased 
from Coral clinical system company, Goa, India, and all other reagents were obtained from Merck 
Life Science Pvt. Ltd., Merck India.

3.6. Statistical analysis
Data are expressed as a mean ± SD. Total variations present in a set of data were estimated by one 
way Analysis of Variance (ANOVA) comparisons were made between the treated groups. All data 
were analyzed using Duncan’s Multiple Range Test (DMRT). p < 0.05 was considered as the level sta-
tistical significance.

4. Conclusions
The absence of gross and histopathological lesions in the organs as well as no significant differences 
in hematological and biochemical test in the treated groups from the control could suggest the level 
of safety of the leaf alcoholic extract on the animals. In conclusion, to our knowledge, this is the first 
investigation of the various parameters of toxicity studies made on the S. alata at higher dose. This 
study has shown that sub-acute administration of the alcoholic leaf extract of S.alata may be safe 
and thereby provide a support to the use of S.alata leaves as an alternative system of medicine.

Relative organ weight =
Absolute organ weight (g)

Body weight of rat on sacrifice day
(g) × 100
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Etomidate decreases adrenal gland apoptosis and 
necrosis associated with hemorrhagic shock in a rat 
model (Rattus norvegicus)
Nuno M. Félix1*, Isabelle Goy-Thollot2, Ronald S. Walton3, Pedro M. Borralho4, Hugo Pissara1, Ana S. 
Matos5, Cecília M.P. Rodrigues4 and Maria M.R.E. Niza1

Abstract: Purpose: Evaluate if etomidate modulates adrenal apoptosis and if this
influences the development of critical illness-related corticosteroid insufficiency
(CIRCI) in hemorrhagic shock (HS). Material and methods: Four groups of 16 male
Wistar rats: G0 (control group anesthetized with isoflurane and mechanical ventila-
tion), G1 (like G0, but with buprenorphine), G2 (like G1 with HS), and G3 (like G2 with
etomidate 1 mg/kg, IV, before HS). HS induced by collecting 30% of blood volume.
Resuscitation performed 90 min later with the collected blood and normal saline.
Hemodynamic parameters, blood gas analysis, adrenocorticotropic hormone (ACTH),
corticosterone (CS), and TNF-α, IL6, IL10 were determined at 0, 90, 150, and 240 min
post-HS induction (at the corresponding time points in G0 and G1). Apoptosis and
necrosis were determined by TUNEL and caspase-3 immunofluorescence and a
necrosis score, respectively. Results: HS groups had significantly higher levels of
apoptosis and necrosis than G1 and G0. Compared with G2, etomidate-treated ani-
mals had significantly lower levels of CS (compatible with CIRCI), PO2, PO2/FiO2, BE,
HCO3, apoptosis, and necrosis and significantly higher cytokine levels. Conclusions:
Etomidate was associated with CIRCI. HS was associated with adrenal gland
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PUBLIC INTEREST STATEMENT
Hemorrhagic shock (HS) is still a significant Health 
problem, being responsible for more than a third 
of deaths associated to trauma. Etomidate is an 
anesthetic commonly used for intubation in HS. 
However, its use has been recently questioned 
in critically ill patients because it affects adrenal 
function. Apoptosis is a type of cell death which 
has been associated to development of organ 
dysfunction in critical illness. In this study, the 
effects of etomidate on adrenal apoptosis and 
necrosis in a rat model of HS were evaluated. 
The study found that etomidate attenuated 
significantly the development of adrenal apoptosis 
and necrosis. Etomidate also increased morbidity 
and was associated to significant adrenal 
dysfunction. Thus, etomidate´s effects in HS are 
complex and can be beneficial and deleterious. 
Until these effects are more thoroughly evaluated 
and its clinical significance determined, etomidate 
should be used cautiously in HS and only in specific 
circumstances.
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apoptosis and necrosis. The latter were decreased by etomidate, possibly by both 
direct and indirect mechanisms.

Subjects: Bioscience; Health and Social Care; Medicine, Dentistry, Nursing & Allied Health

Keywords: hemorrhagic; shock; apoptosis; necrosis; adrenal; etomidate; cytokine; rat; CIRCI

1. Introduction
Etomidate is an anesthetic commonly used in critical conditions, such as Hemorrhagic Shock (HS), 
due to its favorable hemodynamic profile (Forman, 2011). However, it also directly inhibits adrenal 
gland steroidogenesis, even after single bolus administration (Allolio et al., 1985; Wagner, White, 
Kan, Rosenthal, & Feldman, 1984). This “pharmacologic adrenal suppression” has been associated to 
development of critical illness-related corticosteroid insufficiency (CIRCI) in several conditions, in-
cluding sepsis and septic shock (Cherfan et al., 2011; den Brinker et al., 2008), trauma (Cotton et al., 
2008) and burns (Mosier, Lasinski, & Gamelli, 2015). CIRCI is defined as the inadequate glucocorti-
coid intracellular anti-inflammatory activity for the severity of the patient’s illness (Marik, 2009). The 
clinical significance of etomidate-associated CIRCI has been extensively debated and it is still in-
completely understood. The most recently available meta-analysis, however, have reached the con-
clusion that etomidate administration to critically ill patients is associated with increased risk of 
Multi-Organ Failure (Bruder, Ball, Ridi, Pickett, & Hohl, 2015).

The development of CIRCI following HS has been demonstrated in both clinical (Cotton et al., 
2008; Hoen et al., 2002; Stein et al., 2013) and experimental models (Rushing, Britt, & Britt, 2006; 
Wang et al., 1999). How HS induces CIRCI is still incompletely understood although several mecha-
nisms have been suggested. These include the following: adrenal necrosis caused by HS-associated 
ischemia (Kajihara, Malliwah, Matsumura, Taguchi, & Iijima, 1983; Rushing et al., 2006); reduced 
adrenal levels of corticosterone (CS) and cyclic adenosine monophosphate; reduced CS release fol-
lowing corticotropin stimulation; decreased adrenocorticotropic hormone (ACTH) secretion (Wang 
et al., 1999) and adrenal dysfunction due to HS-associated inflammation (Hoen et al., 2002). 
Etomidate administration has also been suggested as a possible mechanism by some but not all 
authors. For example, Hoen et al. (2002) did not found any relation between CIRCI’s occurrence and 
etomidate administration when studying trauma patients with HS. In contrast, and also in trauma 
with HS, another study found that etomidate was the only modifiable factor associated to CIRCI 
(Cotton et al., 2008).

In recent years, experimental studies have shown that increased adrenal apoptosis can cause 
adrenal dysfunction in several types of critical illnesses, including acute necrotizing pancreatitis 
(ANP) and sepsis (Liu et al., 2016; Polito et al., 2010; Yu et al., 2012, 2016). To our knowledge only one 
study described the development of adrenal apoptosis in HS, and this did not report any occurrence 
of CIRCI (Rushing & Britt, 2007).

Etomidate has been shown to modulate apoptosis in several cell types (Wu et al., 2011; Xu, Chen, 
Luo, & Firoj, 2014). This has also been found in the adrenal gland of both normal and septic animals, 
where etomidate’s modulation of apoptosis seems to be a dose- and time-dependent (Liu et al., 
2016; Liu, Zhang, Han, Lv, & Xiong, 2015; Zhang et al., 2015). The influence of etomidate in apoptosis 
can be both direct, through direct interference in the intra-signaling pathways and proteins associ-
ated to the apoptotic process and indirect, through modulation of oxidative and nitrosative stress 
and inflammation (Liu et al., 2015, 2016; Zhang et al., 2015).

To our knowledge, the contribution of adrenal apoptosis to HS-associated CIRCI and the effects of 
etomidate in this process have not been described. Therefore, we conducted an experimental rat 
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model of HS to evaluate several hypotheses: that HS is associated to development of adrenal gland 
apoptosis contributing to CIRCI; that etomidate significantly modulates adrenal apoptosis in HS; 
that etomidate will exert mainly an anti-apoptotic effect in the adrenal.

2. Clinical significance

•  �Etomidate is associated with development of CIRCI in critically ill patients although the clinical
significance of this is still being debated.

•  �Few studies have addressed the development of etomidate-associated CIRCI in HS and none in
an experimental model.

•  �This study demonstrated significant morbidity associated with etomidate-associated CIRCI in
experimental HS.

•  �In addition, the study demonstrated for the first time that HS-associated adrenal apoptosis and
necrosis were decreased in etomidate-treated groups.

•  �This finding launches the possibility of using etomidate therapeutically to decrease adrenal ap-
optosis and necrosis in HS.

3. Methods
All experiments were performed accordingly with the ethical standards of Faculdade de Medicina 
Veterinária da Universidade de Lisboa, in compliance with the Portuguese legislation for the use of 
animals for experimental purposes (Decreto-Lei nº 129/92 and Portaria nº 1005/92, DR nº 245, série 
I-B, 4930-42), and with the European Union legislation (EU Directive 2010/63/EU).

3.1. Experimental animals
Twelve-week-old male Wistar rats (Rattus norvegicus) (Charles Rivers, Barcelona, Spain), weighing 
250–450 g were used. Animals were housed (n = 3 per cage) in a climate-controlled room under 
standard conditions (20–24°C; 12 h light/dark cycle). Water was provided ad libitum and food con-
sisted of rat chow (Harlan ®). All animals were acclimatized for seven days before the experiments.

3.2. Study groups
Rats were randomly and blindly allocated to one of four body weight-matched groups: G0 (n = 16), 
G1 (n = 16), G2 (n = 16), and G3 (n = 16). Rats from G0 (the control group) were subjected to general 
anesthesia (GA), mechanical ventilation, and surgical intervention. Rats from G1 had the same pro-
cedures as G0, but also received buprenorphine. Rats from G2 had the same procedures as G1 but 
were subjected to HS. Rats from G3 had the same procedures as G2, but also received etomidate.

3.3. Experimental procedures
The experimental protocol is displayed in Figure 1.

3.4. Anesthesia and surgical procedure
Rats from all experimental groups except G0 were pre-medicated with 0.05 mg/kg buprenorphine 
(Budale®, Dechra, UK) to induce pre-emptive analgesia. Buprenorphine was injected subcutane-
ously (SC), 20 min prior induction of GA. GA was initiated by placing the animals in an induction 
chamber (World Precision Instruments, UK, Europe) previously saturated with 100% oxygen and 5% 
isoflurane (IsoFLo®, Abbott, USA). Once anesthetized, rats were moved and placed in dorsal recum-
bency over a water-based heated pad. Isoflurane anesthesia was maintained through face mask 
until a tracheostomy tube was placed. ECG was registered continuously through lead wire probes 
(ECG; ML136 Animal Bio Amp, ADInstruments, UK). A respiratory sensor was placed over the thoracic 
wall to measure respiratory rate. A rectal probe (MLT1403, ADInstruments, UK) and an oximetry tail 
sensor (ADInstruments, UK,) were placed to continuously record rectal temperature (kept between 
35 and 38°C) and pulse oximetry, respectively. The pedal withdrawal reflex was used to help in 
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assessing the depth of anesthesia. The anesthetic plane was considered adequate if a toe pinch did 
not induce the withdrawal reflex. An intravenous catheter (Introcan®, 26 Gauge, B. Braun Medical, 
Portugal) was placed in the left femoral vein for fluid and drug administration. Another catheter was 
placed in the right external carotid artery and connected to a three-way stopcock for blood sampling 
and arterial blood pressure measurement. The carotid catheter and the three-way stopcock were 
connected to a fluid-filled pressure transducer (MLT844, ADInstruments, UK) which in turn was con-
nected to blood pressure amplifiers (ML221 Bridge Amp, ADInstruments, UK). Arterial blood pressure 
[systolic, diastolic and mean arterial pressure (MAP)], ECG, rectal temperature, pulse oximetry, and 
respiratory frequency data were transmitted to a data acquisition unit (PowerLab®, ADInstruments, 
UK), to be analyzed by a specific software (LabChart Pro®, ADInstruments, UK).

After placement of a carotid catheter, the tracheostomy tube was placed. Volume-controlled ven-
tilation was initiated with a small animal ventilator (CWE Small Animal Ventilator, World Precision 
Instruments, UK). General anesthesia was maintained with isoflurane at concentrations of 1.5–2%, 
administered through the tracheostomy tube. Oxygen was also delivered by the tracheostomy tube. 
The inspiratory fraction of O2 (FiO2) was kept at 100% until the end of the experiment. Initial ventila-
tor settings consisted in a tidal volume of 10 ml/kg and a respiratory rate of 110–125 breaths/min. 
These parameters were adjusted as the experiment progressed, accordingly to the results of arterial 
blood gas analysis, with the aim of maintaining normocapnia (35–45 mm Hg) and normoxemia [ar-
terial pressure of O2 (PO2)>85 mm Hg]. Once the surgical procedure was completed, a stabilization 
period of 10 min (15 min in G2) was allowed to happen before inducing HS in G2 and G3. The purpose 
of the stabilization period was to permit the recovery of the hemodynamic instability caused by ini-
tiation of mechanical ventilation. In G3, the stabilization period was followed by the intermediate 
period of 5 min in order that HS was not initiated immediately after etomidate injection. At T3 and 
after blood sampling, euthanasia was performed by pentobarbital administration (Eutasil®, Ceva, 
Portugal) at 100–150 mg.kg−1 through the femoral catheter.

3.5. Sample collection and anesthesia monitoring
At four time points (T0, T1, T2, and T3), a sample of blood (500 μl) was collected for analysis. To pre-
vent activation of the hypothalamic-pituitary axis following blood collection 1 ml of normal saline 
was administered IV following each blood sampling, except at T0 in G2 and G3, when blood collec-
tion coincided with HS induction. At T0, T1, T2, and T3, MAP, heart rate (HR), temperature, ECG, ven-
tilator parameters, and depth of anesthesia were recorded. T0, the initial time point, was set at the 
end of the stabilization period (intermediate period in G3). T1, T2, and T3 were set at 90, 150, and 
240 min post-T0, respectively. HR and MAP collected at each time point were used for analysis and 
constituted the hemodynamic variables.

3.6. Immunological and hormonal variables
To determine hormone and cytokine levels, 200 μl of the collected blood were placed in sterile 
heparin-coated tubes (FactorMed, Portugal) and centrifuged (12,000 rpm for 15 min) to obtain 

Figure 1. Experimental time line.

Notes: G0: control animals with general anesthesia, mechanical ventilation; G1: similar to G0 but with 
buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Pop-preoperative period; Sur, surgical intervention; StP, stabilization period; InP, 
intermediate period (in G3 only, lasting 5 min); HS, hemorrhagic shock; Rsc, resuscitation; M, 
maintenance stage; E, euthanasia; HP-histopathological analysis; Bup, buprenorphine; Eto, etomidate; 
Eto was only administered in G3. In G0 and G1, after StP, the animals went directly from M to E because 
they did not had the HS and Rsc stages.
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plasma. Plasma was then stored at −20°C until further analysis. ACTH, CS (rat stress hormone panel 
Millipore, Arium Laboratórios, Portugal) TNF-α, IL6, and IL10 (Rat Cytokine/Chemokine, Millipore, 
Arium Laboratórios, Portugal) plasma levels were determined by Multiplex/Luminex technology 
(Vignali, 2000).

3.7. Metabolic variables
At all time points, 100 μl of blood was used to measure metabolic variables, including pH, PO2, arte-
rial pressure of CO2 (PCO2), BE, HCO3, and lactate, through a portable blood gas analyzer (I-STAT 
Analyzer 300, I-STAT Corporation, Abbot, USA). The arterial pressure of O2/Inspiratory Fraction of O2 
(PO2/FiO2) ratio was calculated as indicator of lung dysfunction.

3.8. HS induction and resuscitation
In G2 and G3, at T0 and after blood sampling, HS was induced by collecting 30% of blood volume 
(estimated as 54 ml/kg) (Rushing et al., 2006) from the carotid artery. Blood collection was divided 
into two stages. In the first stage, 15% of blood volume was collected in 10 min. The remaining 15% 
was collected on the following 20 min. We divided blood collection in two stages of different veloci-
ties, to induce a more natural model of hypovolemia. Hemorrhage was stopped when 30% of the 
estimated blood volume was removed and/or when MAP reached and stabilized at 45 mm Hg. The 
blood collected was placed into 1 ml sterile aliquots previously filled with 0.12 ml of sodium citrate 
until it was used in the resuscitation phase.

Resuscitation was initiated at T1, after blood sampling for analysis. It was performed by adminis-
trating the blood which was removed to induce HS added to normal saline in a 1:3 ratio, respectively. 
Both fluids were warmed at body temperature and administered by a syringe pump (Perfusor® fm 
(MFC), B. Braun Medical, Portugal) through the femoral vein catheter. Resuscitation lasted 30 min 
and once completed, a constant-rate infusion of warmed normal saline was administered at main-
tenance rate (2 ml/kg/h) until the end of the experiment.

3.9. Etomidate administration
In G3, etomidate (Etomidate®, Lipuro, 2 mg/ml, B. Braun Medical, Portugal) was administered by 
bolus at 1 mg/kg, IV, 5 min before T0. The total volume of anesthetic solution was 0.5 ml/kg for each 
animal. In the other groups, the same amount of normal saline was given instead of etomidate.

3.10. Histopathological variables

3.10.1. Adrenal gland necrosis assessment
After euthanasia both adrenals were collected and placed in 1% formaldehyde. Several 10 μm-thick 
tissue sections were than obtained and stained with hematoxylin and eosin. Two slides of each ad-
renal gland were evaluated by a pathologist blinded to the study, which looked for changes such as 
tissue edema, lipid vacuolization, and inflammatory cell infiltration. The degree of adrenal necrosis 
was quantified in a score adapted from a score used in other study (Rushing et al., 2006). In our scor-
ing system, necrosis was quantified in five categories depending on the percentage of gland affect-
ed. Thus, score 0 represented a complete absence of necrosis and scores 1, 2, 3, and 4 corresponded 
to 25%, 25–50%, 50–75%, and more than 75% of the gland being affected by necrosis, respectively. 
The necrosis score was first determined in each of the two original slides of the adrenal gland. This 
first score was used to determine the average necrosis score of each gland. The scores of the two 
glands were used to calculate the average necrosis score of each animal. A final average necrosis 
score for each group calculated the necrosis scores of all animals belonging to the correspondent 
group.

3.10.2. TUNEL assay
TUNEL staining was performed according to the manufacturer’s instructions (ApopTag® Plus 
Peroxidase In Situ Apoptosis Kit, #S7101, Merck KGaA, Darmstadt, Germany). Tissue specimens were 
examined using an Axioskop bright-field microscope (Carl Zeiss GmbH, Gena, Germany). Tissue 
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sections 10 μm thick were deparaffinized in three changes of xylene, and next hydrated with two 
changes of absolute ethanol, followed by three consecutive washes in 95%, in 70% ethanol, and in 
phosphate buffer saline (PBS), 5 min per wash. Then, samples were incubated with freshly diluted 
proteinase K (20 μg/ml) in PBS, for 15 min at room temperature, followed by two washes in ddH2O, 
for 2 min also at room temperature. In the following step samples were treated with 3% hydrogen 
peroxide to quench endogenous peroxidase activity. After adding the equilibration buffer, sections 
were treated with terminal deoxynucleotidyltransferase for 60 min at 37°C. This was followed by 
incubation with anti-digoxigenin peroxidase conjugate for 30 min at 37°C, staining with 3, 3′-diam-
inobenzidine substrate, and counterstaining with 0.5% methyl green. Finally, slides were rinsed, de-
hydrated, and mounted. A negative control was prepared by omitting the TdT enzyme to control for 
non-specific incorporation of nucleotides or binding of enzyme-conjugate.

The slides were observed and photo documented using an Olympus BH-2 microscope. To quantify 
TUNEL-positive nuclei, a total of 12 high-power fields (x400) were randomly examined for each ani-
mal, six from each adrenal gland (three fields from the adrenal cortex and three from the adrenal 
medulla). The apoptotic index (in percentage) was obtained from the ratio between the number of 
apoptotic and total number of cells counted in each field, as described by others (Yu et al., 2012). The 
cell count in each field was determined using Image J software (NIH, http://rsb.info.nih.gov/ij/), es-
pecially adapted for this purpose. The apoptotic index obtained in each field was used to calculate 
the average cortical and medullary apoptotic index of each adrenal gland. The average cortical and 
medullary apoptotic indexes of each animal were subsequently obtained from the results of the two 
adrenal glands . Finally, the average cortical and medullary apoptotic index for each group was cal-
culated from the values of all animals belonging to each specific group. These were then compared 
through statistically methods.

3.10.3. Caspase-3 immunofluorescence microscopy analysis
Apoptosis was confirmed by determining the presence of active caspase-3 (Porter & Jänicke, 1999; 
Yu et al., 2012). For this assessment, 10 μm thick paraffin-embedded adrenal sections were depar-
affinized, rehydrated, and boiled three times in 10 mM citrate buffer, pH 6. Sections were then incu-
bated for 60 min in blocking buffer, containing 10% (v/v) normal donkey serum (Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA, USA) in PBS with 0.1% (v/v) Triton X-100 (Sigma-
Aldrich), and subsequently in diluted primary antibodies overnight at 4°C. After rinsing, the primary 
antibody was developed by incubating with DyLight 488- (Jackson ImmunoResearch) or Alexa Fluor 
594- (Invitrogen, Grand Island, NY, USA) conjugated secondary antibodies against the correspond-
ing species, for 2 h at room temperature. To confirm the apoptotic phenotype, we used a rabbit poly-
clonal active caspase-3 antibody (R&D Systems, Lille, France; 1:100). No staining was observed in 
control sections, where primary antibody was replaced by blocking buffer. Immunofluorescence 
analysis was performed using an epifluorescence microscope (Leica DM R HC model, Wetzlar, 
Germany). The data-sets were acquired by Adobe Photoshop CS5 software (Adobe Systems, Inc., San 
Jose, USA) and images were subsequently processed with Image J open source software (version 
1.46r).

3.11. Statistical Analysis
Statistical analyses were performed with the Statistica software, version 8.0 (Statsoft Ibérica, Lisboa, 
Portugal), using a mixed linear model. Data were expressed as mean and standard error. For each 
variable, a two-way ANOVA was used where variance components were obtained through the 
Variance Estimation and Precision (VEPAC) Statistica module. Variance components in the model 
were estimated by Restricted Maximum Likelihood (REML) estimation. Least Squares means and 
standard errors for Least square means were computed from the solution of the mixed model equa-
tions. Correlation analysis between variables was performed with the Spearman rank correlation, 
considering the complete set of four time points. In all analysis, statistical significance was set at a 
p < 0.05.
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4. Results
Data were obtained in all animals of G0 and G1. Three animals of G2 and two animals of G3 were 
excluded due to insufficient data.

4.1. Hormonal variables
The statistical analysis is shown in Figure 2 and Supplementary Table 1. In both HS groups, ACTH 
levels reached its highest peak at T1. The G3’s value of ACTH at T1 was the highest of all groups and 
time points. ACTH levels were always higher in G3 than in G2 except at T3. ACTH levels were higher 
in G2 than in G1 at T1 and T2, but not at T0 and T3. G0’s ACTH levels were the lowest of all groups. 
The statistically significant differences between groups were between G2 and G3 with G1 at T1 (G2 
with G1, p = 0.001; G3 with G1, p = 0.000) and between G2 and G3 with G0 at T1 (G2 with G0, p = 0.001; 
G3 with G0, p = 0.000). The interaction between ACTH and time was also statistically significant 
(p = 0.006).

The highest levels of CS were observed in G2 at T1. CS levels were lower in G3 than in G2 at all time 
points, although this difference was only statistically significant at T1 (p = 0.000) and T2 (p = 0.031). 
CS levels were also lower in G3 than in G1 at T0, T2, and T3. However, this was only statistically sig-
nificant at T0 (p = 0.003) and T3 (p = 0.001). The levels of CS in G3 and G0 were similar and not sta-
tistically different. In G3, CS levels were lower than10000 pg/ml at T0, T1, and T2.

The levels of CS were higher in G2 than in G1 at T1 and T2, but not at T0 and T3. These differences 
were only statistically significant at T1 (p = 0.000) and T3 (p = 0.046). The levels of CS in G2 were al-
ways higher than in G0, although none of the differences reached statistically significance. The levels 
of CS in G1 were always higher than in G0, but only at T3 the difference was statistically significant 
(p = 0.002). The interaction between CS and time was statistically significant (p = 0.015).

4.2. Immunological variables
Immunological variables are displayed in Figure 3 and Supplementary Table 2. TNF-α was only de-
tectable in G3. In this group, it increased from T0 to T2 and then decreased at T3. The differences 
between G3 with other groups were only statistically significant at T2 (G3 with G0, p = 0.017; G3 with 
G1, p = 0.008; G3 with G2, p = 0.012) and T3 (G3 with G0, p = 0.040; G3 with G1, p = 0.022; G3 with G2, 
p = 0.030). The differences between G0, G1, and G2 were not statistically significant.

G3 had always higher levels of IL6 than other groups. These differences were only statistically 
significant at T3 (G3 with G0, p = 0.004; G3 with G1, p = 0.000; G3 with G2, p = 0.002). In G3, the levels 
of IL6 increased from T0 to T3, which contrasts with the other groups, where they remained stable. 
The levels of IL6 of G2 were always higher than those of G0 and G1. However none of the differences 
between G2, G1, and G0 were found to be statistically significant.

Figure 2. Variation of hormonal variables from T0 to T3 in G0, G1, G2, and G3: (a) ACTH and (b) CS.

 G0; **

Notes: G0: control animals with general anesthesia and mechanical ventilation only; G1: similar to G0 
but with buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Data expressed as mean ± SE. * indicates statistically significant differences between 
G1,  G2, or G3 with indicates statistically significant differences between G2 and G3 with G1; *** indicates 
statistically significant differences between G3 and G2. Statistical significance was established at p-
value < 0.05. ACTH, adrenocorticotropic hormone; CS, corticosterone.
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of IL10 were always higher in G3 than in G2, although the only difference which was statistically 
significant was at T3 (p = 0.004). The levels of IL10 in G3 also differed significantly from those in G1 
at T2 (p = 0.001) and T3 (p = 0.002) and from those in G0 at T1 (p = 0.051), T2 (p = 0.003), and T3 
(p = 0.005). The differences between G2, G1, and G0 were not statistically significant.

4.3. Metabolic variables
In metabolic variables the groups differed significantly at several time points (Figure 4 and 5 and 
Supplementary Table 3).

The pH of G2 and G3 was always lower than G1 and G0 at all time points. G3 and G1 were the group 
with the lowest and highest pH levels, respectively.

The levels of lactate increased after hemorrhage, decreased after resuscitation and increased 
from T2 to T3 in both G2 and G3. Lactate levels were always higher in G3 than in G2 although the 
differences were not statistically significant. The levels of lactate in G3 were also higher than in G1 
and G0 at T1, T2, and T3.

BE levels decreased markedly with hemorrhage, then improved slightly with resuscitation and fi-
nally decreased from T2 to T3, in both G2 and G3. G1 was the group which presented the highest BE 
levels. BE was always lower in G3 than in G2 and G1. The interaction between time and BE was sta-
tistically significant (p = 0.016).The results of HCO3 were similar to BE. G1 had the highest HCO3 levels 
of all groups. HCO3 levels were lower in G3 than in G2 at all time points.

G3 animals had the lowest PO2 levels of all groups. In G3, PO2 levels did not significantly change 
with hemorrhage, but then decreased continuously after resuscitation until T3. G2’s PO2 levels 

Figure 3. Immunological variables: (a) TNF-α; (b) IL6 and (c) IL10.

Notes: G0: control animals with general anesthesia and mechanical ventilation only; G1: similar to G0 
but with buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Data expressed as mean ± SE. * indicates statistically significant differences between 

ablished at 

G1, G2, or G3 with G0; ** indicates statistically significant differences between G2 and G3 with G1; *** 
indicates statistically significant differences between G3 and G2.Statistical significance was est p-
value < 0.05. TNF-α, Tumor Necrosis Factor-α; IL6, Interleukin 6; IL10, Interleukin 10.
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decreased especially from T0 to T1, but contrarily to G3, they remained stable from T1 to T3. The PO2/
FiO2 ratio in G3 decreased progressively from T0 to T3 and reached levels below 300 at T2 and T3.

4.4. Hemodynamic variables
Hemodynamic variables are shown in Figure 6 and in Supplementary Table 4.

G3 animals had always lower HR than other groups. In contrast, G2 was the group with the highest 
HR levels. In G3, HR was stable from T0 to T1 and then decreased continuously until T3. In G2, HR was 
highest at T0 and then decreased continuously until T3. None of the differences regarding HR be-
tween the studied groups were statistically significant, except the ones between G3 and G2 at T2 
(p = 0.0.037) and T3 (p = 0.003).

Figure 4. Variation of metabolic variables (pH, lactate, BE and HCO3) from T0 to T3 in G0, G1, G2, and 
G3: (a) pH; (b) lactate; (c) BE and (d) HCO3.

Notes: G0: control animals with general anesthesia and mechanical ventilation only; similar to G0 but 
with buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Data expressed as mean ± SE. * indicates statistically significant differences between 
G1, G2, or G3 with G0; ** indicates statistically significant differences between G2 and G3 with G1; *** 
indicates statistically significant differences between G3 and G2.Statistical significance was 
established at p-value < 0.05. BE, base excess.

Figure 5. Variation of metabolic variables (PO2 and PO2/FiO2) from T0 to T3 in G0, G1, G2, and G3: (a) 
PO2 and (b) PO2/FiO2.

Notes: G0: control animals with general anesthesia and mechanical ventilation only; similar to G0 but 
with buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Data expressed as mean ± SE. * indicates statistically significant differences between 
G1, G2, or G3 with G0; ** indicates statistically significant differences between G2 and G3 with G1; *** 
indicates statistically significant differences between G3 and G2.Statistical significance was established 
at p-value < 0.05.
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G3’s MAP decreased slightly with hemorrhage, increased mildly at T2 and decreased from T2 to T3. 

At T2, G3 was the group which presented the highest MAP levels. In both G1 and G2, MAP decreased 
continuously from T0 to T3. The difference between G2 and G3 at T0 was the only one between all 
groups which was statistically significant (p = 0.014).

4.5. Histopathological variables

4.5.1. Apoptosis
Cortical and medullary apoptosis statistical analysis is described in Supplementary Table 5 and 
Figures 7. Figures 8–11 display the presence of apoptosis in the adrenal cortex and medulla. In the 
cortex, TUNEL-positive nuclei were more frequently found in Zona reticularis than in Zona fasciculata 
and were infrequently found in Zona glomerulosa (Figure 8–10).The statistical analysis of the necro-
sis score is described in Supplementary Table 5 and Figure 12.

In all groups, apoptotic index was higher in the cortex than in medulla. G2 had the highest cortical 
apoptotic index, followed by G3, G1, and G0. G2 had also the highest medullary apoptotic index fol-
lowed by G3, G0, and G1.

Regarding the statistical analysis of cortical apoptotic index, the differences between G0 with G1, 
G2, and G3 were statistically significant, with the level of significance being p = 0.039, p = 0.000, and 

Figure 6. Variation of hemodynamic variables from T0 to T3 in G0, G1, G2, and G3: (a) HR and (b) MAP.

Notes: G0: control animals with general anesthesia and mechanical ventilation only; similar to G0 but 
with buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Data expressed as mean ± SE. * indicates statistically significant differences 
between G1, G2, or G3 with G0; ** indicates statistically significant differences between G2 and G3 with 
G1; *** indicates statistically significant differences between G3 and G2.Statistical significance was 
established at p-value < 0.05. HR, heart rate; MAP, mean arterial pressure.

Figure 7. Variation of the apoptotic index G0, G1, G2, and G3. Apoptosis score in G0, G1, G2, and G3: (a) 
apoptosis score in the adrenal cortex and (b) apoptosis score in the adrenal medulla.

Notes: G0: control animals with general anesthesia and mechanical ventilation only; similar to G0 but 
with buprenorphine; G2: similar to G1 but subjected to shock; G3: similar to G2 but with etomidate 
administration. Data expressed as mean ± SE. * indicates statistically significant differences 
between G1, G2, or G3 with G0; ** indicates statistically significant differences between G2 and G3 with 
G1; *** indicates statistically significant differences between G3 and G2.Statistical significance was 
established at p-value < 0.05.
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Figure 8. Pictures of TUNEL positive nuclei in the adrenal cortex and medulla and caspase-3 
immunofluorescence analysis in G0 and G1.

Notes: First row corresponds to sections of adrenal cortex; second row corresponds to sections of 
adrenal medulla; third row corresponds to pictures of caspase-3 immunofluorescence analysis in 
the adrenal cortex. The column of the left corresponds to G0 and the column of the right to G1. 
Pictures were taken at 400x magnification. (a) TUNEL in adrenal cortex of G0; (b) TUNEL in adrenal 
cortex of G1; (c) TUNEL in adrenal medulla of G0; (d) TUNEL in adrenal medulla of G1; (e) caspase-3 
immunofluorescent analysis in G0; (f) caspase-3 immunofluorescent analysis in G1. Small white 
arrows in b indicate adrenal cortical cells from G1which stained TUNEL positive. Small white arrows 
in f indicate caspase-3 positive areas in adrenal cortical cells from G1, which appear with bright red. 
ZR, zona reticularis; M, adrenal medulla.
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Figure 9. Pictures of TUNEL positive nuclei in the adrenal cortex and medulla and caspase-3 
immunofluorescence analysis in G2 and G3.

Notes: First row corresponds to sections of adrenal cortex; second row corresponds to sections of 
adrenal medulla; third row corresponds to pictures of caspase-3 immunofluorescence analysis in the 
adrenal cortex. The column of the left corresponds to G2 and the column of the right to G3. Pictures 
were taken at 400x magnification. (g) TUNEL in adrenal cortex of G2; (h) TUNEL in adrenal cortex of G3; 
(i)TUNEL in adrenal medulla of G2; (j) TUNEL in adrenal medulla of G3; (k) caspase-3 
immunofluorescent analysis in G2; (l) caspase-3 immunofluorescent analysis in G3. ZR, zona reticularis; 
M, medulla.
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Figure 10. TUNEL positive cells in both adrenal cortex (zona reticularis) and medulla 
from an animal of G2.

Notes: The picture shows that the adrenal cortex had a higher number of TUNEL 
positive cells than the medulla. Picture take at a 400x magnification ZR, zona 
reticularis; M, medulla.

Figure 11. TUNEL positive adrenal cells in high resolution. TUNEL positive adrenal 
cells in high resolution; (m) zona reticularis of an animal of G2 and (n) adrenal 
medulla from an animal of G3.

Figure 12. Variation of the necrosis score in G0, G1, G2, and G3.
Notes: G0: control animals with general anesthesia and mechanical ventilation only; 
similar to G0 but with buprenorphine; G2: similar to G1 but subjected to shock; G3: 
similar to G2 but with etomidate administration. Data expressed as mean ± SE. 
* indicates statistically significant differences between G1, G2, or G3 with G0; ** 
indicates statistically significant differences between G2 and G3 with G1; *** indicates 
statistically significant differences between G3 and G2.Statistical significance was 
established at p-value < 0.05.
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p = 0.000, respectively. G2 also differed significantly from G1 (p = 0.008). The difference between G2 
and G3 was not statistically significant.

The statistical analysis of the medullary apoptotic index revealed that the one of G2 was signifi-
cantly different from the one of G0 (p = 0.000), G1 (p = 0.000), and G3 (p = 0.000). The differences 
between G0, G1, and G3 were not statistically significant.

G2 and G3 were the only groups where adrenal necrosis was found (Figure 12). Necrosis was high-
est in G2, where it reached an average score of 2. The necrosis score of G2 differed significantly from 
the one of G0 (p = 0.000), G1 (p = 0.000), and G3 (p = 0.000). The necrosis score also differed signifi-
cantly between G3 and G0 (p = 0.034).

5. Discussion

5.1. Buprenorphine was associated to increased apoptotic rate
In this study, animals of G1 had a higher rate of adrenocortical apoptosis than animals of G0. To our 
knowledge, no study has described a pro-apoptotic effect of buprenorphine (and of any other opioid) 
in adrenocortical cells. The underlying mechanisms of buprenorphine’s pro-apoptotic effects could 
not be determined in this study. However, based in what has been described in nerve and cancer 
cells, buprenorphine could have promoted apoptosis by increasing mitochondrial permeability and 
cytochrome c release, by increasing caspase-3 activity and/or by promoting the expression of genes 
associated with the polyubiquitination of apoptotic proteins (Kugawa, Arae, Ueno, & Aoki, 1998; 
Kugawa, Nakamura, Ueno, & Aoki, 2004). In addition, because G1 animals had increased CS levels, 
buprenorphine could have increased apoptosis indirectly by increasing glucocorticoids levels as 
these are known to increase adrenal cell apoptosis (Almeida, Matos, & Neves, 2007).

5.2. HS increases adrenal gland apoptosis
As expected, HS was associated to increased development of adrenal apoptosis. An increase in ad-
renal apoptosis has been described in several critical illnesses including trauma (Didenko, Wang, 
Yang, & Hornsby, 1996), ANP (Yu et al., 2012, 2016), and sepsis (Flierl et al., 2008; Kanczkowski, 
Chatzigeorgiou, Grossklaus, et al., 2013, Kanczkowski, Chatzigeorgiou, Samus, et al., 2013; Liu et al., 
2016; Wang et al., 2015). In rat models of ANP (Yu et al., 2012, 2016) and sepsis (Kanczkowski, 
Chatzigeorgiou, Grossklaus, et al. 2013; Liu et al., 2016), adrenal apoptosis was also associated to 
decreased adrenal function. In contrast, although increased adrenal apoptosis was described in HS 
this was not associated to adrenal dysfunction (Rushing & Britt, 2007).

G2 and G3 had several conditions which could have increased the risk of adrenal apoptosis. This 
include the pro-inflammatory state associated to HS as observed in our study: higher cytokine levels; 
combination of decreased PO2 and decreased blood pressure, higher lactate and lower BE, HCO3, and 
pH levels (decreased tissue oxygen delivery); increased risk of developing ischemic/reperfusion (I/R) 
injury due to resuscitation and, in the case of G2, the increased CS levels (Papathanassoglou, 
Moynihan, & Ackerman, 2000).

In this study, adrenal apoptosis was apparent just 4 h after the induction of a mild state of HS. 
These results suggest that in this pathologic condition, adrenal apoptosis can develop very early in 
the disease process and even after a mild insult. If this reflects a specific vulnerability of the adrenal 
gland to the pro-apoptotic effects of HS or any other reason remains unknown, and to our knowl-
edge, it has never been reported before.

Etomidate-treated animals had a lower apoptotic index than G2, despite having higher TNF-α levels, 
lower PO2, lower blood pressure, and worse indicators of tissue perfusion following HS. The reasons for 
these findings were not determined. We hypothesize that this could have been due to two possible 
mechanisms: a direct anti-apoptotic effect of etomidate; an indirect effect, where the decreased rate 
of apoptosis was due to etomidate’s effects in other mediators, such as cytokines and hormones.
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5.3. Etomidate’s direct anti-apoptotic effects
Studies have shown that etomidate can be both pro- and anti-apoptotic (Roesslein et al., 2008; 
Wang et al., 2014; Wu et al., 2011; Xu et al., 2014; Zhang, Xiong, Jiao, Wang, & Zuo, 2010). In addi-
tion, recent studies demonstrated that etomidate influences the development of adrenal apoptosis 
in both normal and septic animals in a time- and dose-dependent manner (Liu et al., 2015, 2016; 
Zhang et al., 2015). In septic animals when etomidate was administered by constant-rate infusion 
(2 mg/kg/h) for 2 h or by IV bolus (2 mg/kg), it increased adrenal apoptosis (Liu et al., 2016; Zhang et 
al., 2015). In contrast, when administered by IV bolus at 0.6 mg/kg, immediately after the induction 
of sepsis, it prevented apoptosis (Liu et al., 2016; Zhang et al., 2015). The results in normal animals 
paralleled those of septic animals. For example, when etomidate was administrated by constant-
rate infusion (1.2 mg/kg/h) for 6 h, it increased adrenal apoptosis in normal rats (Liu et al., 2015). 
However, if the constant-rate infusion of etomidate was preceded by its administration as a bolus of 
0.6 mg/kg, than apoptosis was prevented. The results of these studies seem to suggest that etomi-
date’s anti-apoptotic effects are manifest when the drug is administered at lower doses and before 
or very shortly after the beginning of the pathologic process. This is compatible with some sort of 
preconditioning effect induced by etomidate. In fact a preconditioning effect by etomidate to pre-
vent apoptosis has been reported before and seems to involve the activation of the mitochondrial 
ATP-sensitive potassium channel (Zhang et al., 2010).

Etomidate was shown to directly affect apoptosis by several mechanisms. It can interfere directly 
with cytochrome c levels, increase the opening of the mitochondrial permeability transition pore and 
modulate the activity of several intracellular transcription factors involved in apoptosis (Liu et al., 
2015; Wu et al., 2011; Zhang et al., 2010).

Alternatively etomidate can also affect apoptosis by its direct pro-oxidant effects (Wang et al., 
2014; Yagmurdur et al., 2004). It also has direct activity upon intracellular anti-oxidant systems such 
as superoxide dismutase, catalase, and glutathione-peroxidase and modulates directly the inflam-
matory cascade (Liu et al., 2016; Zhang et al., 2010, 2015), including by a direct interference in the 
NF-kB pathway (Zhang et al., 2015). Studies have shown that etomidate’s effects upon oxidative 
stress and inflammation are also dose- and time-dependent and can also be pro or anti-apoptotic 
(Liu et al., 2015, 2016; Zhang et al., 2015). Furthermore, by attenuating I/R injury (Ergün, Darendeli, 
Imrek, Kilinç, & Oksüz, 2010; Yu et al., 2010), etomidate can also prevent apoptosis.

We believe that using etomidate at the doses of 1 mg/kg, immediately before inducing HS, we 
were able to prevent adrenal apoptosis in a similar manner to what was described in septic models. 
We hypothesize that the mechanisms involved could have included a direct preconditioning effect 
of etomidate or its effects in oxidative stress, I/R injury, and inflammation-related intracellular path-
ways. However, because the pathophysiology of HS is different from sepsis and our dose was higher 
than the one used in septic models, this hypothesis needs to be confirmed in future studies.

5.4. Etomidate’s indirect effects in adrenal apoptosis

5.4.1. Could have decreased CS levels contributed to the lower apoptotic rate of etomidate-
treated animals?
As expected, etomidate-treated animals had lower levels of CS, because etomidate inhibits gluco-
corticoid adrenal production (Crozier, Beck, Schlaeger, Wuttke, & Kettler, 1987). We hypothesize that 
the decreased CS levels might have contributed to the decrease in adrenal apoptosis. In fact it has 
been reported that glucocorticoids augment adrenal apoptosis by increasing the levels of Bcl-2 and 
caspase-3 (Almeida et al., 2007) and especially in zona reticularis, which was the mostly affected by 
apoptosis in our study. Besides increased glucocorticoid levels were associated to increased paren-
chymal cell apoptosis in burns (Fukuzuka et al., 1999) and sepsis (Kamiyama et al., 2008).
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5.4.2. Did increased ACTH levels contributed to the lower apoptotic rate of etomidate-
treated animals?
ACTH levels were higher in etomidate-treated animals, possibly due to the decreased CS levels 
(Preziosi & Vacca, 1982), increased TNF-α and IL6 levels (John & Buckingham, 2003), and the higher 
degree of hypotension at T0 and T1 (Turnbull & Rivier, 1999). We believe that the higher ACTH levels 
could have contributed to the lower apoptotic rate of etomidate-treated animals. It is known that 
ACTH has anti-apoptotic effects in adrenal cells (Carsia, Macdonald, Gibney, Tilly, & Tilly, 1996; 
Keramidas, Feige, & Thomas, 2004), which are especially manifest in zona reticularis and zona fas-
ciculata (Almeida, Matos, Ferreira, & Neves, 2006; Almeida et al., 2007; Carsia et al., 1996).

How ACTH prevents apoptosis is poorly understood. In part it results from its activation of the JAK/
ERK/STAT pathway after ligating to the melanocortin receptors (Ottani et al., 2013; Si et al., 2013). In 
addition, ACTH activates the vagus nerve-mediated brain cholinergic anti-inflammatory pathway 
(Guarini et al., 2004). Through this way ACTH prevents vascular dysfunction (Bertuglia & Giusti, 2004), 
decreases leukocyte adhesion and its infiltration into tissues (Bertuglia & Giusti, 2004; Guarini et al., 
1996; Squadrito et al., 1999) and inhibits the inflammatory cascade (Bazzani, Bertolini, & Guarini, 
1997; Guarini et al., 2004; Squadrito et al., 1999) and ROS production (Guarini et al., 1996).

5.4.3. Did increased IL6 and IL10 levels contributed to the lower apoptotic rate of 
etomidate-treated animals?
Etomidate-treated animals had higher levels of TNF-α, IL6, and IL10 than other groups. Increased 
cytokine levels following etomidate administration have been previously described in rats (Félix et 
al., 2016; Pejo et al., 2012) and Humans (den Brinker et al., 2005; Jameson, Desborough, Bryant, & 
Hall, 1997) and they most likely result from etomidate’s suppression of CS production (Félix et al., 
2016; Pejo et al., 2012). It is believed that inappropriately low serum and tissue levels of glucocorti-
coids can lead to an exaggeration of the immunological response to injury in etomidate-treated ani-
mals (Hermoso & Cidlowski, 2003; Pejo et al., 2012).

The influence of cytokines in apoptosis depends from several factors, including the type of cy-
tokine and the target cell and/or tissue. TNF-α is known to be mainly pro-apoptotic in adrenal cells 
(Mikhaylova, Kuulasmaa, Jääskeläinen, & Voutilainen, 2007; Tkachenko, Jääskeläinen, Jääskeläinen, 
Palvimo, & Voutilainen, 2011). In contrast, to our knowledge, the effects of IL6 and IL10 in adrenal 
apoptosis have not yet been studied. Nevertheless, their preventive role against apoptosis has been 
well recognized in other occasions (Dhingra, Bagchi, Ludke, Sharma, & Singal, 2011; Moran et al., 
2009; Rollwagen, Yu, Li, & Pacheco, 1998; Thacker, Robinson, Abel, & Tweardy, 2013; Thompson, 
Zurko, Hanna, Hellenbrand, & Hanna, 2013). IL6 prevents apoptosis by several mechanisms: by acti-
vating STAT3, a transcription factor which down-regulates the expression of pro-apoptotic genes 
(Hirano, Ishihara, & Hibi, 2000; Moran et al., 2009; Rollwagen et al., 1998; Thacker et al., 2013); by 
increasing the activity of DNA-repair systems (Centurione & Aiello, 2016); by suppressing cytosolic 
Ca2+ increase and oxidative stress; and by preventing mitochondrial dysfunction (Smart et al., 2006). 
Likewise, IL10 also activates STAT3 (Moore, de Waal Malefyt, Coffman, & O’Garra, 2001) and pre-
vents apoptosis indirectly, by decreasing TNF-α, ILβ1, IFNγ (Fiorentino et al., 1991; Fuchs et al., 1996), 
glucocorticoid (Koldzic-Zivanovic et al., 2006), and ROS production (Thompson et al., 2013).

Based in these studies, we hypothesize that the increased IL6 and IL10 levels combined with the 
already cited etomidate’s direct anti-apoptotic effects, and associated increased ACTH and de-
creased CS levels counteracted the pro-apoptotic effects of HS, including those promoted by in-
creased TNF-levels.

5.5. Apoptotic index was different accordingly to the different areas
The distribution of apoptosis was heterogeneous across the adrenal gland, being more severe in the 
cortex than in the medulla. In addition, apoptosis was also heterogeneously distributed across the 
adrenal cortex itself, being particularly predominant in zona reticularis. It was less present in the in-
ner half of zona fasciculata and was infrequently found in zona glomerulosa. The heterogeneous 
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distribution of apoptosis in the adrenal gland has also been described in other studies (Bozzo et al., 
2006; Wolkersdörfer et al., 1996). For instances in rats, each adrenocortical zone has its specific and 
independent pattern of apoptosis (Bozzo et al., 2006) and this zone-specificity is maintained in the 
presence of exogenous pro-apoptotic stimulus. Two of these are dexamethasone administration 
and decreased ACTH levels (for example, by hypophysectomy) and rats submitted to these stimuli 
have increased rate of adrenocortical apoptosis which mainly affects zona reticularis (Almeida et al., 
2007; Carsia et al., 1996).

The mechanisms behind the heterogeneous pattern of apoptosis in the adrenal gland are only 
partially understood. It may result from different paracrine and/or autocrine regulatory mechanisms 
which are specific to each adrenal zone (Bozzo et al., 2006). In addition, the adrenal distribution of 
proteins involved in the apoptotic process is not uniform (Vinson, 2016). Examples of this include 
superoxide dismutase (Vinson, 2016), the IL6 receptor, (mainly found in zona reticularis and inner 
zona fasciculata) (Päth, Bornstein, Ehrhart-Bornstein, & Scherbaum, 1997), thrombospondin-2 (ab-
sent from zona reticularis) (Feige, Keramidas, & Chambaz, 1998), and Bak (only found in adrenal 
cortex) (Krajewski, Krajewska, & Reed, 1996). In addition, more than 90% of the arterial blood supply 
to the adrenal cortex reaches first zona glomerulosa, and only after this, it arrives to zona reticularis 
and zona fasciculata. This pattern of arterial blood supply increases the risk of ischemia development 
in zona reticularis and zona fasciculata (Sparrow & Coupland, 1987), especially during low-flow states 
such as HS (Hamaji et al., 1986; Jasper, McDermott, Gann, & Engeland, 1990).

Two additional factors can predispose the inner adrenocortical zones to develop increased rates 
of apoptosis. The first is that zona reticularis and fasciculata have capillary walls with larger fenestra-
tions than zona glomerulosa (Motta, Muto, & Fujita, 1979).This factor can facilitate the diffusion of 
pro-apoptotic molecules from the plasma to the adrenal interstitium. The second is that adrenal 
gland macrophages are especially abundant in the inner cortical regions (Almeida, Ferreira, & Neves, 
2004). Due to pivotal role of macrophages in intra-adrenal inflammation and apoptosis (Wang et al., 
2015) it is possible that this heterogeneous distribution also contributes to the higher apoptotic rate 
of the inner cortical regions.

5.6. HS increased adrenal gland necrosis
In our study, the degree and location of adrenal necrosis (preferentially affecting zona fasciculata 
and reticularis) were similar to what was found in previous experimental studies involving rats and 
dogs (Kajihara, Hirata, & Miyoshi, 1977; Kajihara et al., 1983; Rushing et al., 2006). What caused ad-
renal necrosis in our model remains undetermined. HS-associated adrenal ischemia is one major 
possibility as necrosis was especially predominant in the inner cortical areas (Rushing et al., 2006), 
as described before. Other possibilities include oxidative stress, I/R injury, and increased systemic 
and adrenal inflammation. Increased cytokines levels, in particular TNF-α, have been associated 
with increased cellular necrosis (Galluzzi et al., 2012; Vanlangenakker, Berghe, Krysko, Festjens, & 
Vandenabeele, 2008). Furthermore, an experimental study in dogs submitted to HS showed that 
adrenal necrosis was mainly apparent after fluid resuscitation (Kajihara et al., 1983) which may also 
suggest I/R injury as a contributing factor.

Adrenal necrosis could have also been due to necroptosis, an active form of necrosis which has 
been recognized in several critical illnesses (Duprez et al., 2011; Sharma, Matsuo, Yang, Wang, & 
Wang, 2014). This can be triggered by cytokines such as TNF-α, pathogen-associated molecular pat-
terns, damage-associated molecular patterns, I/R injury, Ca2+ overload, hypoxia, infectious agents, 
DNA damage, and oxidative and nitrosative stress (Vanlangenakker et al., 2008). The presence of 
necroptosis was not investigated in our setting.

Etomidate-treated animals had a lower necrosis score than G2. The reason for this finding remains 
unclear. To our knowledge, no study has reported a protective effect of etomidate against cell necro-
sis. We hypothesize that etomidate might have prevented adrenal necrosis by the same 
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mechanisms that prevented apoptosis, because apoptosis and necrosis share many pathophysio-
logical mechanisms (Formigli et al., 2000).

5.7. Did adrenal gland apoptosis or necrosis cause CIRCI in our model?
In experimental septic and ANP models (Liu et al., 2016; Polito et al., 2010; Yu et al., 2012, 2016), 
adrenal apoptosis was associated to development of CIRCI. In our study, the results suggest that G2 
animals could have also developed adrenal dysfunction at some degree. For instances, their CS lev-
els were similar to those found in rats considered to have an inadequate adrenal response to HS 
(Rushing et al., 2006; Stein et al., 2013). In addition, in G2, the rise in ACTH levels from T2 to T3 was 
not associated to a correspondent increase of CS levels, suggesting a possible decreased adrenal 
responsiveness to ACTH’s stimulatory effects. In addition, adrenal apoptosis was mainly concen-
trated in the areas responsible for glucocorticoid production in rats (Vinson, 2016). We hypothesize 
based on other models (Liu et al., 2016; Polito et al., 2010; Rushing et al., 2006; Yu et al., 2012, 2016) 
that the development of adrenal apoptosis (associated to development of adrenal necrosis) could in 
part explain this adrenal dysfunction,. However, contrarily to what was described in septic and ANP 
models, the decrease in CS levels was not sufficiently low to classify the adrenal dysfunction as 
CIRCI, accordingly to current guidelines (Marik, 2009). The reason why our results differ from the 
septic and ANP studies remains unknown but it could be related with differences in experimental 
design and methodology. Besides, we cannot rule out that maybe the pathophysiology of adrenal 
apoptosis is different between HS and sepsis or ANP.

In contrast, etomidate-treated animals had CS levels compatible with the diagnosis of CIRCI in 
Humans (Marik, 2009). In G3, we believe that the decreased CS levels were mainly due to the effects 
of etomidate in CS production. However previous studies have also shown that even in rats treated 
with etomidate, CIRCI resulted in part from adrenal apoptosis (Liu et al., 2015, 2016). Thus, we can-
not exclude that adrenal apoptosis contributed to CIRCI in G3’s animals. However, if it did, we believe 
that it played a minor role, because etomidate-treated animals had a lower apoptotic rate.

5.7.1. Implications
Our findings regarding etomidate effects upon adrenal apoptosis and necrosis open the possibility of 
this drug being used to modulate the adrenal apoptotic and necrotic processes in HS. This modula-
tion can be advantageous to clarify their role in CIRCI development during HS and eventually clini-
cally beneficial. However, before we consider using etomidate therapeutically for this purpose, one 
should consider that the anesthetic was associated to significant morbidity, including a higher de-
gree of hypoperfusion, hypoxemia, and lung injury, as described more in detail in a previous study by 
our group (Félix et al., 2016). The latter study and others performed in septic models (Pejo et al., 
2012) suggested that this increased morbidity was partially associated to the significant increase in 
cytokine levels. This in turn might have resulted from the lower levels of glucocorticoids caused by 
etomidate, which allowed the immune system to act without restraint. Thus, the literature suggests 
a cautious approach for the use of etomidate in HS. If the balance between the desired and adverse 
effects of etomidate administration in HS is time- and dose-dependent as described in septic models 
can only be answered by future studies.

5.8. Limitations of the study
This study had some limitations. The first was the use of a limited number of animals. In addition the 
animals were exclusively young male Wistar rats, limiting the translation of our results to other spe-
cies. Besides, the response to HS is strongly influenced by sex, strain, and age of animals (Klemcke et 
al., 2011; Mees et al., 2008). We also induced a mild state of HS. It is possible that a severer and/or a 
longer model of HS can lead to a higher degree of apoptosis and adrenal dysfunction.

How etomidate modulated apoptosis was not defined. Future studies should address this issue, 
possibly using different doses of etomidate, its administration at different time points, and eventu-
ally by manipulating factors such as ACTH and cytokine levels.

83Etomidate decreases adrenal gland apoptosis and necrosis associated...

_________________ WORLD TECHNOLOGIES _________________



WT

In addition, although the methods chosen to identify the presence of apoptosis and necrosis are 
commonly used for this purpose, they do not provide information regarding its underlying mecha-
nisms. The quantification of gene expression of bax and bcl2 by PCR, the subsequent calculation of 
the bax/bcl2 ratio, and the determination of intracellular factors involved in the apoptotic and ne-
crotic pathways could be useful in this context and should be considered in future studies.

6. Conclusion
In this study, a mild form of HS was associated to development of adrenal gland apoptosis and ne-
crosis. Apoptosis was heterogeneously distributed, affecting mostly the adrenal cortex and in par-
ticular, zona reticularis and zona fasciculata. Etomidate was associated to decrease rate of adrenal 
apoptosis, necrosis, and CS levels (compatible with CIRCI). The development of adrenal apoptosis 
and necrosis was not clearly associated to CIRCI. Etomidate could have modulated apoptosis and 
necrosis directly and/or indirectly, by decreasing CS levels and by contributing to increased IL6, IL10, 
and ACTH levels. Future studies should be performed to confirm and clarify the mechanisms of these 
findings, and eventually to explore the use of etomidate in preventing adrenal apoptosis and necro-
sis in HS.
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Hepatoprotective activity of Ganoderma lucidium 
(Curtis) P. Karst against cyclophosphamide-induced 
liver injury in mice
Hong Ngoc Pham1*, Le Son Hoang1 and Van Trung Phung2

Abstract: This study aims to investigate the hepatoprotective activity of Ganoderma
lucidium mushroom growing on the dead ironwood tree in the Central Highlands of
Vietnam. The total extract was orally administrated to experimental mice with hepa-
totoxicity induced by cyclophosphamide at the dose of 150 mg/kg (intraperitoneal
injection). The liver malondialdehyde (MDA) content and the level of endogenous an-
tioxidant glutathione (GSH) were measured. The results revealed that the total extract
at the oral doses of 330, 230, and 120 mg/kg body weight which were equivalent to
5, 10, and 15 g/kg of dry material alleviated the increase of heaptic MDA content and
restored the decrease of GSH level significantly which almost have the same potent
as reference drug (silymarin). Biochemical observations were also supported with
histopathological examination of liver. This finding demonstrated that G. lucidium in
Vietnam could represent a promising approach for effective liver protective agents.

Subjects: Pharmaceutical Science; Pharmacology; Biology; Health & Society; Medicine

Keywords: Ganoderma lucidium; hepatoprotection; lipidperoxidation; cyclophosphamide

1. Introduction
Asian countries have a long convention of handling mushrooms as medicine, whereas in Western 
this has been used since last decade (Lindequist, Niedermeyer, & Julich, 2005). Mushrooms have 
been known to be a potential source of antioxidants as well as hepatoprotective agents and capable 
of strong inhibition of lipid peroxidation (Acharya, Chatterjee, & Ghosh, 2011; Acharya, Yonzone, Rai, 
& Acharya, 2005; Pal, Ganguly, Tahsin, & Acharya, 2000). Ganoderma lucidium (reishi mushroom, 
Ling Zhi) has been an economically crucial species, particularly in the Far East countries. It is broadly 
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ABOUT THE AUTHORS
Our research group is interested in exploring the 
bioactive and novel compounds from Vietnamese 
medicinal materials. Recent interest studies have 
concerned about hepatoprotective activity of 
some valuable mushrooms in Vietnam including 
Tramates versicolor, and Ganoderma colossum 
collected in nature. This study had focused on Lim 
Xanh (Ganoderma lucidium) as a potential source 
for elucidating the target hepatoprotective agents.

PUBLIC INTEREST STATEMENT
Medicinal mushrooms have a long history of 
ultilization in traditional therapy; and fungal 
metabolite are increasingly operated not to be 
considered as food, some of them could have 
biological properties including antioxidant, 
antitumor, and hepatoprotective activity. In 
Vietnam, Ganoderma lucidium has been found 
growing on the dead ironwood tree in the 
Central of Highlands. It is boardly presented to 
a commercial scale or harvested in nature and 
commonly purchased for its medicinal values. 
This study has provided the scientific evidence 
to validate the usage of this mushroom in folk 
medicine as the treatment of liver disorders and 
the prevention of hepatic injury.

8

_________________ WORLD TECHNOLOGIES _________________

http://crossmark.crossref.org/dialog/?doi=10.1080/23312025.2016.1267421&domain=pdf&date_stamp=2016-12-02
mailto:phamngocst@gmail.com
http://creativecommons.org/licenses/by/4.0/


WT

grown on a commercial scale or harvested in nature and commonly purchased for its medicinal and 
spiritual properties. In a broad review about the hepatoprotective property of G. lucidium, Gao et al. 
(2003) collected evidence to suggest possible molecular mechanisms to explain its hepatoprotective 
action.

This annual mushroom grows on a great variety of dead or dying tree, e.g. deciduous trees, espe-
cially oak, maple, elm, willow, sweet gum, magnolia, and locust. G. lucidium grows originally on plum 
trees and found on stumps near the soil surface (Wasser, 2005). It had been found growing in the 
dead ironwood tree in the Central of Highlands of Vietnam. Due to the growth of this mushroom in 
the green ironwood tree, it was a so-called “Green Ironwood mushroom.” Local people harvested 
the fruiting body of G. lucidium and then dried under shade. It has been often sold to patients suffer-
ing cancer or even disorders such as cirrhosis. G. lucidium is also believed that the regular consump-
tion of this mushroom may preserve human vitality and to promote the longevity. In general, the 
mushroom has been traditionally used for the prevention or treatment of numerous diseases relat-
ed to liver although whether it was effective or not is presumably unknown. The aim of this study is 
to validate the use of this mushroom in folk medicine by evaluating the hepatoprotective activity of 
G. lucidium which grows on the dead ironwood tree against the cyclophosphamide (CP)-induced liver 
toxicity. The lipid peroxidation and antioxidant parameters MDA and GSH were observed in liver ho-
mogenates and histopathological examination of liver sections was conducted to confirm the activ-
ity. The potent hepatoprotective effect of natural material exhibit an appealing advance for liver 
protective agents, especially at the moment there is an urgent need concerning on new innovative 
drugs.

2. Materials and methods

2.1. Materials
The fruiting body of G. lucidium was harvested from Central Highlands of Vietnam in August 2014. 
The mushroom was identified by Associate Prof. Dr Tran Van Minh-Institute of Tropical Biology, 
Vietnam. A voucher specimen was deposited in the herbarium of Applied Biochemistry Laboratory, 
Department of Applied Chemistry, School of Biotechnology, International University, Vietnam 
National University Ho Chi Minh City, Vietnam with voucher No. HB-B10–08-09–14.

2.2. Chemicals
Methanol, KCl, EDTA–phosphate, and thiobarnituric acid were purchased from Chemsol Co., Ltd. (Viet 
Nam). CP, malondialdehyde, glutathione, ellman or 5,5′-dithiobis-(2-nitrobenzoic acid), and silyma-
rin were supplied from Sigma Co., Ltd. (USA).

2.3. Animals
Adult (5–6 weeks) Swiss albino male mice (23 ± 2 g) were obtained from Pasteur Institute of Ho Chi 
Minh city and kept in animals’ house of the university animal facility. All mice were acclimated for a 
week prior to commencement of experiments. They were provided standard pellet diet, water ad li-
bitum and maintained a controlled 12 light–dark cycles at room temperature. All the ethical proto-
cols and guideline for experimental animal handling and treatment were strictly followed the 
guidelines enunciated in the “Guideline for the Treatment of Animals in Behavioral Research and 
Teaching” and complied with ethical measures for animal research.

2.4. Preparation of mushroom extract
The fruiting body of G. lucidium was first rinsed thoroughly with tap water, and subjected to dry heat 
treatment before grinding it into powdery form using an electric grinder. The extraction was done by 
cold maceration of 2 kg in 96% of ethanol and kept aside for 3 days with frequent agitation. The fil-
trate obtained was concentrated using rotary evaporator. The residue subsequently referred to as 
the extract, was stored in a refrigerator until required for further use.
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2.5. Cyclophosphamide-induced hepatotoxicity and treatment
The animal treatment was designed to study the hepatoprotective effect detailed in Table 1

After 8-day experimental period, the animals were sacrificed and liver tissues were immediately 
excised and rinsed in ice-cold saline then homogenized for the subsequent assays

2.6. Assessment of liver function
Livers were resected and then homogenized in KCl (1, 15%) in 1 min at 13,000 rpm. 2 mL of tissue 
homogenized was added to 1 mL of Tris (pH 7.4). The mixture was incubated at 37°C for 60 min, then 
stopped the reaction by 1 mL of 10% trichloroacetic acid. The next step was the centrifugation of the 
mixture at 5°C with 10,000 rpm/min for 10 min.

2.7. Estimation of malondialdehyde (MDA) level
Two milliliters of supernatant reacted with 1 mL of 0.8% thiobarbituric acid (TBA) at 100°C for 15 min 
and the absorbent were measured at λ = 532 nm. 2-Thiobarbituric acid reactive substance (TBARS) 
assay values are usually reported in MDA equivalents, a compound that results from the decomposi-
tion of polyunsaturated fatty acid lipid peroxide. The amount of MDA formed was quantified by reac-
tion with TBA. It was formed according to the methods of Stroev and Makarova (1989) and Abraham 
and Sugumar (2008) with few modifications (Ngo & Nguyen, 2011; Nonanka et al., 2005).

2.8. Estimation of glutathione (GSH) level
About 1 mL of supernatant reacted with 0, 2 mL of Ellman 5,5′-dithiobis (2-nitrobenzoic acid) and 0, 
8 mL of phosphate–EDTA. After 3 min, the absorbent was determined at λ = 412 nm. The method is 
based on the reduction of 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) with reduced GSH to produce a 
yellow compound. The reduced chromogen is directly proportional to GSH concentration and its 
absorbance can be measured at 412 nm. Noeman, Hamooda, and Baalash (2011) with some modi-
fications (Ngo & Nguyen, 2011).

2.9. Histopathological examination
The livers were excised and soaked by optimal cutting temperature O.C.T compound. The samples 
were then freezed and fit into Tissue-Tek Cryo 3 (Sakura, USA). They were cut into slides by MX35 
Premier and Microtome Blade (Thermo Scientific, Japan) before being melt by block heater (Stuart, 
United Kingdom). Slides were preserved in 4% paraformaldehyde, stained with hematoxylin and 
eosin. The samples were then observed under Leica microscope for histopathological study.

Table 1. Experimental treatment design
Treatment Groups Dosages (mg/kg 

body weight) 
N MDA and GSH (nM/g 

protein)
Cyclophosphamide-
untreated mice CP (−)

Normal control – 10 –

Total extract 330 10 –

230 10 –

120 10 –

Silymarin 100 10 –

Cyclophosphamide-treat-
ed mice CP (+)

Negative control – 10 –

Total extract 330 10 –

230 10 –

120 10 –

Silymarin (positive 
control)

100 10 –

90 Animal Biology and Diversity

_________________ WORLD TECHNOLOGIES _________________



WT2.10. Statistical analysis
All data were presented as the mean ± Standard Error of Mean (SEM). Mean values were assessed for 
significance by Student’s t-test at p < 0.05. One-way ANOVA and Dunnett’s method were used for multi-
ple comparisions of data. Statistical analysis was processed using the SigmaStat, version 3.5. Correlation 
between variables was evaluated using Pearson’s correlation coefficient with level of significance p < 0.05.

3. Results

3.1. Liver parameters
The hepatoprotective effects of G. lucidium on CP-induced hepatic injury and normal mice are shown 
in Table 2.

As can be seen in Table 2, the MDA content in hepatic tissues of CP (+) mice in negative control 
group was found to be significantly (p < 0.05) increased (110.91 ± 4.46 nM/g protein) as compared 
with CP (−) normal control (58.82 ± 4.06 nM/g protein), reflecting the hepatic damage induced by CP. 
The MDA level in hepatic tissues in mice of CP (+) and G. lucidium co-treated group at the dose of 330, 
230, and 120 mg/kg b.wt were figured out almost the same (61.17 ± 7.71, 59.46 ± 5.22, 
61.52 ± 5.31 nM/g protein, respectively) and showed a statistically significant decrease of MDA con-
tent as compared with the CP (+) negative control, (p < 0.05). Meanwhile, silymarin served as positive 
control also produced a decrease of MDA in liver tissue significantly (63.54 ± 5.09 nM/g protein).

As can be observed from Table 3, GSH level in liver of total extract treatment were significantly 
recorded high (p < 0.05) with respect to CP (−) normal group, proving the effect of G. lucidium extract 
in enhancing the GSH content. However, GSH after a single dose of CP 150 mg/kg b.wt decreased 
significantly (p < 0.05) when compared with CP (−) mice normal control group. Statistically, 50% 
depletion of hepatic GSH in CP-induced mice was observed.

Data in Table 3 also showed a significant increase of GSH level in the mice with CY (+) and G. lucidium 
total extract co-treated group after 8-day treatment. However, mice treated with the dose of 230 mg/
kg b.wt made the highest GSH level in liver (7,063.59 ± 402.09 nM/g protein) among the tested  
samples, followed by the dose of 120 mg/kg b.wt (6,114.42 ± 443.58 nM/g protein), and 330 mg/kg 
b.wt (5,803.09 ± 416.35 nM/g protein). Meanwhile, silymarin at the dose of 100 mg/kg b.wt used as a 
reference drug also produced a significant increase of GSH (5,935.06 ± 354.05 (nM/g protein).

Table 2. The effect of G. lucidium total extract on MDA content in cyclophosphamide-untreated 
and -treated mice

*p < 0.05 as compared to cyclophosphamide-treated negative control.
#p < 0.05 with respect to cyclophosphamide-untreated normal control.
##p < 0.05 with respect to cyclophosphamide-untreated normal control.

Treatment Groups Dosages (mg/kg 
body weight)

 N MDA (nM/g protein)

Cyclophosphamide-
untreated mice CP (−)

Normal control – 10 58.82 ± 4.06

330 10 46.00 ± 3.51#

Total extract 230 10 46.82 ± 3.28#

120 10 54.23 ± 4.24

Silymarin 100 10 50.89 ± 4.37

Cyclophosphamide-treat-
ed mice CP (+)

Negative control – 10 110.91 ± 4.46##

330 10 61.17 ± 7.71*

Total extract 230 10 59.46 ± 5.22*

  120 10 61.52 ± 5.31*

Silymarin (positive 
control)

100 10 63.54 ± 5.09*
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3.2. Histopathological examiation
Histopathological observations of normal mice group showed normal hepatocyte with polygonal 
shape and no lobular inflammation. The central vein did not contain lymphocytes and none of ne-
crosis of liver cells (Figure 1). Liver sections of CP (150 mg/kg b.wt) treated group expressed the 
portal tracts with moderate to marked inflammation. Hepatocellular necrosis appeared lobular in-
flammation with lyphocytic infiltration. Liver of mice in this group showed a severe active hepatitis 
(Figure 2(a) and (b)). Meanwhile, liver of mice from CP and G. lucidium total extract co-treated group 

Table 3. The effect of treatment with the G.lucidium total extract on GSH content in 
cyclophosphamide-treated and normal mice for 8 days

*p < 0.05 with respect to cyclophosphamide-treated negative control.
#p < 0.05 with respect to the cyclophosphamide-untreated normal control.

Treatment  Groups Dosages (mg/kg 
body weight)

N GSH (nM/g protein)

Cyclophosphamide-
untreated mice CP (−)

Normal control – 10 6,661.23 ± 390.33

Total extract 330 10 7,192.96 ± 269.33

230 10 7,316.76 ± 457.59

120 10 7,427.36 ± 545.14

Silymarin 100 10 7,311.02 ± 550.05

Cyclophosphamide-treated 
mice CP (+)

Negative control – 10 4,279.55 ± 278.03#

Total extract 330 10 5,803.09 ± 416.35*

230 10 7,063.59 ± 402.09*

120 10 6,114.42 ± 443.58*

Silymarin (positive 
control)

100 10 5,935.06 ± 354.05*

Figure 1. Normal group, section of mouse liver showing no lobular inflammation, none of necrosis and 
fibrosis. No abnormality of central vein and hepatocytes.

Figure 2a. Cyclophosphamide (150 mg/kg)-treated group, a section of mouse liver showing portal 
inflammation, hepatocellular necrosis, and lymphocytic inflammatory infiltrations (Hematoxylin and 
eosin-stained paraffin section; H&E 200).
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(120 mg/kg b.wt) showed a mild active hepatitis. Portal space presented slight to moderate inflam-
mation, no necrotic liver cells and small focal lobular inflammation (Figure 3(a) and (b)). Liver sec-
tions of silymarin treatment group were manifested in Figure 4. The central vein contained an 
adhesion of the lymphocytes on the endothelial cell, moderate portal, and lobular inflammation. No 
necrotic liver cell occurred, the liver were exposed to be a moderate active hepatitis.

4. Discussion
CP is one of the commonly used anticancer drugs for its therapeutic efficacy against various cancers. 
Earlier studies have proved that ameliorative dose of CP could cause liver toxicity (Mahsa & 
Shivanandappa, 2013). CP goes through a metabolic activation by hepatic microsomal cytochrome 
P450 mixed functional oxidase system to produce the two metabolites, phosphoramide mustard 
and acrolein. Phosphoramide mustard is believed to have an antineoplastic activity, while acrolein 
highly reactive metabolite with a short biological half-life, may be responsible for CP-induced liver 
injury (Ludeman, 1999; Selvakumar, Prahalathan, Mythili, & Varalakshmi, 2005). Experimental evi-
dence recommends that oxidative stress is answerable for CP hepatotoxicity. It could generate reac-
tive oxygen species (ROS) like superoxide anion, hydroxyl radical, and hydrogen peroxide (H2O2) 
during its oxidative metabolism and discourages the antioxidant defense mechanism in liver 
(Bhattacharya et al., 2003). A number of studies have shown that natural products with antioxidant 
activity protect against CP hepatotoxicity (Haque et al., 2003; Kumar & Kuttan, 2005; Sharma, Trikha, 
Athar, & Raisuddin, 2000).

G. lucidium has been of research interest because it is commonly use as traditional folk medicine 
to treat liver disorders. There have been various studies on the efficacy of hepatoprotective property 
including in vitro and animal assays using the extracts with varying solvents. A queous and alcoholic 
extracts of G. lucidium utilized the protective action against acute hepatitis. These achievements 
were attributed to the inhibitory activities of the G. lucidium extract on the membrane lipid peroxida-
tion and the formation of free radical (Lakshmi, Ajith, Jose, & Janardhanan, 2006; Shieh et al., 2001; 
Wang, Liu, Che, & Lin, 2002). On the other hand, these components contained in the mushroom had 
been subjected to investigate the key role in liver protection. In a report by Soares et al. (2013), poly-
saccharides and triterpenoids might possess protective activity against liver injury induced by toxic 

Figure 2b. Cyclophosphamide (150 mg/kg)-treated group, a section of mouse liver showing portal 
inflammation, hepatocellular necrosis, and lymphocytic inflammatory infiltrations (Hematoxylin 
and eosin-stained paraffin section; H&E 400).

Figure 3a. Section of mouse liver treated with 120 mg/kg of G. lucidium total extract showing a mild 
active hepatitis with no inflammatory at central vein and slight portal inflammation. 
(Hematoxylin and eosin-stained paraffin section; H&E 200).
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WTagents. Recent studies suggest CP generates ROS like superoxide anion, hydroxyl radical, and hydro-
gen peroxide (H2O2) which cause lipid peroxidation of cellular membrane. During their oxidative me-
tabolism, they depress the antioxidant defense mechanisms in liver (Lakhanpal & Rana, 2005; Mishra 
& Singh, 2010).These achievements were attributed to the inhibitory activities of the G. lucidium ex-
tract on the membrane lipid peroxidation and the formation of free radical (Lakshmi et al., 2006; 
Shieh et al., 2001; Wang et al., 2002).

G. lucidium in Vietnam is naturally harvested in the forest and the fruiting body is developed on the 
dead ironwood tree. We evaluated the hepatoprotective activity of G. lucidium against the hepatic 
damage induced by CP. Administration of G. lucidium for eight consecutive days after CP injection 
showed a significant inhibition in the liver injury compared to CP-treated mice without G. lucidium 
supplement. At the dose of 230 mg/kg b.wt, the hepatoprotective activity was determined by the 
depletion of MDA and restored the decrease of endogenous hepatic GSH antioxidant content in the 
liver. When the polyunsaturated lipids were degenerated by ROS, an ascent of cellular MDA occurs. 
The production of this aldehyde, typically quantified as thiobarbituric acid reactive substances 
(TBARS). It is normally considered as a biomarker to evaluate lipid peroxidation which could be indi-
cated to the free radical scavenging activity as well as suppressing oxidative stress in an organism 
(Devasagayam, Boloor, & Ramasarma, 2003). The results of this study could support the previous 
findings of Shi, Sun, He, Guo, and Zhang (2008), Nonanka et al. (2005) and Truong and Nguyen (2010) 
that oral supplement of G. lucidium could prevent the CP-induced lipid peroxidation. The current 
study also revealed a significant reduction of GSH following CP administration which might result 
from the direct conjugation of CP metabolites with glutathione as part of mechanism of hepatopro-
tective action.

5. Conclusion
The results of present study suggest that administration of G. lucidium developing on the dead iron-
wood tree harvested in the Central Highlands of Vietnam might have potential in protecting liver 
against cyclophosphamide-induced hepatotoxicity. Further study is necessary to elucidate target 
compounds from G. lucidium in Vietnam responsible for liver protection

Figure 3b. Section of mouse liver treated with 120 mg/kg of G. lucidium total extract showing a mild 
active hepatitis with no inflammatory at central vein and slight portal inflammation. (Hematoxylin 
and eosin-stained paraffin section; H&E 400).

Figure 4. Section of mouse liver with silymarin treated group (100 mg/kg) showing a mild active 
hepatitis with small portal inflammation, slight lymphocytic infiltration, and no inflammatory of 
central vein. (Hematoxylin and eosin-stained paraffin section; H&E 400).
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Pitch tracking of bird vocalizations and an automated 
process using YIN-bird†

Colm O’Reilly1* and Naomi Harte1

Abstract: Pitch or fundamental frequency is an important feature of bird song, from
which scientists can learn much about a population. To use pitch as a feature,
researchers need confidence in their pitch extraction system. Pitch detection algo-
rithms (PDAs) proven to work on human speech may not be suitable for all types of
bird vocalizations. This paper discusses pitch estimation performance on a variety of
common bird vocalizations. The presence of multiple partials or tones simultane-
ously, extended frequency sweeps through multiple octaves, and rapid pitch modula-
tions are just some of the difficulties encountered when estimating the pitch of bird
song. Carefully tuned parameters improve pitch tracking with YIN, but optimal
parameters can change quickly even within one song. YIN is a PDA which estimates
pitch of human speech very well. This paper presents YIN-bird, a modified version of
YIN which exploits spectrogram properties to automatically set a minimum funda-
mental frequency parameter for YIN. Gross pitch errors on whistles and trills were
reduced by up to 4% on a ground truth data-set of synthetic bird song with known
pitch. This data-set was evaluated by expert listeners and described as “sounding like
original & can hardly tell it is synthetic”. A qualitative analysis showing YIN-bird not
to be suitable for more complex bird vocalizations, such as nasals, is also presented.
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1. Introduction
The ability to automatically analyze bird vocalizations would greatly benefit zoologists in their 
behavioral and ecological studies. The importance of birds’ vocalizations cannot be overstated. Bird 
song is essential for communication, especially for mate attraction and territory defense (Catchpole 
& Slater, 2008). When visibility is limited, such as in rainforests with dense vegetation, acoustic 
communication may be the only means of species identification (Trifa, Kirschel, Taylor, & Vallejo, 
2008). While the scientific study of bird song has made important contributions to the field of 
zoology, its intrigue has also sparked interest from speech and language researchers in an effort to 
improve the efficiency, accuracy, and repeatability of bird song analysis to monitor and assess bird 
communities (Connor, Li, & Li, 2012).

In the last few years, the speech processing community has researched many issues in bird vocali-
zations, notably species classification (Connor et al., 2012; Fagerlund & Laine, 2014; Graciarena, 
Delplanche, Shriberg, Stolcke, & Ferrer, 2010; Heller & Pinezich, 2008; Trifa et al., 2008), syllable or 
phrase classification (Anderson, Dave, & Margoliash, 1996; Chen & Maher, 2006; Tan, Alwan, Kossan, 
Cody, & Taylor,  2015; Kaewtip, Tan, Alwan & Taylor, 2013; Kogan & Margoliash, 1998; Ranjard & 
Ross, 2008; Tan, Kaewtip, Cody, Taylor, & Alwan, 2012), and song structure analysis (Lachlan et al., 
2013; Sasahara, Cody, Cohen, & Taylor, 2012). The use of songs and calls to delimit species and 
monitor populations has several practical advantages, e.g. ease and economy of sound recording 
and analysis (Remsen, 2005).

Another topic in ornithology is determining how similar two populations of birds are based on their 
calls and songs. Catchpole and Slater (2008) mention the importance of vocalizations in mate choice 
and species recognition. This suggests acoustic signals may give early clues of species distinction 
(Lambert & Rasmussenm, 1998). Harte, Murphy, Kelly, and Marples (2013) investigated the issue of 
call similarity and concluded that classifier performance is related to similarity but not to a quantifi-
able indicator. Prosodic features like pitch have been used to quantify differences in bird populations. 
O’Reilly, Marples, Kelly, and Harte (2015) used pitch contour micro-structure to measure similarity of 
bird calls and songs inspired by dialect similarity measures used in Mehrabani, Boril, and Hansen 
(2010) and Mehrabani and Hansen (2015). McKay, Reynolds, Hayes, and Lee (2010) examined song in 
making a case for the Bahan subspecies of the Yellow-throated Warbler to be reclassified as a distinct 
species. Song divergence was important evidence in the reclassification process. Comparisons were 
on the basis of visual inspection of spectrograms. Sangster, King, Verbelen, and Trainor (2013) de-
scribed a new species of owl, known as the Rinjani Scops Owl, based on analysis of vocalizations. In 
both McKay et al. (2010) and Sangster et al.’s studies (2013), various features were measured, like 
amplitudes at certain frequencies, number of syllables and phrases, pitch slope, and frequency. These 
are just some of the studies that would benefit from accurate and automatic measurement of pitch.

Quantitative measures of acoustic similarity were used to investigate patterns of shared vocal 
behavior in social species by Meliza, Keen, and Rubenstein (2013). Pitch- or fundamental frequency 
(f0)-based methods performed best at separating distinct categories of superb starling calls. If two 
populations with a common origin are isolated, one can expect that the songs of each will accumu-
late modifications independently. Detecting those changes can help infer population histories and 
relationships (Ranjard & Ross, 2008). Understanding how vocalizations are shared among individu-
als of the same species requires quantitative methods for measuring how acoustic features vary 
across groups and individuals (Meliza et al., 2013). Tobias et al. (2010) developed a system of stand-
ardized criteria for species delimitation in birds using acoustic evidence of song structure like maxi-
mum frequency, minimum frequency, bandwidth, and peak frequency. The system Tobias et al. 
(2010) used was biometirc (e.g. size and shape), plumage (e.g. color and pattern) and voice (e.g. 
pitch and pace) as evidence. Sangster et al. (2013) also relied on frequency information to reclassify 

98 Animal Biology and Diversity

_________________ WORLD TECHNOLOGIES _________________



WT

a species of owl. Lachlan et al. (2013) included pitch to evaluate chaffinch song. These examples 
highlight the growing interest in accurate acoustic analysis of bird song.

Thus, there is growing agreement among ornithologists that pitch analysis of bird vocalizations is 
useful, as many avian calls and songs are tonal (Meliza et al., 2013; Tchernichovski, Nottebohm, Ho, 
Pesaran, & Mitra, 2000). YIN (De Cheveigné & Kawahara, 2002) is a pitch detection algorithm (PDA) 
which was developed to estimate pitch of human speech or musical sounds. YIN, as discussed later 
in Section 3, has a strong potential for pitch tracking in bird song. However, it must be carefully tuned 
for each species and often even for different segments of a single song. This paper presents a modi-
fication to YIN to allow more fully automated pitch tracking. This offers advantages in large batch 
processing when outputs can’t be checked in detail. The aim is to offer zoologists a tool for pitch 
tracking that requires less specialist knowledge and intervention. Improving automatic pitch esti-
mation of bird vocalizations is also beneficial to engineers and scientists, allowing larger scale stud-
ies where results can achieve greater levels of statistical significance and precision. Knowledge of 
performance of current pitch tracking systems is also important. In many previous experiments, re-
searchers may have used pitch tracking systems designed for human vocalizations and assumed the 
accuracy to be sufficient.

There were a number of objectives which influenced the work in this paper. The first objective was 
to develop an improved pitch tracking system for bird song, as YIN, which works well for speech, is 
prone to octave errors when estimating pitch of bird song due to its higher fundamental frequency. 
The improved system presented in this paper referred to subsequently as YIN-bird was developed. 
Second objective was to evaluate YIN-bird’s use on different syllable types of bird song. This required 
generating ground truth pitch values for data. In speech, ground truth is calculated by measuring 
vibration rates of the larynx. That is not feasible for bird song. Instead, a data-set of synthesized bird 
song was generated and the pitch of synthesized data was used as ground truth. Once the data-set 
was generated, YIN-bird pitch estimation was performed and performance was evaluated on whis-
tles, trills, and nasals. The final objective of this paper is to qualitatively evaluate performance of 
complex bird song for which ground truth could not be easily generated. This presents the reader 
with useful information on what types of vocalizations YIN-bird works well on and what types of 
vocalizations it does not.

YIN-bird, the improved system presented in this paper, is described in Section 4. For the first time, 
a ground truth database of synthesized bird vocalizations with known pitch was developed to allow 
a quantitative evaluation of YIN-bird and is discussed in Section 5.2. The performance of YIN com-
pared to YIN-bird is thus evaluated using the standard error metrics in the signal processing field 
(described in Section 5.4). Common types of bird vocalizations are presented in Section 2. Using YIN-
bird on a set of bird whistles improves gross pitch error from 1.67 to 0.58%. For trills, the figure re-
duces from 6.29 to 2.31%. Performance on other vocalization types is discussed in Section 6. Finally, 
a qualitative analysis of more complex bird vocalizations and pitch tracking performance on these 
sounds is discussed in Section 8.

2. Bird vocalizations
Like in humans, bird sounds are produced by the flow of air during expiration through a vocal system 
(Doupe & Kuhl, 1999). Some bird vocalizations, like the song of the Swamp Sparrow (Melospiza geor-
giana), are tonal. Others, such as the song of the Zebra Finch (Taeniopygia guttata), have a noisy 
spectrum quality with multiple frequency components, more closely resembling human speech 
(Doupe & Kuhl, 1999).

Bird vocalizations are produced by source filter mechanism that is similar to that of humans 
(Beckers, Suthers, & Ten Cate, 2003). Beckers (2011) has also shown that human and avian sound 
perception is comparable. Human voiced speech is made up of strong energy at f0 with relative am-
plitudes at multiple harmonics due to the properties of humans’ source filter system.
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Bird vocalizations have higher pitch than humans which means the interval between harmonics is 
larger than for human speech. This implies that even gentle low pass filtering by a bird’s vocal tract 
could potentially remove all harmonics leaving just a pure f0 tone. In contrast, overtone or nasal 
sounds are produced when the bird uses a wider bandwidth filter which allows sounds at f0 and 
multiple harmonics to be emitted during vocalization.

Birds produce a wide variety of vocalizations. These range from short, monosyllabic calls, to long 
complex song (Catchpole & Slater, 2008). Early researchers did not agree on a common set of units 
by which birds’ song of various different species might be described (Thompson, LeDoux, & Moody, 
1994). Thompson et al. (1994) presented a system for describing bird song units in the hope of 
greater standardization in the protocols by which researchers generate and name bird song units.  
A note or element refers to the smallest level of song (which can be analogous to phonetic units) and 
is defined by a sound represented by a continuous trace on the spectrogram. Notes can be grouped 
together to form syllables, which are units of sound separated by silent intervals (Doupe & Kuhl, 
1999). Syllables and notes are themselves organized into third-order units known as phrases, and 
phrases are in turn clustered together into performances called song (Catchpole & Slater, 2008; 
Thompson et al., 1994). Labeling units of bird song still differs from scientist to scientist, and species 
to species, but an example of unit segmentation from Thompson et al. (1994) can be seen in Figure 1. 
Note sometimes syllables can be made up of just a single note rather than a group of notes, as seen 
in Figure 1.

Experiments here evaluate pitch tracking performance on different vocalization types at the syl-
lable level. Syllables tend to fall into one of the following categories:

2.1. Whistles
Catchpole and Slater (2008) describe whistles as the most basic and common type of vocalization. A 
short whistle of constant pitch appears as a pure, unmodulated frequency trace (see (a) on the spec-
trogram in Figure 2). A sound which drops from a high to low frequency appears as a downward 
slope (see (b) in Figure 2). Whistles can be monotone, upslurred, downslurred, overslurred (where 
pitch rises then falls), or underslurred (where the opposite is true). Whistles often occur in repetition 
to form phrases. These phrases can contain a constant series of whistles with each whistle rising or 
falling in frequency. An accelerating or decelerating series of syllables is also possible (Pieplow & 
Spencer, 2013). Figure 3 shows an example of a decelerating downslurred series of upslurred whis-
tles. Intervals between each whistle will augment over time (decelerating) with each whistle rising 
in frequency (upslurred whistle) and each whistle syllable will be a lower frequency than the previous 
syllable (downslurred series).

Figure 1. A Song Sparrow song showing note, syllable, phrase, and song boundaries. 

Source: This plot is inspired by work in Thompson et al. (1994).
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2.2. Hoots
Hoots are just low-pitched whistles, typically less than 1 kHz (Pieplow & Spencer, 2013). These 
sounds are typical of the voices of doves and large owls.

2.3. Trills
Syllables that contain a series of elements or notes which rise and fall in frequency at a rate greater 
than 10 Hz will be perceived as a trill. Sounds with more rapid modulations are referred to as “buzzy” 
sounds. Buzzy sounds are less musical. An example of trilled vibrato and buzzy vibrato can be seen 
in Figure 2(c) and (d), respectively.

2.4. Noise
Not all bird sounds are tonal or periodic. Noisy sounds are constructed from short bursts of white 
noise and sound like a click. A noisy example is shown in Figure 2(e) and a noisy buzz sound is shown 
at (f). Noisy bird sounds are likely to be harsh on the ear (Pieplow & Spencer, 2013). As noisy sounds 
are unvoiced, they are excluded from pitch extraction experiments here.

Figure 2. Spectrogram of different syllable types based on diagram from Catchpole and Slater (2008). 
(a) Whistle, (b) Downslurred whistle, (c) Trill, (d) Buzzy sound, (e) Noisy sound, (f) Noisy buzz, (g) 
Harmonic or Nasal sound.

Figure 3. Decelerating downslurred series of upslurred whistles. 

Source: Canyon Wren Song (XC, 2013).

101Pitch tracking of bird vocalizations and an automated process using YIN-bird

_________________ WORLD TECHNOLOGIES _________________



WT

2.5. Harmonics (or Nasals)
Many bird sounds are actually combinations of multiple simultaneous whistles (partials) of different 
frequencies that the human brain typically perceives as a single sound (because of the mathemati-
cal relationship between the frequencies of the different whistles). Harmonic sounds are represented 
on a spectrogram by a typical ladder pattern and have a noisy spectral quality (i.e. many simultane-
ous frequencies present). An example of a harmonic nasal sound is shown in Figure 2(g). The differ-
ent whistles are called partials because they are only partial components of the sound (Pieplow & 
Spencer, 2013). If the energy at f0 or the 2nd partial is prominent, the sound will be soft and melodic 
because the 2nd harmonic is an octave above f0. These sounds blend well together. If higher partials 
have stronger energy, the sounds are more nasal, as the partials tend to clash perceptually (we will 
use the term “Nasals” to refer to these sounds). While whistles can be a pure tone or a combination 
of strong f0 with lower amplitude harmonics, nasals refer to sounds with high energy at higher order 
partials and sound harsher than melodic whistles with harmonics.

These nasal sounds are very challenging for pitch tracking, as many nasals sounds have missing 
harmonics (including missing fundamental) or inharmonic partials (Marler & Slabbekoorn, 2004). 
These problems will be discussed in detail later in Sections 6 and 8.

2.6. Two-voiced sounds
Some birds have the ability to produce sounds with two f0 values at once (Catchpole & Slater, 2008), 
which means there are two f0. This results in vocalizations complete with two f0, harmonics of both 
f0 and heterodyne frequencies (Pieplow & Spencer, 2013). An example of this is shown in Figure 4 
with a song of a Prothonotary Warbler. Note the labels showing two f0 (A & B), harmonics (integer 
multiples of A & B), and heterodyne frequencies (sums and differences of f0 and harmonics) (Pieplow 
& Spencer, 2013). Birds produce sound using their equivalent of the human voice box called the 
syrinx. Whereas the human larynx is situated at the top of the trachea, the syrinx is much lower 
down, at the junction of the two bronchi. This means that the syrinx has two potential sound sources 
(voices), one in each bronchus. The sounds are mixed when fed into the common trachea and buccal 
cavity (Catchpole & Slater, 2008). Complex two-voiced sounds contrast to many common bird songs 
that have one main frequency band (Sturdy & Mooney, 2000).

While there is scientific literature on the two-voiced phenomenon (Krakauer et al., 2009; Miller, 
1977; Zollinger, Riede,& Suthers, 2008), its regularity is undocumented. Informally, zoologists sug-
gest most birds use only one side of their syrinx, some switch between sides during song, and few 
birds use both sides simultaneously. The complexity of pitch tracking and the inaccuracy of ground 
truth pitch calculations exclude two-voiced sounds from quantitative analysis here, but a qualitative 
evaluation is given in Section 8.

Figure 4. Song of Prothonotary Warbler. Two-voiced bird song with labels showing two f
0
 (A & B), 

harmonics (integer multiples of A & B), and heterodyne frequencies (sums and differences of f
0
 and 

harmonics)

Source: Pieplow and Spencer (2013).
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These syllable types are very broad categories. Some of them grade into one another, and some 

of them occur in combination, e.g. a note may be simultaneously buzzy, noisy, and harmonic. 
Nonetheless, this basic vocabulary is very useful when discussing the qualities of bird sounds 
(Pieplow & Spencer, 2013).

3. Pitch tracking
Pitch or f0 estimation is a much debated topic in speech processing. In speech, the term fundamen-
tal frequency (f0) describes the period of voiced speech, and is analogous to pitch. f0 is the inverse of 
the smallest true period in the interval being analyzed (Talkin, 1995). Pitch is the perceived f0 of a 
signal (Camacho, 2007). A sound which may not be periodic may still be perceived as having a pitch. 
However, period and pitch are considered equivalent over a wide range of possible values. Thus, f0 
estimation methods are often referred to as PDAs (De Cheveigné & Kawahara, 2002).

Pitch provides important information about a sound source. In speech, pitch can be used for a 
variety of tasks, like identifying gender, as males tend to speak with a lower f0 than women (Wang & 
Lin, 2004). Speaker emotion can be inferred from pitch, e.g. low pitch can suggest the speaker is sad 
while high pitch suggests excitement. Pitch changes in a sentence influence how the sentence is 
interpreted, e.g. a rising pitch is generally observed when a question is asked (Murray & Arnott, 
1993). In music, pitch estimation is used to name notes (Sethares, 2005) which can be used for au-
tomatic music transcription.

3.1. State-of-the-art pitch tracking
Throughout the last 30 years, PDAs have been a hot research topic. While there have been major 
developments in PDAs, debates still exist about which tool to use under certain conditions. Details 
relevant to the current work are presented here. However, for in-depth comparisons, the reader is 
directed to Talkin (1995), De Cheveigné and Kawahara (2002), Sethares (2005), Camacho and Harris 
(2008), and Luengo et al. (2007).

The YIN PDA is based on the well-known autocorrelation method with a number of modifications (De 
Cheveigné & Kawahara, 2002). Autocorrelation (AC)-based pitch estimators are preferred for the major-
ity of cases as AC can deal with missing harmonics and inharmonic signals. AC can overcome the prob-
lem of giving high scores for subharmonics of the pitch. YIN uses average squared difference instead of 
AC and includes several modifications that combine to prevent errors. YIN looks for dips instead of 
peaks (which is why it’s called YIN opposed to YANG) which makes it more immune to amplitude chang-
es which affect AC (De Cheveigné & Kawahara, 2002). Other commonly used pitch algorithms include: 
Harmonic Product Spectrum (HPS) (Schroeder, 1968), Subharmonic summation (SHS) (Hermes, 1988), 
cepstrum (CEP) (Noll, 1967), and Subharmonic-to-harmonic ratio (SHR) (Sun, 2002).

Figure 5. Pitch tracking on speech example from TIMIT database.
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Most pitch tracking software uses some form of the aforementioned techniques. PRAAT (Boersma, 
1993) is a commonly used package that estimates pitch in two ways, autocorrelation and cross-
correlation. RAPT (sometimes referred to as GET_F0) (Talkin, 1995) is a robust algorithm that uses a 
multi-rate approach and the normalized cross-correlation function (NCCF). eSRPD (Bagshaw, Hiller, 
& Jack, 1993) is a super resolution pitch determinator that uses NCCF and removes discontinuities 
during post-processing. TEMPO (Kawahara, Katayose, De Cheveigné, & Patterson, 1999) is a tool 
found in STRAIGHT (Kawahara, Estill, & Fujimura, 2001), a speech analysis and synthesis toolkit, and 
uses the instantaneous frequency of the outputs of a filterbank. It estimates pitch using both time 
interval and frequency cues, and is designed to minimize perceptual disturbance due to errors in 
source information extraction (Babacan, Drugman, d’Alessandro, Henrich, & Dutoit, 2013).

De Cheveign and Kawahara (2002) presented an evaluation of YIN against AC, CC, SHS, eSRPD, CEP, 
and TEMPO. YIN outperformed these (and other) pitch estimators when tested on Japanese, English, 
and French databases. Luengo et al. (2007) showed PRAAT, RAPT, and cepstrum to work better than 
SHR on clean speech and noisy speech. Work by Wei and Alwan (2009) showed PRAAT to outperform 
RAPT (GET_F0) and TEMPO under both white noise and babble noise conditions. Evaluation of pitch 
tracking performance by Camacho and Harris (2008) showed SWIPE’ to perform the best followed by 
SHS, RAPT, TEMPO, and YIN with gross errors less than 2.10% when tested on clean speech. SHR, 
eSRPD, & CEP had a gross error greater than 3.5%. Pitch estimation was also trialed on musical in-
struments in Camacho and Harris (2008). The gross error rate for tests on musical instruments by 
octave for SWIPE’ was 0.97% and YIN was 0.99%. SHR performed the worst at 36%. RAPT was ex-
cluded from musical instrument tests because the bandwidth of musical instruments is too large for 
the two-pass down-sampling method used by RAPT.

Babacan et al. (2013) evaluated pitch tracking on singing voice, with PRAAT and RAPT providing 
the best determination of voicing boundaries. RAPT reached the lowest number of gross pitch errors 
while YIN achieved the best accuracy on singing. Finally, YIN was shown to suffer the most on sign-
ing in reverberant conditions while STRAIGHT was the most robust.

An example of pitch tracking on speech using popular PDAs can be seen in Figure 5. All PDAs per-
form well except for cepstrum. This evaluation was not exhaustive and is included for descriptive 
purposes as opposed to evaluating pitch trackers on speech.

3.2. Pitch tracking for birds
Pitch extraction tools which have been proven to work for human speech and music may not work as well 
on birds. Bird vocalizations differ to speech in a number of ways. An important difference is the frequency 
range. Bird vocalizations tend to have a wider bandwidth and higher mean pitch than human vocaliza-
tions. In 2011, Tchnernichovski released software called Sound Analysis Pro (SAP) (Tchernichovski, 
Kashtelyan, Swigger, & Mitra, 2011) (also available as MATLAB toolkit SAT). SAP calculates a number of 
features, one being f0 which is calculated using the YIN algorithm (De Cheveigné & Kawahara, 2002). 
Mandelblat-Cerf and Fee (2014) also used SAP for evaluating song imitation (also for zebra finches) 
where pitch again was a crucial feature. While zebra finch vocalizations may not be liable to pitch errors, 
YIN’s performance on other types of bird vocalizations is undocumented. Babacan et al. (2013) discussed 
pitch tracking performance on singing sounds. While singing sounds are not identical to bird vocaliza-
tions, they are more comparable than speech and bird song. Work in (Babacan et al., 2013) showed YIN 
to have the lowest fine pitch error rate and second lowest gross pitch error and F0 frame error after RAPT.

Early work leading to this paper revealed that a number of pitch trackers do not match the spec-
trogram. An example of pitch tracking on bird song can be seen in Figure 6. The plot shows YIN and 
SWIPE’ to accurately track the bird syllables while the rest of the PDAs do not. YIN performed slightly 
better voiced/unvoiced detection than SWIPE’ here. Most parameters were the default settings ex-
cept window size was set to 6.7 ms and frame rate to 1.7 ms. These values were chosen experimen-
tally. Our choice of window size accommodates the trade-off between a large window which does 
not capture rapid pitch modulations and a small window which does not capture as many periods. 
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When investigating other PDAs, we used default parameters provided by authors. In some instances, 
frequency range needed to be modified to allow pitch tracking of bird song which is a lot higher than 
humans. Further careful parameter selection for other PDAs may have brought their performance in 
line with YIN but Figure 6 shows YIN to be the optimal choice of pitch tracker for bird song with mini-
mal initial tuning.

Based on these preliminary tests, the findings in Babacan et al. (2013), the use of YIN in SAP 
(Mandelblat-Cerf & Fee, 2014; Tchernichovski et al., 2000), and its reputation in the speech community 
as a good pitch estimator for speech and music, YIN was chosen as the baseline pitch estimator for ex-
tracting pitch of bird recordings in this paper. Although RAPT performed slightly better than YIN on sing-
ing sounds in Babacan et al. (2013), the pitch range of birds (> 1,666 Hz) is too large for RAPT (Camacho 
& Harris, 2008); hence, it was not chosen as the baseline here. Autocorrelation is very effective for pitch 
tracking, but some autocorrelation peaks suffer ambiguity, which leads to octave error or estimates too 
low in frequency (Lee & Ellis, 2012). Some bird vocalizations change frequency rapidly and over a wide 
range (1–5 kHz). Many syllables include extended frequency sweeps that sometimes exceed two oc-
taves (Marler & Slabbekoorn, 2004), which makes bird vocalizations prone to these types of errors.

Other pitch packages have been used within the bird community. Lachlan et al. developed Luscinia 
available at Lachlan (2012). Luscinia is widely used in the community to analyze bird song (Lachlan 
et al., 2013). It provides pitch extraction but requires supervision. The Luscinia GUI allows the user to 
select elements that require pitch tracking, but even when elements are carefully selected the ex-
ported pitch tracks may not always match the spectrogram. Meliza et al. (2013) developed Chirp, a 
tool which allows the user draw a mask on the spectrogram to improve pitch estimation. Time–fre-
quency reassignment spectrographic analysis, harmonic template matching, and Bayesian particle 
filtering are combined to produce pitch estimates (Meliza et al., 2013). While this method provides 
great pitch estimates when compared to the spectrogram, the masks need to be hand drawn on the 
spectrogram. Even with hand drawn masks, the pitch can still be error prone.

The focus of this paper is to present a pitch tracking algorithm suited to large-scale processing of 
tracks that require no manual intervention other than initial tuning.

4. Tuning YIN to bird song
YIN processes audio data and outputs a pitch estimate. Parameters can be specified for each file, 
with a more accurate pitch estimate when parameters are carefully selected to match the input 
characteristics. One of the more sensitive input parameters is minimum frequency threshold (f0min). 
As bird vocalizations have a wider bandwidth than human speech, a single f0min for all segments of 
the input file may not be suitable. Our proposed system YIN-bird determines a suitable f0min for each 

Figure 6. Pitch tracking on bird song of Eastern Wood Pewee. 

Source: XC 1377 (2013).
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segment of a bird recording, through careful analysis of the input spectrogram. Using spectrogram 
information, each segment will be assigned a f0min parameter which leads to a more accurate pitch 
estimate for each input file. Maximum frequency parameter (f0max) had little influence on our pitch 
estimates and was set to 0.4 x fs where fs is the sampling frequency of the input file. A block diagram 
of the system is shown in Figure 7.

Step 1: involves calculating the spectrogram parameters [Tsp, Fsp, Psp], of audio recording x(1 : N) , 
where x is the input signal, N is the number of samples of the input signal, Tsp is the spectrogram 

Figure 7. Block diagram of adaptive f
0
min

 YIN (YIN-bird).

Figure 8. Elements of processing in YIN-bird. (a) Spectrogram of synthetic bird whistles input to 
YIN-bird and (b) Bird song prominent frequencies (continuous line (online version: blue)), segment 
boundaries (vertical broken line (online version: black)) and adaptive f

0
 values (broken horizontal

 line with circular markers (online version: red)) used by YIN-bird.

(a)

(b)

min
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frame time information, Fsp is the spectrogram frequency bins, and Psp is a matrix containing the 
power of each frequency bin at each time frame. Figure 8(a) shows a spectrogram of bird syllables. 
Using the power (dB) and frequency (Hz) information, a prominent frequency (i.e. frequency bin with 
most power) for each frame is selected F prom(k) where k = 1, … , K and K is the number of frames 
in the spectrogram. Figure 8(b) has the prominent frequencies F prom(k) plotted with a continuous 
line (online version: blue). Information at frequencies of 200 Hz (value chosen by low pass filtering 
multiple bird recordings and checking for the presence of bird vocalizations) and below is assumed 
to be noise and is ignored. If the power of frame k’s prominent frequency (PF prom (k)) is less than 
mean(PF prom

(1:K)) for a given recording, frame k’s prominent frequency is ignored (in practice, as-
signed “not a number” (NaN) in MATLAB) as it is most likely an unvoiced frame or a frame without 
vocalization (See Equation (1)).

where k is the spectrogram frame number, PF prom (k) is the power at the prominent frequency of 
frame k, mean(PF prom (1:K)) is the average of the power at each frame’s most prominent frequency 
over a single recording, and F prom(k) is the prominent frequency at frame k.

Step 2: segments the audio file into chunks specified by the user. The segment size is selected based on 
the bird corpus being used (small segment size gives slower execution). In this paper, each segment 
contains 3,000 samples of input x (68 ms when fs is 44.1 kHz). 3,000 was chosen experimentally accounting 
for the trade-off between slow processing for short segments and less frequent updates of f0min for larger 
segments. All files in our data-set were resampled to 44.1 kHz (original recordings varied from 22.5 to 44.1 
kHz). Each segment is described as dx(m) where m = 1, … , M and M is the input number of samples (N) 
divided by 3,000. Segments are shown divided by broken vertical lines (online version: black) in Figure 8(b). 
Groups of prominent frequencies (F prom(1:K)) are assigned to an appropriate dx(m). If K is 300 frames 
and M is 30 segments, then prominent frequency values F prom(1:10) will be grouped in dx(1). The 
minimum F prom in each dx(m) is F prommin

(m). F prommin
(m) for each frame is plotted with a broken 

horizontal line and circular marker (online version: red) in Figure 8(b). In Figure 8(b), the first two segments 
have the same value for f0min (F prommin

(1) = F prommin
(2)). This is because if there is no vocalization within a 

segment, F promm
 will take its nearest neighbor’s value (or nearest neighbor with a value). If there are two 

nearest neighbors, previous values take precedence over posterior neighbor’s value.

Step 3: involves processing the whole audio file (x) with YIN multiple times. This is purely to make 
timing information of YIN-bird’s output consistent with YIN. Each YIN estimation uses f0min taken 
from F prommin

(m). F prommin
 values are rounded to the nearest 100 Hz to reduce the number of times x 

is passed through YIN. If any two values in F prommin
 are equal, this reduces the number of times YIN 

is called from M to M − 1. Once all the pitch estimates have been collected, each segment dx(m) is 
assigned its pitch estimate from YIN’s output when f0min equals F prommin

(m). Finally, an output pitch 
vector from YIN-bird is concatenated, Yf0 YINbird (1:W) (where W is number of pitch values, reliant on 
YIN’s hop size (or frame rate, equal to 1.7 ms here) parameter).

5. Experimental setup
These experiments have two main goals: to evaluate the accuracy of pitch tracking on different 
types of bird vocalizations and to evaluate the benefit of using an adaptive f0min parameter (YIN-bird). 
To evaluate the accuracy of pitch tracking, a synthesized bird song data-set had to be generated 
with known ground truth pitch.

5.1. Data
Examples of birds that produce sounds discussed in Section 2 are given at earbirding.com (Pieplow & 
Spencer, 2013). Recordings of these birds were downloaded from xeno-canto.org, a popular website 

(1)
If: PF prom

(k) < mean(PF prom
(1:K))

then F prom(k) = NaN
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dedicated to sharing bird sounds from around the world (XC, 2013). Recordings were preprocessed 
manually using Adobe Audition to remove silence and unwanted birds where regions which did not 
contain birds of interest were highlighted and deleted. No other preprocessing or noise reduction was 

Table 1. Bird vocalization data
Category No. of examples Length (min:sec)
Whistles & hoots 107 40:09

Trills 65 13:02

Nasals 63 12:32

Table 2. Species which make up Whistles and Hoots data-set
Whistles & Hoots
American Robin—Turdus migratorius

American Robin—Turdus migratorius caurinus

Black-capped Chickadee—Poecile atricapillus

Black-capped Chickadee—Poecile atricapillus occidentalis

Black-chinned Sparrow—Spizella atrogularis

Black-chinned Sparrow—Spizella atrogularis cana

Canyon Wren—Catherpes mexicanus

Canyon Wren—Catherpes mexicanus mexicanus

Cedar Waxwing—Bombycilla cedrorum

Common Ground Dove—Columbina passerina

Common Ground Dove—Columbina passerina albivitta

Common Ground Dove—Columbina passerina griseola

Common Ground Dove—Columbina passerina pallescens

Common Ground Dove—Columbina passerina passerina

Dusky-capped Flycatcher—Myiarchus tuberculifer

Dusky-capped Flycatcher—Myiarchus tuberculifer nigriceps

Eastern Wood Pewee—Contopus virens

Field Sparrow—Spizella pusilla

Great Horned Owl—Bubo virginianus

Lesser Goldfinch—Spinus psaltria

Lesser Goldfinch—Spinus psaltria colombiana

Lesser Nighthawk—Chordeiles acutipennis

Lesser Nighthawk—Chordeiles acutipennis aequatorialis

Mountain Chickadee—Poecile gambeli

Mountain Chickadee—Poecile gambeli gambeli

Mourning Dove—Zenaida macroura

Mourning Dove—Zenaida macroura marginella

Northern Cardinal—Cardinalis cardinalis

Northern Cardinal—Cardinalis cardinalis superbus

Northern Saw-whet Owl—Aegolius acadicus

Northern Saw-whet Owl—Aegolius acadicus brooksi

Phainopepla—Phainopepla nitens

Phainopepla—Phainopepla nitens lepida

Spotted Sandpiper—Actitis macularius

Tufted Titmouse—Baeolophus bicolor
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used. Thus, the recordings varied in quality and background noise levels, as is typical of bird record-
ings taken in the wild. The data were grouped into “Whistles & hoots”, “Trills” and “Nasals”. The data 
are summarized in Table 1. The species each data-set is made up of are given in Tables 2–4.

5.2. Synthesized bird sounds
Bird vocalizations contain voiced and unvoiced parts. One way to view pitch tracker accuracy is to 
superimpose the pitch tracker output on the spectrogram. A good estimate will show the pitch track-
ing the lowest spectral peak of the voiced parts. This is subjective. To overcome this, we wanted a 
ground truth pitch to compare pitch tracker outputs too. Ground truth pitch refers to the true funda-
mental frequency of the periodic parts of the data-set. Unfortunately, no data-set with ground truth 
pitch for birds exists. The data in Table 1 inspired our creation of a synthesized bird sounds data-set 
complete with ground truth pitch. The synthesis system used here was taken from “Spectral Modeling 

Table 3. Species which make up Thrills data-set
Thrills
Ash-throated Flycatcher—Myiarchus cinerascens

Ash-throated Flycatcher—Myiarchus cinerascens cinerascens

Carolina Wren—Thryothorus ludovicianus

Carolina Wren—Thryothorus ludovicianus ludovicianus

Common Nighthawk—Chordeiles minor

Common Nighthawk—Chordeiles minor henryi

Dark-eyed Junco—Junco hyemalis

Dark-eyed Junco—Junco hyemalis aikeni

Dark-eyed Junco—Junco hyemalis dorsalis

Dark-eyed Junco—Junco hyemalis shufeldti—[Oregon]

Dark-eyed Junco—Junco hyemalis thurberi

Eastern Kingbird—Tyrannus tyrannus

Eastern Screech Owl—Megascops asio

Marsh Wren—Cistothorus palustris

Marsh Wren—Cistothorus palustris tolucensis

Mountain Pygmy Owl—Glaucidium gnoma

Scarlet Tanager—Piranga olivacea

Western Tanager—Piranga ludoviciana

Table 4. Species which make up Nasals data-set
Nasals
Black-billed Magpie—Pica hudsonia

California Quail—Callipepla californica

California Quail—Callipepla californica achrustera

Greater Pewee—Contopus pertinax

Killdeer—Charadrius vociferus

Killdeer—Charadrius vociferus ternominatus

Killdeer—Charadrius vociferus vociferus

Mountain Pygmy Owl—Glaucidium gnoma

Pinyon Jay—Gymnorhinus cyanocephalus

Red-breasted Nuthatch—Sitta canadensis

Sinaloa Crow—Corvus sinaloae

Sora—Porzana carolina
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Synthesis (SMS) Tools” a python implementation for analysis, transformation, and synthesis of musi-
cal sounds based on various spectral modeling approaches by Serra (1989). SMS contains a synthesis 
method called “sine plus residual (SpR)”, a method which uses peak detection.

The aim is to synthesize the periodic parts of the vocalizations (whistles, trills, and nasal data) and 
save a ground truth frequency. The non-periodic residual is then added to the synthesized periodic 
part to give a more natural sound. SpR requires parameters, like number of sines (we set this to 8), 
which is the number of sine waves used in the synth phase, and the power threshold, which sets the 
amplitude threshold required for a given peak to be highlighted as periodic. Power threshold was 
usually set to −60 dB but this varied for some recordings as manual supervision was required to 
ensure optimal rejection of non-periodic peaks and accurate ground truth prediction. Every frame 
will have peaks, but only the high amplitude peaks (amplitude at frequency bin per frame) will be 
highlighted as peaks to be synthesized as sine waves. In theory, high amplitude unvoiced peaks can 
be highlighted as periodic frames and low amplitude voiced frames can be missed as periodic frames 
for synthesis. In practice, only voiced parts will have a high concentrated amplitude at a frequency 
bin, whereas unvoiced sounds will have energy distributed across a wider bandwidth. Carefully 
choosing the threshold for different files prevents unvoiced parts being synthesized and being in-
cluded in the ground truth pitch signal. Inevitably some gaps in the ground truth will appear due to 
amplitude fluctuations of bird recordings. −60 dB rejected most of the non-periodic peaks but de-
pending on the amplitude this level was supervised so minimal non-periodic parts were incorrectly 
labeled as periodic ground truth. Varying the amplitude threshold does not bias evaluation of YIN-
bird, it just ensures a more accurate ground truth.

In summary, the output synth sound will contain synthesized sine waves and the original residual 
(non-periodic) audio added together in the frequency domain. The lowest sine track frequencies are 
saved as the ground truth. In some cases, the ground truth needs manual correcting, e.g. when the 
fundamental is missing, the 2nd harmonic would be incorrectly picked as the fundamental frequency. 
This method is proposed as the optimal way to generate a ground truth without resorting to fully 
manual labeling of pitch.

The SpR code can be found at Sinusoid plus residual python code (n.d.). All files in our data-set 
required resampling to 44.1 kHz to work with the SpR code. Each raw wave file (x[n]; fs = 44.1 kHz) 
was passed through Serra’s SpR system. A block diagram of the system can be seen in Figure 9. Input 
x[n] was windowed using a Hamming window (w[n]). Taking the FFT of each window (STFT) resulted 
in magnitude |X[k]| and phase < X[k]. |X[k]| and < X[k] were passed to a peak detector. The 
amplitude, frequency, and phase (Ap, fp, Pp) of the peaks were then passed to the sinusoidal tracking 
block where sine tracks were identified. These periodic sine tracks were used by the sine spectral 

Figure 9. Block diagram of SpR system used to synthesis the bird data with ground truth pitch. 

Source: Serra (1989).
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synthesis block to synthesize the periodic part of the bird vocalization. The non-periodic residual was 
found by subtracting the modeled periodic parts from the spectrum of the windowed input. The 
residual was added to the sine model to give a more realistic synthesized bird sound. The final 
synthesized sound (y[n]) was constructed by adding the residual spectrum (Xr[k]) to the periodic sine 
spectral synthesis output (Yh[k]) and calculating its IFFT to give yw[n]. This windowed signal passed 
through an overlap and add block to get the synthesized output signal (y[n]). The ground truth pitch 
(g[n]) was identified as the lowest frequency peak of the sine model over time. For unvoiced regions, 
g[n] was assigned a value of “NaN”. The parameters used for window and hop size were the same as 
YIN-bird so the ground truth signal would be the same length as the YIN-bird output.

5.3. Listener tests
Listener tests were performed to evaluate how well the synthetic sounds match the original record-
ings from Table 1. Listeners were asked to listen to original recordings of bird vocalizations followed 
by the synthesized version and compare the pair of audio clips on a scale of {−3, … , 3} (see Table 5 
for scale description). The scale was influenced by work in Sakamoto and Saito (2002), where listeners 
were asked to evaluate the speaker recognizability of synthetic speech using a similar scale. Three 
training examples were included with a recommended score revealed after listeners gave their an-
swer. Participants were asked “how are you listening?”. Thirty-six percent used over-ear headphones, 
22% in-ear headphones, 21% laptop speakers, 7% HQ external speakers, and 14% regular external 
speakers. Of 23 respondents, 13 described themselves as “Expert” listeners, 15 as “Intermediate” 
listeners, and 1 as “beginner” listener with regard to their understanding of bird song. Survey results 
didn’t show any difference between listener’s experience with bird song. There were 26 synthetic 
examples tested. The survey was designed on surveygizmo.com and remains available at Bird 
Synthesis Listening Survey (n.d). On a worst to best scale of {−3, … , 3}, the average score of the 23 
listeners was 2.17 which describes the synthetic sound as “Sounds very much like original, could be 
fooled into thinking it is a real bird". This test was used to clarify that the synthetic sounds are similar 
enough to the original recordings, that they can be used in our pitch estimation experiments.

5.4. Error metrics
Performance of the two pitch tracking systems was assessed using four standard error metrics 
(Babacan et al., 2013; Wei & Alwan, 2009).

•  �Gross Pitch Error (GPE) is the percentage of frames for which the absolute pitch error is higher
than a certain threshold. For speech, this threshold is usually 20%. As bird vocalizations tend to
have higher pitch, the threshold was reduced to 10%. Only frames considered voiced by both the 
pitch tracker and ground truth were included in this calculation.

•  �Fine Pitch Error (FPE) is the standard deviation of the absolute error in Hz. Frames that have
gross pitch errors were excluded. Only frames with ground truth and YIN estimates being voiced 
were used to calculate FPE.

•  �Voicing Decision Error (VDE) is the percentage of frames for which an incorrect voiced/unvoiced 
decision is made.

•  �F0 Frame Error (FFE) is the percentage of frames where either a GPE or VDE is observed.

Table 5. Listener testing evaluation scale
Evaluation Rate Description
Very different −3 Doesn’t sound like original, clear it’s a synth version

Fairly different −2 Sounds slightly different than original, most likely a synth

Little different −1 Sounds like original, most likely a synth

Fair 0 Sounds like original, might be a synth

Little similar 1 Sounds like original, unsure if a synth

Fairly similar 2 Sounds very much like original, could be fooled into thinking it is a real bird

Very similar 3 Sounds identical to original, confident it’s a real bird recording
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5.5. Experiment parameters
The commonly used YIN system was compared with YIN-bird. For YIN, parameters wide enough to 
accommodate all bird vocalizations were used. f0min was 500 Hz, window size was 6.7 ms, hop size 
was 1.7 ms (approximately 75% overlap), and quality was “good” which means estimates with ape-
riodic value of less than 2 × 0.2 (1 × 0.2 for “best”, convention used in YIN code) were considered 
voiced. For the trills, the window size was reduced to 2 ms for increased time resolution, as pitch 
changes more rapidly for these types of sounds.

YIN-bird used the same window sizes as used with YIN above. No f0min needed to be specified. The 
buffer size was set to 3,000 samples, meaning that for every 3,000 samples (68 ms) of the input 
audio file there would be a new value for f0min parameter.

6. Quantitative results
Pitch estimates using YIN, with parameters mentioned in Sections 5 and 5.5, were compared to 
ground truth pitch (g[n]) in Hz from the synthesized values. Pitch estimates using YIN-bird were also 
compared to the same ground truth. The results are shown in Table 6.

(a)

(b)

Notes: Pitch is plotted with circular markers (online version: blue) and ground 
truth with broken line (online version: green).

Figure 10. Performance comparison between (a) YIN and (b) YIN-bird on bird whistles. 
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When using YIN-bird for whistles, the GPE score shows an improvement of 1.09%. For trills, the 

improvement is 3.98%. Typical YIN and YIN-bird performance on whistle sounds is shown in Figure 10. 
This shows how YIN performs on synthetic bird syllables created in MATLAB. Note syllables (c), (d), 
and (h) experience octave errors or errors too low in Figure 10(a) (g[n]) is plotted with a broken line 
(online version: green) and the YIN pitch estimate is plotted with circular markers (online version: 
blue). The same errors are observed using SAP (Tchernichovski et al., 2011). Similar errors are pro-
duced by real data. These errors are corrected in Figure 10(b), where pitch values obtained YIN-bird 
are plotted.

Fine pitch error and voice detection error are included in Table 6 to show that the addition of an 
adaptive f0min in YIN-bird does not diminish FPE and VDE. YIN-bird reduces “pitch being too low” errors 
exclusively so VDE will not improve directly with YIN-bird. As FFE combines GPE and VDE, it can be 
used as an overall measure of pitch estimation performance (Babacan et al., 2013; Wei & Alwan, 
2009). For whistles and trills, the FFE improvement is 2.28 and 4.34%, respectively. An example of 
pitch tracking improvement for trills can be seen in Figure 11(a) and (b).

YIN-bird has reduced GPE and FPE for the ground truth data-set of whistles and trills. Not all bird 
sounds are a single tone. Nasal sounds contain many harmonics. Pitch tracking on nasal sounds with 
multiple partials is a challenge, especially when f0 is missing, as is possible. Although the GPE results 
can be presented as an improvement for nasals, Figure 12(a) and (b) show how the pitch estimations 
jump between bands for both YIN and YIN-bird for nasal sounds. YIN-bird tends to identify the pitch 
as the strongest partial instead of f0. If f0 is weak or missing, YIN-bird will set f0min to the prominent 
partial, thus estimating f0 to be the prominent harmonic rather than the absent f0. YIN sometimes 
identifies a weak f0 but other times estimates a higher partial. The correct ground truth for nasals is 
also difficult to establish. Our synthesis system is prone to suggesting the strongest partial to be the 
ground truth as opposed to the true f0 and manual ground truth corrections were required for some 
nasal examples. This is why nasal results are presented with caution. Although FPE is worse for YIN-
bird, that in itself is not an indicator YIN-bird performs poorly, Figure 12(b) however presents strong 
evidence against trusting YIN-bird for nasals.

It is worth noting that the validity of the comparison to ground truth heavily relies on the accuracy 
of the ground truth used. Section 5.2 discussed the establishment of the ground truth pitch for the 
synthesized songs and admitted that on some occasions errors may be present (e.g. the highlighted 
areas of Figure 13). The only alternative would be hand labeling combined with expert listening. In 
the absence of such a data-set, we feel the synthesized data-set represents the best possible 
trade-off.

Where energy in partials is higher than that at the fundamental, timbre of the sound will change; 
how this affects the birds perception is not known. Perhaps to some birds, quality is more important 

Table 6. Error rates using YIN and YIN-bird
GPE (%) FPE (Hz) VDE (%) FFE (%)

Whistles

YIN 1.67 40.97 25.72 26.37

YIN-bird 0.58 39.41 23.68 24.09

Trills

YIN 6.29 88.89 37.93 41.12

YIN-bird 2.31 63.75 35.61 36.78

Nasals

YIN 31.00 42.60 33.28 48.94

YIN-bird 6.21 58.67 32.69 35.60
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than pitch. If f0 is missing, the interval between harmonics could be used to calculate f0, but if har-
monics are mistuned or missing, then this method will fail also Kent (2004).

7. Automatic pitch extraction from populations
Results in Section 6 show YIN-bird outperforms YIN on a range of whistles and trills taken from a 
wide sample of birds. A major stated motivation in developing YIN-bird was to develop a tool to en-
able larger-scale automatic pitch extraction for the study of a single species. To show how YIN-Bird 
changes the pitch values obtained on calls from a large number of samples of a single species, pitch 
extraction for two populations of bird, the Dot-winged Antwren (DWA), scientific name Microrhopias 
quixensis, from Trifa et al. (2008), and the Wangi-Wangi Olive-backed Sunbird (WWOBSB), scientific 
name Cinnyris jugularis infrenatus, from O’Reilly et al. (2015), using YIN and YIN-bird was compared. 
The DWA data-set contained 100 recordings from 21 individuals amounting to 232 s. The WWOBSB 
data-set contained 261 recordings from 10 individuals amounting to 132 s. The probability density 
function (PDF) of the difference of consecutive pitch estimates (Δf0) is displayed in Figure 14. Octave 
or halving errors will lead to higher values of Δf0 and hence it is a useful indicator of the smoothness 

Figure 11. Performance comparison between (a) YIN and (b) YIN-bird on bird trill example from a 
Ash throated Flycatcher XC286838 (2013). 

(a)

(b)

Notes: Pitch is plotted with circular markers (online version: blue) and ground truth with broken line 
(online version: green).
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(a)

(b)

Notes: Pitch is plotted with circular markers (online version: blue) and ground 
truth with a broken line (online version: green).

Figure 13. Example of ground truth pitch errors due to reverb and amplitude 
variation of Eastern Wood Pewee synth example (XC 7704, 2013). 

Note: The GT errors the rectangles and circle.
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of a pitch contour. If pitch estimates of a syllable are accurate, consecutive values of Δf0 are typi-
cally not greater than 100 Hz. For example, if a monotone whistle at 2 kHz suffers an octave error in 
the middle of the vocalization, Δf0 would be approximately 1 kHz. Lower sigma thus suggests that 
there are less octave errors. Of course some bird populations with rapid pitch modulations can have 
a wide sigma but sigma of accurate pitch values will be lower than sigma for Δf0 values with a large 
number of octave errors for a given population of birds.

In Figure 14(a), sigma for Δ YIN pitch values is 475.60 Hz which is greater than 61.17 Hz, sigma for 
Δ YIN-bird pitch values. The same is observed for pitch estimates of WWOBSB, where Δ for YIN-bird 
has the tighter distribution, as shown in Figure 14(b). Lower probability of high Δ values suggests 
smoother pitch tracks which suggests less halving or octave errors.

8. Qualitative analysis
Syllable types that could be synthesized with accurate ground truth pitch were used to quantita-
tively evaluate YIN-bird performance. Pitch performance on syllable types that posed problems 

Figure 14. PDF of Δf
0
 values using YIN (continuous line; online version: blue) and YIN-bird (broken line;

 online version: red). (a) Dot-winged Antwren (DWA) and (b) Wangi-Wangi Olive-backed Sunbird 
(WWOBSB).

(a)

(b)
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when calculating ground truth pitch is discussed qualitatively here. These sounds can still be suc-
cessfully synthesized even though determining a ground truth pitch was not possible.

8.1. Harmonic (or Nasal) pitch tracking
As mentioned in Section 6, not all bird sounds are a single tone. Harmonic (or Nasal) sounds with 
strong energy at f0 are straightforward for PDAs, just like harmonics in speech do not diminish PDAs 
performance for humans. When the 2nd harmonic (2 × f0, sometimes referred to as the 1st overtone 
or 2nd partial) is stronger than f0, the PDA jumps between f0 and the prominent partial as shown in 
Figure 15(a) at syllables 2, 3, and 5 using YIN. YIN-bird will set f0min estimate to the 2nd harmonic and 
thus will track a single partial but incorrectly return the 2nd harmonic as f0 as shown in Figure 15(b) 
at syllables 2, 3, and 5. An example of missing f0 can be seen in Figure 15 at syllable 1. In Figure 15, 
f0 is missing from the first syllable and appears faintly for the other syllables. The 2nd harmonic is the 
prominent partial throughout the phrase in Figure 15. YIN pitch estimates jumps between f0 and 2nd 
harmonic in Figure 15(a), while YIN-bird tracks the 2nd harmonic in Figure 15(b).

Figure 15. Pitch tracking on Killdeer song with missing f
0
. (a) YIN pitch and (b) YIN-bird pitch. 

(a)

(b)

Source: XC 173884 (2013).
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The problem of missing fundamental, missing harmonic, and stronger higher order harmonics 

needs to be addressed as neither YIN or YIN-bird offer solutions to these problems. The advantage of 
YIN-bird is it will at least identify the prominent frequency partial and is less likely to jump between 
bands. Although YIN-bird is less likely to jump between partials while pitch tracking, when the promi-
nent frequency changes throughout a vocalization, the pitch estimation will jump as seen in Figure 16.

8.2. Two-voiced pitch tracking
Two-voiced sounds were introduced and two-voiced production explained in Section 2. YIN-bird 
pitch tracking performance on a two-voiced example can be seen in Figure 17. PDAs get confused 
between the two tracks and output estimates that try and find an estimate average or common 
denominator between the two pitch tracks. This ultimately does not give you the pitch of the 
signal.

Sometimes, two-voiced sounds can resemble harmonic sounds. Nowicki and Capranica (1986) 
showed that a Chickadee’s sound which resembled a harmonic sound was actually produced by 
heterodyne frequencies resulting in cross-modulation between the two syringeal sides. Pitch track-
ing of this phenomenon can be seen in Figure 18. Note the pitch estimate is at f0 sometimes even 
though it is missing from the vocalization. Pitch estimation using YIN-bird on this example tracks the 
partial at 3 kHz as the pitch (i.e. the prominent partial). In a true harmonic series, f0 is usually the 

Figure 16. YIN-bird performance on song of Sora where the prominent frequency changes between f
0
 

and 2nd harmonic. 

Source: XC 292447 (2013).

Figure 17. Typical performance of YIN-bird with two-voiced song shown on Pine Siskin song 
example. 

Source: XC 97358 (2013).
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Figure 19. Complex vocalizations of Nightingale. 

(a)

(b)

Figure 18. Red-breasted Nuthatch song. Harmonic-like sound produced by 
syringeal coupling. 

Source: Pieplow and Spencer, (2013); Nowicki and Capranica, (1986), XC 76418 
(2013).

Source: XC (2013).
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lowest and loudest partial but here a Red-breasted Nuthatch uses both sides of the syrinx simulta-
neously but not independently; instead, vibrating sources are coupled together to create what looks 
like a harmonic series but technically isn’t because f0 is missing and the prominent frequencies are 
around 3 kHz (Pieplow & Spencer, 2013).

8.3. Birds with complex vocalizations
Nightingales, Sedge Warblers, Sky larks, and Wood Warblers are just some of the birds that produce 
complex vocalizations. Figure 19 shows four complex phrases produced by Nightingales. Figure 
19(a) shows a series of rapid harsh sounds which sound like amplitude-modulated narrow band 
noise. Figure 19(b) shows three phrases repeated. The first syllable is a fast whistle with a 2nd har-
monic. The second syllable is made up of multiple partials but not a harmonic series. This is more 
than likely syringeal coupling or two-voiced biphonation and sounds harsh.

Examples of Sedge Warbler and Sky Lark vocalizations can be seen in Figure 20. The syllables in 
Figure 20(a) show what appears to be syringeal coupling. Greater amplitude at the higher partials 
makes them harsh sounding. Figure 20(b) shows rapid warble sounds. The time resolution had to be 
refined in order to display these syllables.

Figure 20. Complex vocalizations from (a) Segde Warbler and (b) Sky Lark. 

(a)

(b)

Source: XC (2013).
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These examples show the complexity of nightingale, Sedge Warbler, and Sky Lark’s song. Each 
syllable in isolation may not be complicated but the speed at which they vocalize and how rapidly 
the syllable type changes from whistles to trills or two-voiced leads to their overall complexity.

Throughout this section, an in-depth description of the challenges in tracking pitch of bird song is 
presented. Much work remains to be done before pitch tracking of complex song, like the song of 
Nightingale, Sedge Warbler, and Sky Lark, is performed automatically and accurately.

9. Conclusion
Bird vocalizations may sound no more complex than human speech, but recordings are usually sub-
ject to adverse conditions such as contaminant vocalizations and non-homogeneous noise back-
grounds (Kogan & Margoliash, 1998). This and the larger bandwidth make pitch tracking of bird song 
more complicated than simply applying human PDAs to bird recordings. Pitch is not only important 
for analysis and synthesis, but is used in measuring bird population similarity. This relies on accurate 
pitch estimation. Bird frequency range varies dramatically from species to species, and even within 
syllables in a song repertoire from a single bird. Hence, static YIN parameters are not useful in bird 
recordings. Results presented here have demonstrated that automatically determining the f0min pa-
rameter on a segment-by-segment basis for YIN (performed by YIN-bird) improves pitch estimation. 
This improvement can in turn improve accuracy on bird species and phrase comparisons, allowing 
fully automatic batch processing of large numbers of recordings from different species. The synthe-
sized bird calls and ground truth pitch have been shared for research at Bird synthesis database 
(n.d.). This will allow other researchers to compare the performance of PDAs on bird song in a quan-
titative manner for the first time.

A qualitative description of a range of vocalizations that pose problems for PDAs was also pre-
sented in detail and examples shown. Knowledge of when to use YIN-bird, depending on what type 
of vocalizations are being analyzed, is useful. Pitch estimates of whistles, harmonics with strong f0, 
and trills should be treated with confidence while pitch tracking on two-voiced and nasal sounds 
remains problematic.

The value of YIN-bird lies not only in this demonstrated performance improvement. The possibility 
of fully automatic processing of bird song to extract pitch will allow researchers to process larger 
amounts of data, improving certainty in tasks such as species comparison based on pitch measure-
ments. We encourage the use of the YIN-bird algorithm in popular bioacoustics software. Accurate 
extraction of pitch is also beneficial to statistical analysis of bird song as minimum, maximum, and 
peak frequency can be extracted from pitch contours generated by YIN-bird. Another publication 
under review presents YIN-bird extraction of these frequencies to automate a bird species delimita-
tion system presented in Tobias et al. (2010).
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An evaluation of glutathione transferase associated 
with Dichlorvos degradation in African palm weevil 
(Rynchophorus phoenicis) larva
Olufemi Samuel Bamidele1*, Joshua Oluwafemi Ajele1 and Folasade Mayowa Olajuyigbe1

Abstract: This study was conducted to investigate the metabolic defensive mecha-
nism in the larvae of African palm weevil (Rynchophorus phoenicis) administered with 
dichlorvos (2,2-dichlorovinyl dimethylphosphate) solution. Bioassay experiment with 
dichlorvos was conducted on the larva and glutathione-utilizing enzyme activities were 
determined in the major organs: fat body, gut, and head of R. phoenicis larva 48 h after 
treatment with 0–0.060 μg g−1 body weight dichlorvos solution. Glutathione transferase 
was purified from the gut of larvae by ion-exchange chromatography on diethylami-
noethyl-Sephadex A50 and affinity chromatography on glutathione-Sepharose 4B 
columns. The purified enzyme was homogenous as revealed by sodium dodecylsulfate 
polyacrylamide gel electrophoresis. Initial velocity studies were carried out on the puri-
fied enzyme using standard procedures. Bioassay experiment indicated alterations of 
glutathione peroxidase, glutathione reductase, and glutathione transferase activities 
in the major organs of larva caused by dichlorvos. Glutathione transferase activity in 
the gut of larva was three times higher than that of glutathione peroxidase and gluta-
thione reductase activities, an indication of possible detoxification role of glutathione 
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PUBLIC INTEREST STATEMENT
Insect pest constitutes a large group of plant 
enemies. Palm (Elaeis guineensis), an economically 
important perennial crop is a host of African 
palm weevil (Rynchophorus phoenicis). The larva 
of this pest cause more harm to palm than the 
adult. Palm weevil is controlled by insecticides. 
Insecticide sometimes failed due to the defense 
system inherent in the insect. In order to gain 
insight into the biochemistry of GST in the larva, 
palm weevil larva was treated with a known 
insecticide—dichlorvos and an assessment of 
some important enzymes that are linked to 
molecular defense in the larva were carried out. 
Glutathione-transferase, glutathione reductase, 
and glutathione peroxidase were altered by 
dichlorvos in the larva. Glutathione transferase 
associated with the breakdown of dichlorvos in 
the gut of larva was isolated and purified. The 
purified enzyme from the gut of larva showed a 
mechanism in which two substrates interact with 
the enzyme to form the products in any order. 
This study confirmed the presence of glutathione 
transferase in the larva and the enzyme may 
enhance removal of insect poison from the larva.
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transferase in the organ. A 49.7 kDa homodimeric glutathione transferase was identi-
fied from the gut of larva and was tagged rplGSTc. Mechanism of action of rplGSTc with 
1-chloro-2,4-dinitrobenzene, and glutathione as substrates conformed to the random 
sequential mechanism. These results confirmed the presence of GST associated with 
the degradation of dichlorvos in the gut of R. phoenicis larva.

Subjects: Biochemistry; Enzymology; Entomology

Keywords: glutathione peroxidase (GPX); glutathione reductase (GR); glutathione 
transferase (GST); insecticide; purification; R. phoenicis larva

1. Introduction
Palm (Elaeis guineensis) is an economically important plant cultivated in Nigeria. The primary products 
of palm are palm oil, palm kernel oil, and palm kernel cake (Soyebo, Farinde, & Dionco-Adetayo, 2005). 
The full yield potentials of palm products are affected by insect pests. African palm weevil, Rynchophorus 
phoenicis (Coleoptera: Curculionidae) is identified as one of the major insect pests of palm (Al-Ayied, 
Alswailem, Shair, & Al Jabr, 2006). Similar hosts of this insect are date palm (Phoenix dactylifera L.), 
raffia palm (Raphia spp.), and coconut palm (Cocos nucifera L.) (Bong, Er, Yiu, & Rajan, 2008; Gries et al., 
1994). The life cycle of R. phoenicis is similar to other Rynchophorus species (Giblin-Davis et al., 1996). 
Damage to the host is caused by the grubs (larvae). These larvae make tunnels in the trunk and feed 
on the tissues of the palm. Decaying of the tissues results in the production of a foul smell and if un-
checked, leads to death of palm (Mariau, Chenon, Julia, & Philippe, 1981). Huge loss of palm products 
and revenue may be caused by infestation of palm by R. phoenicis specie (Faleiro, 2010). However, in-
secticides are employed for the control of R. pheonicis and other related insect pests of palm (Barranco, 
de la Peña, Martín, & Cabello, 1998; Cabello, de la Pena, Barranco, Belda, & de la Pena, 1997).

Generally, insects can metabolize and thereby degrade toxic or otherwise detrimental chemicals for 
surviving in a chemically unfriendly environment. While all insects probably possess capacity to de-
toxify toxic chemicals, the amount can be expected to vary among species, with developmental stage, 
and with the nature of insect’s recent environment (Sívori, Casabé, Zerba, & Wood, 1997). Versatility in 
the adaptation of insects to environment is provided by the phenomenon of induction of detoxification 
systems in insects (Liu, Zhu, Xu, Pridgeon, & Gao, 2006; Sívori et al., 1997). It is obvious from reports on 
resistance to insecticides in various species of insects that the most important factor in the defensive 
system of insects is an increased capacity to detoxify insecticides, most likely as a result of the produc-
tion of additional enzymes of detoxification (Syvanen, Zhou, Wharton, Goldsbury, & Clark, 1996).

Glutathione (GSH)-related enzymes play pivotal role in the protection of biological cell against 
damage by toxic compound. The main protective roles of glutathione against oxidative stress con-
sist of glutathione acting as a cofactor of several detoxifying enzymes such as glutathione peroxi-
dase (GPX) and glutathione transferase (GST), participation in amino acid transport through the 
plasma membrane; scavenging hydroxyl radical and singlet oxygen directly, detoxifying hydrogen 
peroxide, and lipid peroxides by the catalytic action of glutathione peroxidase; regeneration of the 
most important antioxidants, Vitamins C and E, back to their active forms and reducing the tocoph-
erol radical of Vitamin E directly, or indirectly, via reduction of semidehydroascorbate to ascorbate 
(Masella, Di Benedetto, Varì, Filesi, & Giovannini, 2005). The capacity of glutathione to regenerate the 
most important antioxidants is linked with the redox state of the glutathione disulfide-glutathione 
couple (GSSG/2GSH) (Pastore, Federici, Bertini, & Piemonte, 2003).

GSTs (EC 2.5.1.18) catalyze the conjugation of glutathione to electrophilic centers of non-polar 
compounds, making them more water soluble and eliminated from the cells (Hayes, Flanagan, & 
Jowsey, 2005; Salinas & Wong, 1999). They are involved in the detoxification of various endogenous 
and xenobiotic compounds, such as drugs, insecticides, organic pollutants, secondary metabolites, 
and other toxins (Blanchette, Feng, & Singh, 2007; Hayes et al., 2005). They are also involved in the 
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biosynthesis and intracellular transport of hormones and protection against oxidative stress 
(Cnubben, Rietjens, Wortelboer, van Zanden, & van Bladeren, 2001; Hayes et al., 2005). GSTs are 
known to exist in dimers (homo- or heterodimers) (Vanhaelen, Francis, & Haubruge, 2004). Each GST 
subunit consists of two different domains, i.e. one-third of the N-terminal protein which provides the 
binding site for GSH (domain I), and two-third of the C-terminus which determines the substrate 
specificity (Armstrong, 1997). To date, at least nine classes of GSTs have been identified in mam-
mals, eight cytosolic, and one microsomal class. In insects, first two distinct classes were described, 
class I and class II GSTs with 40–90% similarity between members of the same class (Chelvanayagam, 
Parker, & Board, 2001; Hemingway, 2000). Class I insect GSTs has also been referred to as the Delta 
class and class II as Sigma (Chelvanayagam et al., 2001). Another insect GST class was established 
(class III), which is also named Epsilon class GST (Sawicki, Singh, Mondal, Beneš, & Zimniak, 2003). 
GSTs have been described to play a major role as a detoxification mechanism for insecticides, thus 
contributing to insecticide resistance in economically important pest species in diverse agronomic 
cropping systems (Huang et al., 1998; Vontas, Small, & Hemingway, 2001; Vontas, Small, Nikou, 
Ranson, & Hemingway, 2002; Yu, 2002). GSTs have been shown to be involved in the detoxification 
of several classes of insecticides, i.e. organophosphates, pyrethroids, carbamates, and chlorinated 
hydrocarbons such as DDT (Ranson, Prapanthadara, & Hemingway, 1997). GST-based resistance to 
insecticides was described to be facilitated by the increase in the level of expression of one or more 
GSTs (Hemingway, 2000).

Some previous reports have shown bio-pesticide as an alternative to synthetic insecticide for the 
control of similar insect pest (Abuhussein, 2008; Faleiro, 2006; Ghoneim, Beam, Tanani, & Nassar, 
2001; Nassar & Abdllahi, 2001). Although success had been recorded with the adult, but the R. phoe-
nicis larvae inhabiting the core of the host calls for concern. The metabolic adaptive feature of this 
larva to its host may be connected to the activity of detoxifying enzyme present in the larva. 
Evolvement of adult R. phoenicis from its larva having resistant trait may be a reason why an alterna-
tive control method is sought. Bamidele, Ajele, Kolawole, and Akinkuolere (2013) previously reported 
the alteration of endogenous antioxidant enzymes and non-antioxidant enzymes activities in the 
major organs of R. phoenicis larvae caused by dichlorvos (DDVP). A further step is to gain deeper in-
sight into the biochemistry of GST from R. phoenicis larva by elucidating the mechanism of defense 
against insecticide inherent in the larva. This study is designed to investigate organ distribution of 
some GSH-utilizing enzymes as well as to establish the involvement of glutathione transferase in the 
degradation of dichlorvos in the gut of larvae.

2. Materials and methods

2.1. Materials
Reduced glutathione (GSH), oxidized glutathione (GSSG), reduced nicotinamide adenine dinucleotide 
phosphate (NADPH), 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene (DCNB), bo-
vine serum albumin (BSA), GSTrap 4B (1 × 1 cm) column, and molecular weight marker were pur-
chased from Sigma Chemicals Company, St. Louis, USA. Diethylaminoethyl (DEAE)-Sephadex A50 
was from Pharmacia Fine Chemicals, Uppsala, Sweden. Insecticide: “Sniper 1000 EC” containing 
2,2-dichlorovinyl dimethylphosphate (DDVP, 1,000 g L−1) was manufactured by Hubei Sanonda Co. 
Ltd, Shashi Hubei, China. Other chemicals were of the highest purity commercially available.

2.2. Collection of insect larvae
African palm weevil (R. phoenicis) larvae (of 10.08 g mean body weight) were collected from 
Igbokoda palm plantation, Ondo State (7.2°N, 5.1°E) in June, 2014. Larvae were transported to the 
Enzymology Research Laboratory, The Federal University of Technology, Akure (FUTA) in an insect 
box constructed with iron-wire mesh (25 × 40 × 45 cm) and acclimatized to an air-conditioned labo-
ratory room at 25°C, relative humidity (75%), and exposed to 12 h L: D cycle for one week prior to the 
experiment. The larvae were reared on degraded palm fiber collected from infested palm tree. 
Identification of larva was carried out in the Entomology Research Laboratory, Department of 
Biology, FUTA.
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2.3. Larvae grouping
Individual weight of larva was taken and recorded prior to the experiment. Random selection meth-
od was used (based on recorded weights) to place active and stress-free larvae in groups. The larvae 
were divided into six groups consisting of 25 larvae per group. Group one was used as the control. 
The larvae were of an average weight of 10.08 g and the body length range of 7.0–8.0 mm in each 
group.

2.4. Administration of larvae with DDVP solution
Administration of larvae with DDVP solution was carried out according to Kostaropoulos, 
Papadopoulos, Metaxakis, Boukouvala, and Papadopoulou-Mourkidou (2001). Stock DDVP solution 
was prepared by dissolving “Sniper” solution in acetone and was diluted with normal saline (0.9% 
NaCl) to the desired concentrations of DDVP before administration. R. phoenicis larvae were admin-
istered 2 μL with different concentrations of DDVP (0, 0.20, 0.30, 0.40, 0.50, and 0.60 μg g−1 body 
weight) at two to three abdominal segments using a microsyringe. Care was taken to avoid punctur-
ing the alimentary tract. Control larvae received 2 μL of normal saline containing 40% acetone (sa-
line/acetone). Each DDVP concentration was administered into 25 individuals. Knocking down effect 
was recorded 48 h after treatment. The remaining live larvae were used for the analysis of GPX, GR, 
and GST. After the insects had been separated, they were immediately stored at −4°C. All tests were 
conducted at room temperature.

2.5. Dissection and preparation of larvae cytosolic fraction
Surviving larvae (n = 5) 48 h after exposure were demobilized by freezing, quickly dissected, and 
separated into three fractions; fat body (FB), gut (GT), and head (H) using dissecting kit. Fractions 
were stored below −20°C until use. The tissues were thereafter homogenized 1:3 (w/v) in ice-cold 
buffer: (25 mM potassium phosphate buffer, pH 7.2 containing 1 mM EDTA, and 1 mM 2-mercaptoe-
thanol). Crude cytosolic enzyme was prepared subsequently by differential centrifugation. 
Homogenate was centrifuged at 10,000 g for 30 min at 4°C using Eppendorf Table Top Centrifuge 
model 5418R (Germany); floating lipid was carefully removed from supernatant through a funnel 
plugged with glass wool. The supernatant obtained after filtration was stored in aliquots at below 
−4°C and subsequently used as crude enzyme. Protein concentration was determined by the method 
of Bradford, (1976) using bovine serum albumin (BSA) as the standard.

2.6. Glutathione peroxidase (GPX) activity assay
The GPX (EC 1.11.1.9) activity was measured with H2O2 as substrate according to Paglia and Valentine 
(1987). This reaction was monitored indirectly as the oxidation rate of NADPH at 340 nm for 3 min 
using Jenway 6280 UV/Visible spectrophotometer (USA). Enzyme activity was expressed as micro-
moles of NADPH consumed per minute per milligram of protein, using an extinction coefficient of 
6.220 M−1 cm−1. A blank without homogenate was used as a control for the non-enzymatic oxidation 
of NADPH upon addition of hydrogen peroxide in 100 mM Tris–HCl buffer, pH 8.0.

2.7. Glutathione reductase (GR) activity assay
Glutathione reductase (GR) was assayed according to the method described by Saydam, Kirb, and 
Demir (1997). The assay mixture (3.0 mL) consisted in final concentration of 100 mM potassium 
phosphate buffer (pH 7.4), 1 mM EDTA, 1 mM GSSG, 0.16 mM NADPH, and 30 μL of the crude enzyme. 
NADPH oxidation was monitored at 340 nm for 3 min at 25°C using Jenway 6280 UV/Visible spectro-
photometer (USA) and the enzyme activity was expressed as  μmol min−1 mg−1 protein.

2.8. Glutathione transferase (GST) activity assay
Measurement of GST activity was conducted according to the procedure described by Habig, Pabst, 
and Jakoby (1974). The GSH conjugation reaction was initiated by the addition of enzyme solution to 
a reaction medium consisting of CDNB (1 mM) and GSH (1 mM) as substrates in 100 mM phosphate 
buffer pH 6.5. The change in absorbance of product for 3 min was measured at 340 nm and 25°C 
using Jenway 6280 UV/Visible spectrophotometer (USA). The amount of conjugated product formed 
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was calculated using the extinction coefficient 9.6 mM−1 cm−1. Enzyme activity was defined as μmol 
of product formed per min per mg protein.

2.9. Purification of GST
Palm weevil (R. phoenicis) larvae were administered 2 μL sub—lethal DDVP solution (0.35 μg g−1) at 
two to three abdominal segments using a microsyringe. Control larvae received 2 μL of normal sa-
line containing 40% acetone (saline/acetone). Larvae were collected at 2 h intervals for a period of 
12 h from the control and treated larvae. They were immediately stored at −4°C and were later used 
for GST assay and SDS-PAGE analysis. Treatment of larvae was conducted at room temperature. 
Crude cytosolic enzyme was prepared subsequently by differential centrifugation as earlier de-
scribed. Crude enzyme solution (6 mL; 30.45 mg mL−1) was applied to an ion-exchange column of 
DEAE-Sephadex A50 (1.5 × 25 cm) previously equilibrated with 20 mM phosphate buffer pH 7.0 con-
taining 1 mM EDTA and 1 mM 2-mercaptoethanol. Flow-through fractions were collected at a flow 
rate of 1 mL min−1. After washing the column, the bound protein was eluted with a gradient of (0–
1.0 M) sodium chloride in the elution buffer. Fractions with GST activity were pooled, desalted by di-
alysis, and concentrated by ultrafiltration on Amicon PM membrane. Concentrated protein was 
further purified on pre-packed GSH-Sepharose 4B affinity (1 × 1 cm) column (GSTrap 4B) previously 
equilibrated with phosphate buffer saline (PBS), pH 7.4 (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4) according to the manufacturer instruction. Protein was eluted with the same buffer 
at a flow rate of 1 mL min−1 until no protein was detected in the flow through-fractions. Bound pro-
tein was eluted with 10 mM GSH in 50 mM Tris–HCl buffer, pH 8.0 (Konishi et al., 2005). The fractions 
with GST activity were pooled and subsequently used for electrophoretic and inhibition studies. All 
purification steps were conducted at 4°C.

2.10. Gel profile of GST
Purified GST was analyzed by SDS-PAGE using omniPAGE Vertical Electrophoresis system (England) 
according to the method of Laemmli (1970). Purified GST was mixed with protein sample buffer 
(0.0625 M Tris–HCl, pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol and 0.125% Bromophenol 
blue) and boiled for 2 min. A total of 21.50 μg of the mixture was subjected to 10% SDS-PAGE. After 
electrophoresis, gel was stained with 0.1% Coomassie Brilliant Blue R-250. Gels were thereafter 
destained in a destaining solution overnight.

2.11. Initial velocity of GST
Initial velocity rate measurements were performed in 100 mM potassium phosphate buffer pH 6.5 
containing EDTA and 2-mercaptoethanol at 25°C according to Bastien, Fournier, Baudras, and 
Baudras (1999). The reaction mixture (3 mL) consisted of buffer, varied concentrations of GSH 
(0.25–1 mM), and different concentrations of CDNB (0.25–1 mM) which were kept constant. Reaction 
rate measurements were also carried out with varied concentrations of CDNB (0.25–1 mM) at con-
stant varied concentrations of GSH (0.25–1 mM) which were kept constant. Substrates were freshly 
prepared during the experiment and ethanol concentration was kept at 4% in the reaction medium. 
Enzyme solution (30 μL) was added last to initiate the reaction. The appearance of product was 
monitored at 340 nm for 3 min. Reaction mixture without enzyme was used as a reference to correct 
non-enzymatic reaction. Each reaction rate was measured at least three times and then averaged. 
Data were fitted to the rectangular hyperbola equation and analyzed using Graphpad prism 6 
(Graphpad Software, San Diego, CA, USA). The kinetic constants (Vmax and Km) were also 
determined.

2.12. Statistical analysis
Data obtained from the experiments were presented as mean ± SD of the results from three inde-
pendent experiments. Kinetic data were analyzed using Graph pad prism 6 (Graphpad Software, San 
Diego, CA, USA). Data were statistically analyzed using one-way analysis (ANOVA) followed by 
Duncan’s New Multiple Test where appropriate.
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3. Results

3.1. GPX activity
Effect of DDVP on glutathione peroxidase activities in the FB, GT, and H tissues of R. phoenicis larva is 
shown in Figure 1. In the FB of DDVP-treated R. phoenicis larvae, GPX activities increased significantly 
(p < 0.05) with increased DDVP concentration when compared with the control. GPX activity of 
24.94 μmol min−1 mg−1 protein in the FB of larva was produced by 0.33 μg g−1 DDVP. In the GT of lar-
va, initial DDVP concentrations (0.22 and 0.33 μg g−1) caused increased GPX activity while higher 
concentrations caused a decline in GPX activity when compared with the control. GPX activity in the 
H tissue of larva decreased significantly (p < 0.05) with increased DDVP concentrations when com-
pared with the control. Highest GPX activity was recorded in the GT of larva.

3.2. GR activity
Effect of DDVP on glutathione reductase activity in the FB, GT, and H of R. phoenicis larva is shown in 
Figure 2. GR activity was DDVP-dose dependent in the three organs of R. phoenicis larva. GR activity 
was significantly increased in the gut of larva but declined at DDVP concentration greater than 
0.44 μg g−1 when compared with the control. Similar result was observed in the head of R. phoenicis 
larva.

3.3. GST activity
Figure 3 shows the effect of DDVP on glutathione transferase activity in the FB, GT, and H of R. phoe-
nicis larva. GST activity in the GT and H increased significantly (p < 0.05) with increased DDVP concen-
tration when compared with the control. Due to significant increase in GST activity in the gut of larva, 
further investigation of the effect of sub-lethal DDVP concentration (0.35 μg g−1) on GST activity in 
the GT for duration of eight hours was done. Bioassay results showed an increase in GST activity in 
the gut tissue of R. phoenicis larva as a function of time of DDVP treatment (Figure 4). The initial GST 
activity was similar for DDVP-treated and control larvae. The specific activity of crude GST from the 
gut of larvae treated with DDVP after 2, 4, 6, and 8 h were 20.49, 21.43, 25.34 and 22.52 μmol min−1 mg−1 
protein, respectively. GST activity in the treated larva was four times higher than in the control. GST 
was detected by SDS-PAGE (Figure 5).

Figure 1. Glutathione peroxidase activity of fat body (FB), gut (GT), and head (H) tissues of 
Rynchophorous phoenicis larva treated with varied concentration of DDVP solution.

Notes: Each value is the mean of five repetitions ± SD. Significant difference in the treated groups 
from their corresponding control was indicated by alphabets (a-f) at p < 0.05. 
Key: Control-larva treated with acetone in normal saline; D0.20-larva treated with 
0.20 µg g−1 (w/v) DDVP; D0.30-larva treated with 0.30 µg g−1 (w/v); DDVP D0.40-larva treated 
with 0.40 µg g−1 (w/v); DDVP D0.50-larva treated with 0.50 µg g−1 (w/v); DDVP D0.60-larva 
treated with 0.60 µg g−1 (w/v) DDVP.
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3.4. Purification of DDVP-induced GST
The elution profile of the crude enzymes from the gut of control and DDVP-treated larvae on DEAE-
sephadexA50 are shown in Figure 6(A) and (B), respectively. Glutathione transferase activity was 
detected in the flow-through fractions as indicated by the two major activity peaks “a” and “b” in 
Figure 6(A). Minor GST activity peak “c” indicated bound GST eluted with a linear gradient of NaCl in 
buffer solution. Elution profile of GST from gut of DDVP-treated larva (Figure 6(B)) was similar to the 
control (Figure 6(A)) but an observable difference existed with the bound protein. After protein was 
eluted with a (0–1.0 M) gradient of NaCl in buffer solution, GST activity detected in the fractions ob-
tained from bound protein was indicated as the GST activity peaks “c” and “d” in Figure 6(B). GST 
activity peak “c” was considered one of the GST isoenzymes associated with DDVP degradation in the 
gut of R. phoenicis larva. The specific activity of this ion-exchange purified GST was 
11.65 ± 0.72 μmol min−1 mg−1 protein. Further purification by GSH-Sepharose 4B affinity gel chroma-
tography revealed a major GST activity peak eluted with 10 mM GSH in buffer (Figure 7). The yield of 
purification of GST was 8.37 ± 1.61% of the total GST activity obtained from GSH-affinity 

Figure 2. Glutathione reductase activity of fat body (FB), gut (GT), and head (H) tissues of 
Rynchophorous phoenicis larva treated with varied concentration of DDVP solution.

Notes: Each value is the mean of five repetitions ± SD. Significant difference in the treated groups from 
their corresponding control was indicated by alphabets (a-f) at p < 0.05. 
Key: Control-larva treated with acetone in normal saline; D0.20-larva treated with 
0.20 µg g−1 (w/v) DDVP; D0.30-larva treated with 0.30 µg g−1 (w/v); DDVP D0.40-larva treated with 
0.40 µg g−1 (w/v); DDVP D0.50-larva treated with 0.50 µg g−1 (w/v); DDVP D0.60-larva treated with 
0.60 µg g−1 (w/v) DDVP.
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Figure 3. Glutathione transferase activity of fat body (FB), gut (GT), and head (H) tissues of 
Rynchophorous phoenicis larva treated with varied concentration of DDVP solution.

Notes: Each value is the mean of five repetitions ± SD. Significant difference in the treated groups from 
their corresponding control was indicated by alphabets (a-f) at p < 0.05. 
Key: Control-larva treated with acetone in normal saline; D0.20-larva treated with 
0.20 µg g−1 (w/v) DDVP; D0.30-larva treated with 0.30 µg g−1 (w/v); DDVP D0.40-larva treated with 
0.40 µg g−1 (w/v); DDVP D0.50-larva treated with 0.50 µg g−1 (w/v); DDVP D0.60-larva treated with 
0.60 µg g−1 (w/v) DDVP.
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chromatography (Table 1). The specific activity and purification fold of purified GST were 
52.16 ± 5.28 μmol min−1 mg−1 protein and 20.37 ± 2.43, respectively (Table 1). The affinity bound 
protein was tagged rplGSTc and used for the SDS-PAGE. rplGSTc showed a single band on a 10% gel 
and the estimated molecular weight was approximately 26.2 kDa (Figure 8(A)). Native gel electro-
phoresis revealed an estimated molecular weight of 49.7 kDa (Figure 8(B)).

3.5. Initial velocity of rplGSTc
Double reciprocal plot of rplGSTc-catalyzed reaction with respect to GSH is shown in Figure 9(A). The 
plot of 1/vo vs. 1/[CDNB] at constant varied concentrations of GSH were linear and the point of inter-
section or convergence of lines is on the 1/[CDNB] axis. The slopes and intercepts of double reciprocal 

Figure 4. Time-course glutathione transferase activity (GST) in the gut tissue of Rynchophorous 
phoenicis larva.

Notes: Each value is the mean of three repetitions ± SD. Experiment was conducted at room 
temperature.
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Figure 6. Elution profiles of glutathione transferase from the gut of (A) control R. phoenicis larva 
and (B) DDVP-treated R. phoenicis larva using ion exchange chromatography.

Notes: Crude enzyme was applied to a DEAE-Sephadex A50 (1.5 × 25 cm) column previously equilibrated 
with 25 mM potassium phosphate buffer, pH 7.2 containing 1 mM EDTA and 1 mM 2-mercaptoethanol. 
The protein was eluted at a flow rate of 1 mL min−1 and fractions of 5 mL each were collected. Fractions 
pooled: 33–37 (6B).
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plot in Figure 9(A) vs. 1/[GSH] were also linear (Figure 9(a)). Similarly, the plot of 1/vo vs. 1/[GSH] at 
constant varied concentrations of CDNB is shown in Figure 9(B). Double reciprocal plot of rplGSTc-cat-
alyzed reaction with respect to CDNB were linear and the point of convergence of lines is on the 1/[GSH] 
axis. Secondary replots of intercepts and slopes in Figure 9(B) vs. 1/[CDNB] were linear (Figure 9(b)). The 
estimated Km

CDNB and Km
GSH from the secondary replots were 0.191 ± 0.03 and 0.136 ± 0.02 mM, re-

spectively, while maximum velocity (Vmax) was 46.21 ± 7.23 μmol min−1 mL−1.

Figure 7. Elution profile of glutathione transferase on affinity chromatography-GSTrap 4B. Ion-
exchange-purified enzyme was applied to a GSH-Sepharose 4B (1 × 1 cm) column previously 
equilibrated with PBS, pH 7.4.

Notes: The protein was eluted at a flow rate of 1 mL min−1 and fractions of 1 mL each were collected. 
Bound protein was eluted with 10 mM GSH in 50 mM Tris–HCl buffer, pH 8.0. Fractions pooled: 13–18.

Table 1. Summary of purification of rplGSTc

Notes: Purification was conducted at 4°C. Values are mean ± SD of three repetitions.

Step Total protein 
(mg)

Total activity 
(μmol min−1)

Specific activity 
( μmol min−1 mg−1)

Yield (%) Fold

Crude GST 3,110.01 ± 194.2 8,011.22 ± 367.12 2.57 ± 0.16 100.00 ± 0.00 1.00 ± 0.00

Ion exchange 
chromatography

185.62 ± 11.5 2,164.25 ± 99.17 11.65 ± 0.72 27.10 ± 1.69 4.54 ± 0.28

GSTrap 4B 12.75 ± 2.34 665.05 ± 18.15 52.16 ± 5.28 8.32 ± 1.61 20.37 ± 2.43

Figure 8. Electrophorectograms of purified rplGSTc on (A) 10% polyacylamide gel slab at room 
temperature and (B) Native gel of 10% polyacrylamide. 

(A) (B)

Notes: Standard proteins ranging from molecular weight (MW) 17.27–103.14 kDa. Standard proteins 
ranging from molecular weight (MW) 29–272 kDa.
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WT4. Discussion
In this report, alteration of activities of some GSH-utilizing enzymes was observed in the fat body, 
gut, and head of DDVP-treated larva. This suggestively indicated the presence of GPX, GR and GST in 
the organs of the larva. Dose-dependent responses of GSH-utilizing enzymes against the concentra-
tion of DDVP were recorded. However, linearity was not observed with the increasing concentration 
of DDVP and the corresponding levels of GPX, GR, and GST activities in the organs. This observation 
might be on the account of sensitivity of individual larva to DDVP, genetic makeup, and different rate 
of elimination of the insecticide. Similar finding have been well documented by some authors 
(Bamidele et al., 2013; Vanhaelen et al., 2004; Zhang, Rashid, Ji, Rashid, & Wang, 2013). Due to the 
significantly increased activities of GPX, GR, and GST in the gut of larva, GSH-utilizing enzymes seem 
to play significant role in the gut of larva by probably degrading and detoxifying insecticide and its 
metabolites leading to removal of toxic compounds from the larval system. Also the various levels 
of glutathione-utilizing enzymes in the three organs showed that the individual organ handled the 
chemical assault differently. This is partly responsible for the degree of free radical scavenging and 
detoxifying activities in the larva.

Analysis of crude enzyme preparation from gut of treated larva by SDS-PAGE revealed increased 
intensity and broadness of GST bands at different time intervals after exposure. This observation 
conforms to the increased specific activity of GST measured over the period of exposure to the insec-
ticide. This also suggested the capacity of GST in the gut of larva to degrade the chemical insecticide. 
Earlier reports by some authors suggested that increased level of GSTs is one of the major reasons 
for the development of resistance by metabolic detoxification of insecticides (Zhang et al., 2013). 
Development of insecticide resistance is caused by increased levels of GSTs in diamondback moth 
and H. arnigera (Furlong & Wright, 1994; Mohan & Gujar, 2003). Enhanced activities of GSTs that 
confer insecticide resistance from both qualitative and quantitative alterations in gene expression 
are provided. Evidence for over-expression of one or more GST isoenzymes in resistant insects was 
observed in M. domestica (Fournier, Bride, Poire, Berge, & Plapp, 1992; Zhang et al., 2013).

Figure 9. Double reciprocal plot of rplGSTc-catalyzed reaction. (A) Plots of 1/vo vs. 1/[CDNB] at 
constant varied concentrations of GSH. (a) Secondary plot: plots of intercept or slopes 
in (A) vs. 1/[GSH]. (B) Plots of 1/vo vs. 1/[GSH] at constant varied concentrations of CDNB. (b) 
Secondary plot: plots of intercepts or slopes in (B) vs.  1/[CDNB].

(A) (B)

133An evaluation of glutathione transferase associated with Dichlorvos degradation...

_________________ WORLD TECHNOLOGIES _________________



WT

Purification processes revealed the possible GST associated with DDVP degradation in the gut of 
treated larva. It is evident therefore that GST among other GSH-utilizing enzymes is linked with the 
detoxification of insecticides and removal of possible metabolites from the gut of larva. The yield of 
the purified rplGSTc was significantly lower than that obtained in Myallopa florae (77%), Syrphus 
ribesii (65%) (Vanhaelen et al., 2004; L. paeta (41%) (Wu, Dou, Wu, & Wang, 2009). This might be due 
to loss of GST activity and unrecovered enzyme bound to resin during the purification steps. But, the 
yield of the purified rplGSTc was higher than S. inneta (3.3%) (Valles, Perera, & Strong, 2003). The 
purification step in this report were previously used by Konishi et al. (2005) and Shukor, Wajidi, 
Avicor, and Jaal (2014). The estimated molecular weights of rplGSTc from native gel and SDS-PAGE 
revealed that the soluble cytosolic GST might be homodimeric enzyme and the result is similar to the 
size of GST of many other insect species such as S. invicta (Valles et al., 2003); fall webworm H. cunea 
(Yamamoto, Miake, & Aso, 2007) and some Psocids (Dou, Wu, Hassan, & Wang, 2009; Wu et al., 
2009). The mechanism of rplGSTc appears to conform to the random sequential model. This is indi-
cated by the pattern of convergence of lines of double reciprocal plots in both cases of GSH and 
CDNB as variable substrates. This pattern would permit greater flexibility in the conjugation of vari-
ous xenobiotics to water soluble, less toxic products (Adewale & Afolayan, 2005).

Conclusively, Dichlorvos (DDVP) caused the alteration of some glutathione-utilizing enzymes in the 
major organs of R. phoenicis larva. The elevated levels of these enzymes suggested possible protec-
tive handling of the toxic tissue-damaging insect poisons in the gut of the larva. A novel 49.2 kDa 
homodimeric GST isoenzyme (rplGSTc) associated with DDVP degradation was purified and the en-
zyme revealed a random sequential mechanism toward its substrates. The present results indicate 
that GST might be involved in the degradation of dichlorvos in the gut of R. phoenicis larvae.
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 Catechins from green tea modulate neurotransmitter 
transporter activity in Xenopus oocytes

Y.X. Wang1,2,3, T. Engelmann1,2,3, Y.F. Xu1,2 and W. Schwarz1,2,3*

Abstract: The GABAergic and glutamatergic systems play key roles in controlling
activity of the central nervous system. Important membrane proteins in the mam-
malian central nervous system transporting extracellular GABA and glutamate are
the GABA transporter GAT1 and the glutamate transporter EAAC1. We investigated
the effect of catechins of green tea (Camellia sinensis) on the activity of GAT1 and
EAAC1 by detecting the respective electrogenic transporter-mediated current
under voltage clamp. Epigallocatechin-3-gallate inhibited GAT1-mediated current
to 50% at about 100 μM. The EAAC1-mediated current could be stimulated up to
80% by (-)-epicatechin; 50% of maximum stimulation was achieved by about 5 μM.
Inhibition of GAT1 and stimulation of EAAC1 will counteract hyperexcitability.

Subjects: Cell Biology; Neurobiology; Biophysics

Keywords: green tea; catechins; neurotransmitter transporter; voltage clamp

1. Introduction
The dominating inhibitory neurotransmitter in adult mammalian brain is γ-aminobutyric acid (GABA), 
and the dominating excitatory neurotransmitter is glutamate (Kandel, Schwartz, & Jessell, 2000). 
The GABAergic and glutamatergic systems play key roles in the occurrence of pathological condi-
tions like epilepsy. To control synaptic transmission and concentration of extracellular neurotrans-
mitter highly potent Na+ gradient-driven transporters mediate the removal of respective extracellular 
neurotransmitter by uptake into presynaptic neurons or surrounding glial cells (Zhou & Danbolt, 
2013). Transporters controlling extracellular concentrations of GABA and glutamate in the mam-
malian central nervous system are the GABA transporter 1 (GAT1) and the glutamate transporter 
EAAC1 (also named as EAAT3) (Bjørn-Yoshimoto & Underhill, 2016; Borden et al., 1994; Jensen, Chiu, 
Sokolova, Lester, & Mody, 2003; Lane et al., 2014). In addition to transporting glutamate, EAAC1 
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investigation of cellular events that might 
be involved in the effects of treatments by 
traditional Chinese medicine. This includes 
mechanisms of acupuncture in the periphery 
(acupuncture points) as well as in the central 
nervous system. In addition to acupuncture, 
effects of tradition Chinese herbal chemicals 
are tested. We investigate the modulation of 
activity of ion channels and carrier proteins by 
electrophysiological methods.
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Chemicals extracted from plants used in traditional 
Chinese medicine have become an important 
source for effective drugs used in Western 
medicine. An example is the anti-malaria drug 
artemisinin extracted from Artemisia annua 
(woodworm), which was honoured by Nobel 
Prize to Youyou Tu in 2015 and formed the basis 
of modern anti-malaria drugs. In our work, we 
screened a number of chemicals extracted from 
herbs that are used in Chinese medicine to treat 
neuronal diseases such as epilepsy. We found that 
catechines from green tea have some potency to 
modulate neurotransmitter transporters that are 
essential in controlling brain activity.
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mediates also neuronal uptake of cysteine and exerts critical neuroprotective function by interfer-
ence with neuronal glutathione metabolism (Aoyama & Nakaki, 2013).

GAT1 utilizes the inward movement of 2 Na+ ions and cotransport of 1 Cl− ion to transport 1 GABA 
molecule into the cell. Therefore, the activity can be monitored by recording the electrogenic cur-
rents. Also, EAAC1 is an electrogenic transporter by coupling the uptake of 1 glutamate molecule to 
the inward movement of 3 Na+ ions and 1 H+ and the counter-transport of 1 K+ ion.

For treatment of pathological conditions drugs have been designed to specifically modulate the 
function of a neurotransmitter transporter. For example, for treatment of epilepsy, drugs that in-
crease the inhibitory synaptic activity by elevation of the concentration or dwell time of GABA in the 
synaptic cleft (see Löscher, 1998) became potent anti-epileptica. Tiagabine (TGB), a highly selective 
inhibitor of GAT1 that can inhibit the re-uptake of GABA, is one of these drugs (Borden et al., 1994; 
Schachter, 2001).

In analogy to inhibition of GAT1 and the associated elevation of the extracellular inhibitory GABA, 
stimulation of EAAC1 results in a reduction of the synaptically excitatory glutamate (see, e.g. Schwarz 
& Gu, 2003). Hence, drugs that inhibit GAT1 and stimulate EAAC1 will counteract hyperexcitability. It 
has been demonstrated that, e.g. stimulation of δ-opioid receptor inhibits GAT1-mediated current (Pu 
et al., 2012) and stimulates EAAC1-mediated current (Xia, Pei, & Schwarz, 2006), a mechanism that 
might contribute to pain suppression (Pu, Xu, & Schwarz, 2015; Schwarz & Gu, 2003; Yang et al., 2008).

Chinese medicine has become a promising source for the development of new drugs. This strategy 
has recently been recognized by Nobel Prize to Youyou Tu in 2015 (see Tu, 2011) for her discovery of 
artemisinin from Artemisia annua as an effective anti-malarial drug. In Asia, green tea consumption 
has a long history not only due to its flavour, it is also assumed to have potential health care bene-
fits. Extracts of green tea (Camellia sinensis) have been used in Chinese medicine to prevent or treat 
various diseases (Cabrera, Artacho, & Giménez, 2006; Chen et al., 2011; Mereles & Hunstein, 2011), 
such as prostate cancer (Bettuzzi et al., 2006) and epilepsy (D’avila, Esteves Lopez, Patriarcha, & 
Araujo Restini, 2011; Noor, Mohammed, Khadrawy, Aboul Ezz, & Radwan, 2015; Xie et al., 2012); the 
effects had been attributed to the antioxidant effects of catechins. The most effective and most 
abundant component in the tea leaves is (-)-epigallocatechin-3-gallate (EGCG) (see Table 1). 
Although the effectiveness is controversially discussed (see e.g. Mereles & Hunstein, 2011; Mähler  
et al., 2013), interference of catechins from green tea with the GABAergic (Adachi, Tomonaga, 
Tachibana, Denbow, & Furuse, 2006) and glutamatergic system (Chou, Huang, Tien, & Wang, 2007) 

Table 1. Relative effect of 40 or 50 μM (-)-epicatechin and EGCG on GAT1- and EAAC1-mediated current, respectively, and 
of 1 μM TGB on GAT1-mediated current at −100 mV with respect to the current in the absence of drug. Data represent 
averages ± SEM of N experiments
Current mediated by (-)-Epicatechin EGCG Tiagabine
GAT1 1.00 ± 0.05 0.66 ± 0.08 0.34 ± 0.08

(N = 3) (N = 5) (N = 3)

EAAC1 1.79 ± 0.10 1.06 ± 0.05 Ineffective

(N = 5) (N = 10)

Structure
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could be demonstrated. Direct modulation of GABAA receptor as well as modulation of signalling 
pathways (e.g. (Hossain, Hamamoto, Aoshima, & Hara, 2002; Mandel, Weinreb, Amit, & Youdim, 
2004) were described. In our investigation, we evaluated whether catechins might interfere with the 
activity of the neurotransmitter transporters, and hence could be involved in the neuroprotective 
effects of green tea extracts.

2. Materials and methods

2.1. Xenopus oocytes preparation and microinjection
Xenopus oocytes were used as expression system for the GABA transporter GAT1 and the glutamate 
transporter EAAC1 and as a model system to test the effects of drugs extracted from green tea. The 
procedure of oocyte preparation and microinjection of the respective cRNA were as described previ-
ously (Gu et al., 2010; Pu et al., 2012). For expression of GAT1 or EAAC1 14 ng of the respective cRNA 
was microinjected per oocyte. After incubation for 24–48 h, the oocytes were ready for the voltage-
clamp experiments. Un-injected oocytes served as controls. In all our experiments we never could 
detect any GABA- or glutamate-induced responses in control oocytes. We like to point out that such 
tests are needed because occasionally batches of oocytes may show endogenous contributions 
(see, e.g. Steffgen et al., 1991).

2.2. Electrophysiological recording
To investigate the function of the neurotransmitter transporters, membrane currents were meas-
ured by conventional TEVC using Turbo TEC-03 with CellWorks software (NPI electronic, Tamm, 
Germany). Glass microelectrodes were filled with 3 M KCl, and balanced in ORi solution (see Solutions) 
for at least 30 min before recording. Steady-state current–voltage dependencies were determined 
by averaging membrane currents during the last 20 ms of 200 ms rectangular voltage pulses from 
−150 to +10 mV in 10 mV increments that were applied from a holding potential of −60 mV. Figure 1 
shows original current traces in response to voltage pulses in the absence and presence of GABA 
(Figure 1(A)) and glutamate (Figure 1(B)), and the corresponding steady-state current–voltage de-
pendencies. Transporter-dependent current was determined as the difference of total membrane 
current (see the lower traces in Figure 1) in the presence (middle traces) and absence (upper traces) 
of the respective neurotransmitter. The data were collected after analogue filtering at 100 or 300 kHz 
and analysed by Origin software (OriginLab Corp., USA). All experiments were performed at room 
temperature (about 25°C).

Figure 2 illustrates the protocol of a typical experiment for an oocyte with expressed GAT1. The 
holding current at −60 mV (Figure 2(A)) shows that perfusion of the oocyte chamber with solution 
containing different concentrations of GABA led to concentration-dependent increases of inward-
directed currents. The difference of steady-state current in the presence and absence of GABA rep-
resents the GAT1-mediated current. To correct for possible drifts of current with time, the current in 
the absence of GABA was determined as the average of current in pure ORi before and after the 
application of GABA. The respective current–voltage dependencies of this experiment are shown in 
Figure 2(B). Corresponding protocols were also applied to measuring EAAC1-mediated currents us-
ing glutamate as activator.

2.3. Solutions and drugs
The composition of the standard bath solution (ORi) was (in mM): 90 NaCl, 2 KCl, 2 CaCl2 and 5 MOPS 
(adjusted to pH 7.4 with Tris). All standard chemicals were purchased from Sigma-Aldrich Co. (St. 
Louis, MO, USA). EGCG (CAS 989-51-5, purity ≥98%) and (-)-epicatechin (CAS 490-46-0, purity ≥98%) 
were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA) or Seebio Biotech Co. Ltd. (Shanghai, 
China), respectively, and tiagabine (TGB, CAS 145821-59-6) from Biotrend Chemicals (Zurich, 
Switzerland). These chemicals were dissolved in dimethyl sulfoxide (DMSO) to prepare 10 mM stock 
solution, and diluted before the experiment to the desired concentration with the respective test 
solution. The final concentration of DMSO was always below 1%. The range of concentrations used 
in the experiments was based on preliminary screening to cover the range for 50% effects.
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2.4. Data analysis
To estimate the concentration K1/2 that is needed to obtain a 50% effect, we approximated the con-
centration dependence by a sigmoidal dependency using a Hill equation:

(1)
Y = Y

max

[X]n

[X]n + Kn
1/2

Figure 2. Protocol of a typical experiment. (A) Chart record of holding current at −60 mV illustrating the 
inward-directed current responses to different concentrations of GABA (deflections to the left). (B) 
Current–voltage dependencies of the respective GABA-induced steady-state currents determined as 
the difference of the currents in the presence and absence of GABA.
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with [X] representing the concentration of activator GABA or glutamate, or the concentration of the 
tested chemical, K1/2 represents the concentration where X produces half-maximum effect, n is the 
Hill coefficient describing cooperativity of binding of the respective substrate. Averaged data are 
presented as means ± SEM and were considered as significantly different by Student’s t test on the 
basis of p < 0.05.

3. Results

3.1. The effects of catechins on GABA transporter GAT1
As illustrated in Figures 1(A), (C) and 2, application of GABA induces inwardly directed current in 
oocytes with expressed GAT1. The dependency of current on GABA concentration at −100 mV (Figure 
3) can be described by Equation (1); for 50% stimulation a K1/2 value of 57.6 μM was obtained.
Analysis of the concentration dependence at −60 and −150 mV revealed no significant difference in 
K1/2 values. To test the effect of drugs on GAT1-mediated current an intermediate concentration of 
50 μM close to the K1/2 value was used in all experiments described below.

Since green tea extracts have been used in Chinese medicine for treatment of epilepsy (Noor et al., 
2015; Xie et al., 2012), we tested in particular the dominating EGCG and (-)-epicatechin (see Table 1) 
with respect to their effects on the GAT1-mediated current. While 40 μM (-)-epicatechin exhibited no 
significant effect (Table 1), and even 500 μM was ineffective, 40 μM EGCG showed about 35% inhibi-
tion (Table 1, and Figure 4(A)). A more detailed analysis of the concentration dependency revealed 
50% inhibition at about 100 μM EGCG at −100 mV (Figure 4(B)).

To compare the efficacy of EGCG with another potent GAT1 inhibitor that is successfully applied as 
antiepileptic drug, we determined the efficacy of TGB in inhibiting the GAT1-mediated current (Figure 
4(C)), a K1/2 value of 2.3 ± 0.8 μM was obtained (Figure 4(D)). These measurements confirm our earlier 
results from Eckstein-Ludwig, Fei and Schwarz (1999). TGB is by an order of magnitude more efficient 
in inhibiting GAT1 than EGCG, but nevertheless, this catechin may serve as a basis for the develop-
ment of new antiepileptic drugs.

3.2. The effects of catechins on glutamate transporter EAAC1
Similar experiments as described above for the effects of the catechins on the GAT1-mediated cur-
rents were also performed for EAAC1-mediated currents, which were determined as glutamate-ac-
tivated currents in oocytes with expressed EAAC1. The dependence of EAAC1-mediated current on 
glutamate concentration at −100 mV (Figure 5) can be described by Equation (1) with a K1/2 value of 
82 μM. Similar to the activation of GAT1 by GABA, analysis of glutamate dependency of EAAC1-
mediated current at −60 and −150 mV revealed no significant difference in K1/2 values. For analysing 
drug effects, EAAC1-mediated current was determined as current activated by 100 μM glutamate.

Figure 3. Dependence of GAT1-mediated current at −100 mV on GABA concentration. One corresponds 
to −415.7 ± 41.2 nA. Data point represent averages ± SEM from N = 5–11 oocytes. The line represents 
a fit of Equation (1) to the data with K1/2 = 57.6 ± 3.8 μM (n = 2).
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The effects of the two catechins on EAAC1 were opposite to those on GAT1. EGCG did not exhibit any 

effect on the EAAC1-mediated current, while (-)-epicatechin clearly affected the transporter. In fact, 
EAAC1-mediated current at −100 mV even became stimulated by about 80% by 50 μM (-)-epicatechin 
(see Figure 5(A) and compare values in Table 1). A more detailed analysis of the concentration de-
pendency revealed 50% of maximum stimulation at about 5 μM of the (-)-epicatechin (Figure 5(B)). 
The stimulatory effects seemed to saturate at about 80%.

Figure 5. Dependence of EAAC1-mediated current at −100 mV on glutamate concentration. One 
corresponds to 570 ± 75 nA. Data point represent averages ± SEM from N = 7 oocytes. The line 
represents a fit of Equation (1) to the data with K1/2 = 82.0 ± 2.9 μM (n = 1.9).

10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

EA
AC

1-
m

ed
ia

te
d 

cu
rre

nt
(n

or
m

al
iz

ed
)

Glutamate (µM)

Figure 4. Effect of EGCG (A, B) and of TGB (C, D) on GAT1- mediated current (A, C) Voltage dependence
of GAT1-mediated current (activated by 50 μM GABA) in the absence and presence of 100 μM EGCG 
(A: N = 3) and 1 μM TGB (B: N = 5). Dependence of the GAT1-mediated, steady-state current at 
−100 mV on EGCG (B) and TGB (D) concentration. 100% corresponds to −220 ± 11 nA (B) and 
−148 ± 17 (D). Data point represent averages ± SEM from N = 3 (B) and N = 5 (D) oocytes. The solid 
line represents a fit of Equation (1) to the data with K1/2 values of 99 ± 14 μM (n = 1) (B) and 
2.3 ± 0.8 μM (n = 1) (D).

-150 -100 -50 0

-300

-200

-100

0

(A) (B)

(C) (D)

 control
100 µM EGCG

G
AT

1-
m

ed
ia

te
d 

cu
rre

nt
 (n

A)

Membrane potential (mV)
1 10 100 1000

0

20

40

60

80

100

In
hi

bi
tio

n 
of

 
G

AT
1-

m
ed

ia
te

d 
cu

rre
nt

 (%
)

In
hi

bi
tio

n 
of

 
G

AT
1-

M
ed

ia
te

d 
cu

rre
nt

 (%
)

EGCG (µM)

TGB (µM)
-150 -100 -50 0

-200

-150

-100

-50

0

 conrol
 1 µM TGB

G
AT

-1
-m

ed
ia

te
d 

cu
rre

nt
 (n

A)

Membrane potential (mV)
0,1 1 10 100 1000

0

20

40

60

80

100

142 Animal Biology and Diversity

_________________ WORLD TECHNOLOGIES _________________



WT
4. Discussion
To investigate modulations of activity of GABA transporter GAT1 and glutamate transporter EAAC1, 
we determined the currents induced by 50 μM GABA and 100 μM glutamate, respectively. These 
concentrations were close to the K1/2 values of 57.6 μM for GAT1 and 82 μM for EAAC1.

Our results have shown that catechins extracted from green tea may indeed contribute to re-
ported anti-epileptic effects (D’avila et al., 2011; Noor et al., 2015; Xie et al., 2012) by interfering with 
neurotransmitter transporters. The established anti-epileptic drug TGB exerts it effect as a specific 
inhibitor of GAT1. The catechin EGCG also inhibits the GABA-uptake activity of GAT1, which would 
favour inhibitory synaptic activity. Epicatechin, on the other hand, stimulates glutamate-uptake ac-
tivity of EAAC1, which would reduce excitatory synaptic activity via reducing glutamate concentra-
tion in the synaptic cleft. Since EAAC1 also mediates uptake of cysteine, the stimulation may also 
promote neuroprotection via glutathione metabolism (Aoyama & Nakaki, 2013).

To achieve micromolar concentrations of EGCG or epicatechin in the human plasma, which are 
necessary for inhibition of GAT1 or EAAC1, respectively, a consumption of 50–60 cups of green tea 
would be necessary (Chow et al., 2005). Although it is not realistic to treat neuronal disorder like epi-
lepsy by drinking tea, concentrated extracts may have stabilizing potency via the inhibition of GAT1 
and stimulation of EAAC1. In addition, bioavailability of catechins is restricted due to metabolism 
(Yong Feng, 2006), and catechins may therefore form the basis of drug with higher bioavailability for 
modulating neurotransmitter transporters.

5. Conclusion
Our data demonstrate that catechins extracted from green tea can interfere with the activity of 
neurotransmitter transporters, EGCG inhibits GAT1 and (-)-epicatechin stimulates EAAC1, which may 
form the basis for the development of new drugs that exert their effects through interference with 
the neurotransmitter transporters.

Figure 6. Effect of epicatechin on EAAC1-mediated current (A) Voltage dependence of EAAC1-
mediated current (activated by 100 μM glutamate) in the absence and presence of 50 μM epicatechin. 
(B) Dependence of the EAAC1-mediated current at −100 mV on (-)-epicatechin concentration. 100% 
corresponds to 407 ± 92 nA. Data point represent averages ± SEM from N = 5 oocytes. The solid line 
represents a fit of Equation (1) to the data with K1/2 = 4.9 + 2.6 μM and maximum stimulation of 
79 + 9% (n = 1).

-150 -100 -50 0
-2.0

-1.6

-1.2

-0.8

-0.4

0.0

(A) (B)

control
50 µMepicatechin

EA
AC

1-
m

ed
ia

te
d 

cu
rre

nt
 (µ

A)

Membrane potential (mV)
1E-3 1 10 100

100

120

140

160

180

200

St
im

ul
at

io
n 

of
EA

AC
1-

m
ed

ia
te

d 
cu

rre
nt

 (%
)

Epicatechin (µM)

Acknowledgements
We gratefully acknowledge the technical assistance from 
Guohui Chen and Beibei Xing. DNA for EAAC1 and GAT1 were 
kindly provided by Dr Jian Fei.

Funding
TE and YW thank for financial travel support from 
“Vereinigung der Freunde und Förderer der Goethe-
Universität Frankfurt” to work in the laboratory in Shanghai. 
We are also grateful for support from Green Valley Holding 
Co. the Shanghai Key Laboratory of Acupuncture Mechanism 
and Acupoint Function [grant number 14DZ2260500], the 
National Basic Research Program of China [grant number 973 
Program 2012CB518502], and the National Natural Science 
Foundation of China [grant number 81403489] to Y. Xu.

Competing Interests
The authors declare no competing interest.

Author details
Y.X. Wang1,2,3

E-mail: wangyixinavg@gmail.com
T. Engelmann1,2,3

E-mail: timengelmann@aol.com
Y.F. Xu1,2

E-mail: annxu21@hotmail.com
W. Schwarz1,2,3

143Catechins from green tea modulate neurotransmitter transporter activity...

_________________ WORLD TECHNOLOGIES _________________

mailto:wangyixinavg@gmail.com
mailto:timengelmann@aol.com
mailto:annxu21@hotmail.com
mailto:schwarz@biophysik.org


WT

2  Shanghai Key Laboratory of Acupuncture Mechanism and 
Acupoint Function, Fudan University, Shanghai, China.

3  Institute for Biophysics, Goethe-University Frankfurt, 
Frankfurt am Main, Germany.

References
Adachi, N., Tomonaga, S., Tachibana, T., Denbow, D. M., & 

Furuse, M. (2006). (-)-Epigallocatechin gallate attenuates 
acute stress responses through GABAergic system in the 
brain. European Journal of Pharmacology, 531, 171–175.

Aoyama, K., & Nakaki, T. (2013). Neuroprotective properties of 
the excitatory amino acid carrier 1 (EAAC1). Amino Acids, 
45, 133–142. http://dx.doi.org/10.1007/s00726-013-1481-5

Bettuzzi, S., Brausi, M., Rizzi, F., Castagnetti, G., Peracchia, G., & 
Corti, A. (2006). Chemoprevention of human prostate 
cancer by oral administration of green tea catechins in 
volunteers with high-grade prostate intraepithelial 
neoplasia: A preliminary report from a one-year proof-of-
principle study. Cancer Research, 66, 1234–1240. 
http://dx.doi.org/10.1158/0008-5472.CAN-05-1145

Bjørn-Yoshimoto, W. E., & Underhill, S. M. (2016). The 
importance of the excitatory amino acid transporter 3 
(EAAT3). Neurochemistry International, 98, 4–18. 
http://dx.doi.org/10.1016/j.neuint.2016.05.007

Borden, L. A., Dhar, T. G. M., Smith, K. E., Weinshank, R. L., 
Branchek, T. A., & Gluchowski, C. (1994). Tiagabine, SK&F 
89976-A, CI-966, and NNC-711 are selective for the 
cloned GABA transporter GAT-1. European Journal of 
Pharmacology: Molecular Pharmacology, 269, 219–224. 
http://dx.doi.org/10.1016/0922-4106(94)90089-2

Cabrera, C., Artacho, R., & Giménez, R. (2006). Beneficial effects 
of green tea—A review. Journal of the American College of 
Nutrition, 25, 79–99. 
http://dx.doi.org/10.1080/07315724.2006.10719518

Chen, D., Wan, S. B., Yang, H., Yuan, J., Chan, T. H., & Dou, Q. P. 
(2011). EGCG, green tea polyphenols and their synthetic 
analogs and prodrugs for human cancer prevention and 
treatment. Advances in Clinical Chemistry, 53, 155–177. 
http://dx.doi.org/10.1016/B978-0-12-385855-9.00007-2

Chou, C. W., Huang, W. J., Tien, L. T., & Wang, S. J. (2007). 
(-)-Epigallocatechin gallate, the most active polyphenolic 
catechin in green tea, presynaptically facilitates Ca2+-
dependent glutamate release via activation of protein 
kinase C in rat cerebral cortex. Synapse, 61, 889–902.

Chow, H.-H. S., Hakim, I. A., Vining, D. R., Crowell, J. A., Ranger-
Moore, J., Chew, W. M., … Alberts, D. S. (2005). Effects of 
dosing condition on the oral bioavailability of green tea 
catechins after single-dose administration of Polyphenon 
E in healthy individuals. Clinical Cancer Research, 11, 4627–
4633. http://dx.doi.org/10.1158/1078-0432.CCR-04-2549

D’avila, B. F., Esteves Lopez, M. C., Patriarcha, F. A., & Araujo 
Restini, C. B. (2011). Effect of green tea (Camellia sinensis)
non epileptic seizures induced by pentylenetetrazol (PTZ) 
in rats. Pharmacologia, 2, 362–368.

Eckstein-Ludwig, U., Fei, J., & Schwarz, W. (1999). Inhibition of 
uptake, steady-state currents, and transient charge 
movements generated by the neuronal GABA transporter 
by various anticonvulsant drugs. British Journal of 
Pharmacology, 128, 92–102. 
http://dx.doi.org/10.1038/sj.bjp.0702794

Gu, Q. B., Du, H. M., Ma, C. H., Fotis, H., Wu, B., Huang, C. G., & 
Schwarz, W. (2010). Effects of α-Asarone on the 
glutamate transporter EAAC1 in xenopus oocytes. Planta 
Medica, 76, 595–598. 
http://dx.doi.org/10.1055/s-0029-1240613

Hossain, S. J., Hamamoto, K., Aoshima, H., & Hara, Y. (2002). 
Effects of tea components on the response of GABAA 
receptors expressed in xenopus oocytes. Journal of 
Agricultural and Food Chemistry, 50, 3954–3960. 
http://dx.doi.org/10.1021/jf011607h

Jensen, K., Chiu, C. S., Sokolova, I., Lester, H. A., & Mody, I. 
(2003). GABA transporter-1 (GAT1)-deficient mice: 
Differential tonic activation of GABAA versus GABAB 
receptors in the hippocampus. Journal of Neurophysiology, 
90, 2690–2701. 
http://dx.doi.org/10.1152/jn.00240.2003

Kandel, E. R., Schwartz, J. H., & Jessell, T. M. (2000). Principles of 
neural science (4th ed.). New York, NY: McGraw Hill.

Lane, M. C., Jackson, J. G., Krizman, E. N., Rothstein, J. D., Porter, 
B. E., & Robinson, M. B. (2014). Genetic deletion of the 
neuronal glutamate transporter, EAAC1, results in 
decreased neuronal death after pilocarpine-induced 
status epilepticus. Neurochemistry International, 73, 
152–158. 
http://dx.doi.org/10.1016/j.neuint.2013.11.013

Löscher, W. (1998). New visions in the pharmacology of 
anticonvulsion. European Journal of Pharmacology, 342, 
1–13. http://dx.doi.org/10.1016/S0014-2999(97)01514-8

Mähler, A., Mandel, S., Lorenz, M., Ruegg, U., Wanker, E. E., 
Boschmann, M., & Paul, F. (2013). Epigallocatechin-3-
gallate: A useful, effective and safe clinical approach for 
targeted prevention and individualised treatment of 
neurological diseases? EPMA Journal, 4, 1–17.

Mandel, S., Weinreb, O., Amit, T., & Youdim, M. B. H. (2004). Cell 
signaling pathways in the neuroprotective actions of the 
green tea polyphenol (-)-epigallocatechin-3-gallate: 
Implications for neurodegenerative diseases. Journal of 
Neurochemistry, 88, 1555–1569. 
http://dx.doi.org/10.1046/j.1471-4159.2003.02291.x

Mereles, D., & Hunstein, W. (2011). Epigallocatechin-3-gallate 
(EGCG) for clinical trials: More pitfalls than promises? 
International Journal of Molecular Sciences, 12, 
5592–5603.

Noor, N. A., Mohammed, H. S., Khadrawy, Y. A., Aboul Ezz, H. S., 
& Radwan, N. M. (2015). Evaluation of the neuroprotective 
effect of taurine and green tea extract against oxidative 
stress induced by pilocarpine during status epilepticus. 
The Journal of Basic & Applied Zoology, 72, 8–15. 
http://dx.doi.org/10.1016/j.jobaz.2015.02.001

Pu, L., Xu, Y. F., & Schwarz, W. (2015). Regulation of membrane 
transporters by delta-opioid receptors. In Y. Xia (Ed.), 
Neural function of the delta-opioid receptor (pp. 349–361). 
Cham: Springer International Publishing.

Pu, L., Xu, N. J., Xia, Q., Gu, Q. B., Ren, S. L., Fucke, T., … Schwarz, 
W. (2012). Inhibition of activity of GABA transporter GAT1 
by δ-opioid receptor. Evidence-Based Complementary and 
Alternative Medicine, 2012, ID818451.

Schachter, S. C. (2001). Pharmacology and clinical experience 
with tiagabine. Expert Opinion on Pharmacotherapy, 2, 
179–187. http://dx.doi.org/10.1517/14656566.2.1.179

Schwarz, W., & Gu, Q. B. (2003). Cellular mechanisms in 
acupuncture points and affected sites. In Y. Xia, G. H. Ding, 
& G.-C. Wu (Eds.), Current research in acupuncture (pp. 
37–51). New York, NY: Springer Science+Business Media.

Steffgen, J., Koepsell, H., & Schwarz, W. (1991). Endogenous 
L-glutamate transport in oocytes of Xenopus laevis. 
Biochimica et Biophysica Acta (BBA)-Biomembranes, 1066, 
14–20.

Tu, Y. Y. (2011). The discovery of artemisinin (qinghaosu) and 
gifts from Chinese medicine. Nature Medicine, 17, 1217–
1220. http://dx.doi.org/10.1038/nm.2471

Xia, P., Pei, G., & Schwarz, W. (2006). Regulation of the 
glutamate transporter EAAC1 by expression and 
activation of δ-opioid receptor. European Journal of 
Neuroscience, 24, 87–93. 
http://dx.doi.org/10.1111/ejn.2006.24.issue-1

E-mail: schwarz@biophysik.org
1  Shanghai Research Center for Acupuncture and Meridians, 

Shanghai, China.

144 Animal Biology and Diversity

_________________ WORLD TECHNOLOGIES _________________

http://dx.doi.org/10.1007/s00726-013-1481-5
http://dx.doi.org/10.1158/0008-5472.CAN-05-1145
http://dx.doi.org/10.1158/0008-5472.CAN-05-1145
http://dx.doi.org/10.1016/j.neuint.2016.05.007
http://dx.doi.org/10.1016/j.neuint.2016.05.007
http://dx.doi.org/10.1016/0922-4106(94)90089-2
http://dx.doi.org/10.1016/0922-4106(94)90089-2
http://dx.doi.org/10.1080/07315724.2006.10719518
http://dx.doi.org/10.1080/07315724.2006.10719518
http://dx.doi.org/10.1016/B978-0-12-385855-9.00007-2
http://dx.doi.org/10.1016/B978-0-12-385855-9.00007-2
http://dx.doi.org/10.1158/1078-0432.CCR-04-2549
http://dx.doi.org/10.1038/sj.bjp.0702794
http://dx.doi.org/10.1038/sj.bjp.0702794
http://dx.doi.org/10.1055/s-0029-1240613
http://dx.doi.org/10.1055/s-0029-1240613
http://dx.doi.org/10.1021/jf011607h
http://dx.doi.org/10.1021/jf011607h
http://dx.doi.org/10.1152/jn.00240.2003
http://dx.doi.org/10.1152/jn.00240.2003
http://dx.doi.org/10.1016/j.neuint.2013.11.013
http://dx.doi.org/10.1016/j.neuint.2013.11.013
http://dx.doi.org/10.1016/S0014-2999(97)01514-8
http://dx.doi.org/10.1046/j.1471-4159.2003.02291.x
http://dx.doi.org/10.1046/j.1471-4159.2003.02291.x
http://dx.doi.org/10.1016/j.jobaz.2015.02.001
http://dx.doi.org/10.1016/j.jobaz.2015.02.001
http://dx.doi.org/10.1517/14656566.2.1.179
http://dx.doi.org/10.1038/nm.2471
http://dx.doi.org/10.1111/ejn.2006.24.issue-1
http://dx.doi.org/10.1111/ejn.2006.24.issue-1


WT

Xie, T., Wang, W. P., Mao, Z. F., Qu, Z. Z., Luan, S. Q., Jia, L. J., & 
Kan, M. C. (2012). Effects of epigallocatechin-3-gallate on 
pentylenetetrazole-induced kindling, cognitive 
impairment and oxidative stress in rats. Neuroscience 
Letters, 516, 237–241. 
http://dx.doi.org/10.1016/j.neulet.2012.04.001

Yang, Z. J., Bao, G. B., Deng, H. P., Du, H. M., Gu, Q. B., Pei, G., … 
Xia, P. (2008). Interaction of δ-opioid receptor with 
membrane transporters: Possible mechanisms in pain 

suppression by acupuncture. Journal of Acupuncture and 
Tuina Science, 6, 298–300. 
http://dx.doi.org/10.1007/s11726-008-0298-3

Yong Feng, W. (2006). Metabolism of green tea catechins: An 
overview. Current Drug Metabolism, 7, 755–809. 
http://dx.doi.org/10.2174/138920006778520552

Zhou, Y., & Danbolt, N. C. (2013). GABA and glutamate 
transporters in brain. Front Endocrinol (Lausanne), 4, 165. 
doi:10.3389/fendo.2013.00165

145Catechins from green tea modulate neurotransmitter transporter activity...

_________________ WORLD TECHNOLOGIES _________________

http://dx.doi.org/10.1016/j.neulet.2012.04.001
http://dx.doi.org/10.1016/j.neulet.2012.04.001
http://dx.doi.org/10.1007/s11726-008-0298-3
http://dx.doi.org/10.1007/s11726-008-0298-3
http://dx.doi.org/10.2174/138920006778520552
http://dx.doi.org/10.2174/138920006778520552
http://dx.doi.org/10.3389/fendo.2013.00165


WT

The rough fur (ruf) mutation in mice is an allele of 
myelin protein zero-like 3 (Mpzl3)
Kenneth M. Palanza1, Legairre A. Radden II1, Mohammed A. Rabah1, Tu V. Nguyen1, Audra C. Kohm1, 
Malcolm E. Connor1, Morgan M. Ricci1, Jachius J. Stewart1, Sidney Eragene1 and Thomas R. King1*

Abstract: Background: The recessive rough fur mutation (ruf)―named for the un-
kempt, greasy appearance of the hair coat in homozygotes―has previously been
mapped on mouse Chromosome 9. However, the assignment of ruf to a particular
gene is needed to facilitate a complete molecular analysis of the mutant pheno-
type. Results: To establish a more refined location for ruf (as a basis for positional
cloning) DNA isolated from a large backcross family was typed for microsatel-
lite and single-nucleotide markers on Chromosome 9. This analysis restricted the
location of ruf between sites that flank only four genes known to be expressed in
skin, one of which―Mpzl3, for myelin protein zero-like 3―generates a similar hair
phenotype in mice homozygous for engineered and spontaneous null-alleles. A
cross between ruf mutants and mice heterozygous for the Mpzl3rc mutation (which
controls a recessive phenotype called rough coat) produced offspring that dis-
played matted, damp-looking fur, indicating that ruf is a mutant allele of Mpzl3.
However, sequence analysis of the Mpzl3 promoter, exons and splice junctions
revealed no mutant-specific DNA defect. Conclusion: The results presented indicate
that ruf is a mutant allele of Mpzl3. With a genetic assignment in hand, the rough
fur variant can now be more fully characterized to advance our understanding of
Mpzl3’s role in normal skin development and function, hepatic triglyceride syn-
thesis, weight regulation, energy and glucose homeostasis; and to model-related
human disorders.
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Subjects: Developmental Biology; Genetics; Molecular Biology

Keywords: positional candidate approach; complementation testing; intraspecific back-
cross mapping; hair morphology; rough coat (rc)

1. Introduction
The recessive rough fur mutation in mice (abbreviated ruf) generates a hair coat in homozygotes 
that looks unkempt and greasy by weaning age (see Figure 1) and persists thereafter. This mutation 
arose spontaneously in the C3H/HeJ inbred strain at The Jackson Laboratory (Bar Harbor, ME, USA) in 
1985, and its initial description (including frequently broken hairs and mild hyperkeratosis) and link-
age assignment to Chromosome (Chr) 9 were published by Sweet et al. (1990). Light and electron 
microscopic evaluation of the pelage skin from mutants by Park et al. (2001) showed large lipid de-
posits on the surface of the epidermis and in abnormally large sebaceous glands, suggesting that 
the rough fur mutant may be an animal model for a human disorder characterized by hyperlipido-
genesis, but no particular disorder was named.

To facilitate assignment of the mutant rough fur phenotype to a specific genetic cause―which 
would provide molecular probes for the further analysis of this interesting phenotype and help 
to identify an orthologous human disorder―here we have fine-mapped the ruf mutation with 
respect to various microsatellite and single-nucleotide polymorphisms on mouse Chr 9. This 
analysis identified a small set of co-localizing, skin-expressed candidate genes, and ruf has been 
found (by complementation testing) to be an allele of one of these, Mpzl3 (for myelin protein 
zero-like 3).

Figure 1. The rough fur phenotype. (A) A 60-day-old mutant (ruf/ruf) female is shown (bottom) with 
a phenotypically normal (heterozygous) sister (top). (B) The same mutant female is shown, standing 
upright.
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2. Materials and methods
Animals were housed and fed according to Federal guidelines, and the Institutional Animal Care and 
Use Committee at Central Connecticut State University (CCSU) approved of all procedures involving 
mice (Animal Protocol Applications 151 and 153). Mice from the standard inbred strains C57BL/6 J 
(Jax Stock Number 664) and C3H/HeJ (Jax Stock Number 659), inbred C3H/HeJ-ruf/J mice (Jax Stock 
Number 1544, segregating for ruf), and C57BL/6 J-Mpzl3rc/J mice (Jax Stock Number 540, segregat-
ing for rough coat, Mpzl3rc) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Both 
mutant strains were derived from cryopreserved stocks that were imported and then maintained at 
CCSU in testcrosses. Both mutants were reliably identified by the presentation of matted, greasy hair 
at weaning age.

Genomic DNA was isolated from 2 mm tail-tip biopsies taken from two- to three-week-old mice 
using Nucleospin® Tissue kits distributed by Clontech Laboratories, Inc. (Mountain View, CA, USA), as 
directed. The polymerase chain reaction (PCR) was performed in 13 μl reactions using the Titanium 
PCR kit from Clontech Laboratories, as directed. Oligonucleotide primers for PCR were designed and 
synthesized by Integrated DNA Technologies, Inc. (Coralville, IA, USA), based on sequence informa-
tion available online (Ensembl Mouse Genome Server, 2017; Mouse Genome Database [MGD], 2017). 
To score PCR product sizes for seven different microsatellite markers on Chr 9 (Dietrich et al., 1996), 
reactions plus 2 μl loading buffer were electrophoresed through 3.5% NuSieve® agarose (Lonza, 
Rockland, ME, USA) gels. Gels were stained with ethidium bromide and photographed under ultravio-
let light (see Supplementary Figure S1 for typical results). In addition, four DNA markers based on 
single nucleotide polymorphisms (SNPs) previously reported to differ between strains C3H/He and 
C57BL/6 (MGD, 2017) were also scored. These markers (herein designated SNPA-D) are described in 
detail in Supplementary Tables S1 and S2 (and typical results are shown in Supplementary Figure 
S2). For DNA sequence analysis, about 1.5 μg of individual PCR amplimers were purified and concen-
trated into a 30 μl volume using QIAquick® PCR Purification kits (Qiagen Sciences, Germantown, MD, 
USA) prior to primer-extension sequence analysis performed by SeqWright DNA Technology Services 
(Houston, TX, USA) or by the Keck Foundation Resource Laboratory at Yale University (New Haven, 
CT, USA).

The Mpzl3rc mutation is a G to A transition at position 9:45066394 that is predicted by Cao et al. 
(2007) to cause the substitution of a conserved, basic arginine at position 100 with a polar glu-
tamine. This point mutation also destroys an AlwI target site. Carriers of the recessive Mpzl3rc allele 
were thus identified by endonuclease treatment of a 370 bp PCR product directed by forward (5′ 
GACAGCCAAGGGAAGAGAAG 3′) and reverse (5′GGAGTCACAGCATGAGAAGAG 3′) primers that flank 
Exon 3, which contains the rc mutation (see Supplementary Figure S3).

Total RNA was isolated from skin samples taken from 1-month-old mutant and control mice using 
the Nucleospin® RNA Midi kit by Macherey-Nagel (Bethlehem, PA, USA). From these total RNA sam-
ples, poly-A+ mRNA was purified using the NucleoTrap® mRNA kit (also by Macherey-Nagel), and 
cDNA was generated using the SMARTer® RACE 5′/3′ kit (Clontech Laboratories, Inc.). To detect 
Mpzl3-specific sequences, primer pairs that flanked exon-junction boundaries [Exon 2 
(5′-GTGCGCGTATCGTCCTCTCCTTG-3′) and Exon 4 (5′-TCTTATAGCCAGACCTGCTCCTCTTCTG-3′), or Exon 
4 (5′-GCTGTCTTCTGTGGCCCTTCTCTC-3′) and Exon 6 (5′-GTCATGAGTCCCTTCTGCGAGTTTCC-3′)] were 
used to direct standard PCR amplifications of these cDNAs. To detect mouse β actin (Actb)  
transcripts, a primer pair within Exon 4 (5′-CCCAGCCATGACGTAGCCATCCA-3′ and 

5′-GAAGCTGTAGCCACGCTCGGTCAG-3′) was used. The resulting products were visualized in 3% 
NuSieve® agarose gels. For primer-extension sequencing, these products were purified and concen-
trated (as described above) and shipped to SeqWright DNA Technology Services or the Keck 
Foundation Resource Laboratory at Yale University.
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The linkage of ruf on mouse Chr 9, about 3.5% recombination centromeric to Apoa1, was reported by 
Sweet et al. (1990), but its location has not been defined with respect to other molecular markers. To 
further refine ruf’s chromosomal location, we produced a 588-member backcross (N2) family by 
breeding (C57BL/6 J x C3H/HeJ-ruf/J)F1 females with C3H/HeJ-ruf/J mutant males. These N2 mice 
were typed for their hair phenotype, and DNA isolated from each mouse was characterized for vari-
ous PCR-scorable, microsatellite markers (Dietrich et al., 1996; and see Figure S1) that lie near and 
centromeric to Apoa1. This haplotype analysis (summarized in Figure 2) positioned ruf between 
markers D9Mit129 and D9Mit192, very near marker D9Mit25 (C3H/HeJ- or C57BL/6 J-derived alleles 
of which were never meiotically separated from ruf or ruf+ alleles, respectively, in this backcross 
panel).

To more precisely locate ruf in this interval, the five mice recombinant between D9Mit129 and 
D9Mit192 (see Figure 3(A)) were typed for four single-nucleotide polymorphisms (SNPs) that lie within 
that interval (and are described in detail in Supplementary Tables S1 and S2, with typical results dis-
played in Supplementary Figure S2). This analysis, summarized in Figure 3(B), positioned the three 
crossovers that fell centromeric to ruf between D9Mit129 and SNP A; and the two crossovers that fell 
telomeric to ruf were located between SNP C and D. These results show that the ruf mutation must lie 
between D9Mit129 and SNP D, very near SNP A, B, and C, which (like D9Mit25) were never separated 
from ruf in this backcross panel. This 1.4-Mb span contains 51 genes or processed transcripts, only four 
of which (Cbl, for Casitas B-lineage lymphoma; Arcn1, for archain 1; Kmt2a, for lysine (K)-specific 
methyltransferase 2A; and Mpzl3, for myelin protein zero-like 3) are known to be expressed in skin 
(MGD, 2017)(see Figure 3(B) and 3(C)). Each of these candidate genes has been knocked out in mice 
(Cbl, Thien et al., 2003; Arcn1, Xu et al., 2010; Kmt2a, McMahon et al., 2007), but only mutants homozy-
gous for Mplz3 null alleles (Czyzyk et al., 2013; Leiva et al., 2014) presented hair and skin anomalies 
that are similar to the rough fur phenotype.

Figure 2. Segregation of alleles of ruf and 7 dimorphic microsatellite markers among 588 progeny 
from an intraspecific mouse backcross. Heterozygous F1 mice (C3H/HeJ-ruf/J x C57BL/6 J) were 
backcrossed to homozygous C3H/HeJ-ruf/J mutants. The resulting progeny were scored for their rough 
fur phenotype, and a DNA sample from each mouse was typed for the microsatellite markers shown at 
the left. Only the Chr 9 haplotype inherited from the F1 parent is shown (with a knob at the top of the 
haplotype representing the centromere), and the number of mice inheriting that haplotype is shown 
below it. Very similar numbers of heterozygous and mutant progeny (as expected for a testcross, 
p > 0.8) suggest that the mutant phenotype is both fully penetrant and fully viable. The two 
phenotypically normal recombinants marked with an asterisk show that the ruf locus must lie 
centromeric to D9Mit192. The three mutant recombinants marked with a dagger show that ruf must 
lie telomeric to D9Mit129. Genetic distances in percentage recombination are shown to the right (± 1 
Standard Error).
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WTTo determine if ruf might be an allele of Mpzl3, we crossed ruf/ruf mutants with mice heterozygous 
for the spontaneous rough coat mutation (Dickie, 1966; Ruvinsky et al., 2002), which has been shown 
to be an allele of Mpzl3 by Cao et al. (2007) and is now designated Mpzl3rc. Because the progeny that 
inherited both ruf and a recessive Mpzl3rc allele showed matted, greasy hair (while siblings that in-
herited ruf and Mpzl3+ did not)(see Figure 4), we conclude that these recessive mutations “fail to 
complement”, indicating that ruf is a variant allele of Mpzl3.

Seeking a ruf-specific defect, we sequenced all 6 exons of the Mpzl3 gene (including both coding 
and untranslated regions―see Figure 3(C)), at least 20 base pairs of all intronic splice junctions, and 
more than 3,400 bp from the promoter region in genomic DNA from ruf/ruf mutants and from con-
trol C57BL/6 J and C3H/HeJ mice, but found no sequence differences among any of these templates 
(data not shown). Next, we isolated poly-A+ mRNA from mutant (ruf/ruf) and control (C3H/HeJ and 
+/ruf heterozygous) skin, and amplified sequences between Exons 2 and 6 of Mpzl3 (see Figure 5). 
Mutant and control product lengths were the same, and sequence analysis of these amplimers (data 
not shown) verified the normal splicing of Mpzl3, Exons 2–6, in mutant (and control) skin.

Random retroviral insertions have been estimated to be the cause of 10–15% of all spontaneous 
mutations in mice (Maksakova et al., 2006), and more than half of these have occurred on the C3H/
He genetic background—where the ruf variant originated. On that basis, we set out to test non-
coding regions in and around Mpzl3 for the presence of a large DNA insertion (such as an endoge-
nous retroviral element, ERV) that might be specifically associated with the ruf mutation. To do this, 
we designed primer pairs for PCR that would generate amplimers of about 800–1,200 bp using wild 
type C3H/HeJ genomic DNA templates. A primer pair that gives the expected amplimer size in reac-
tions including wild type C3H/HeJ template DNA, but fails to amplify a product from C3H/HeJ-ruf/ruf 
templates might flank a mutation-specific ERV. We have recently used this “scanning” approach to 
identify the novel insertion of an ERV element of the IAP family, sub type I∆1, into the Gata3 gene in 
mice (Connor & King, 2016) that is specific to (and the likely cause of) the juvenile alopecia mutation 
(abbreviated jal) which also occurred spontaneously on the C3H background, and which, like ruf, 
showed no DNA defect in coding regions (Ramirez et al., 2013). However, our scan of Mpzl3 revealed 
no large, ruf-specific insertion in any of the introns, in more than 4,900 bp downstream of the poly-
adenylation signal, nor in more than 5,000 bp upstream of the +1 site.

Characterization of other spontaneous (Mpzl3rc, Hayashi et al., 2004; Cao et al., 2007) or engi-
neered, loss-of-function alleles (Mpzl3tm1(KOMP)Mbp, Czyzyk et al., 2013; Mpzl3tm1Tacz, Leiva et al., 2014) 
has revealed a complex array of physiological roles for Mpzl3 that includes regulation of body mass, 
accumulation of adipose tissue, and progressive alopecia. We therefore measured these attributes 

 

Figure 3. Physical maps of the ruf region on mouse Chr 9. (A) The relative positions of the seven microsatellite markers typed 
within the backcross panel are shown (with a 1 Mb scale bar). The crossovers found in each marker-defined interval are shown 
as a red “x” for crossovers that fell centromeric of ruf, and as a blue “x” for crossovers that fell telomeric to ruf. As described in 
Figure 2, the ruf locus must be located between markers D9Mit129 and D9Mit192. (D9Mit25 was never meiotically separated 
from ruf in this backcross panel.) (B) The relative positions of the four SNP markers typed within the backcross panel are shown 
for the 1.7 Mb region that is flanked by D9Mit129 and D9Mit192 (with a 0.15 Mb scale bar). Three crossovers that fell between 
D9Mit129 and SNP A, and cenomeric to ruf, are depicted by red x’s. Two crossovers that fell between SNP C and SNP D, and 
telomeric to ruf, are depicted by blue x’s. (SNP A, B, and C never separated from ruf in this backcross panel.) These data limit the 
location of ruf to a 1.4 Mb span between D9Mit129 and SNP D, where 49 protein coding genes (orange and green boxes), 2 
processed transcripts (blue boxes), 11 RNA genes, (purple boxes), and 3 pseudogenes (grey boxes) are located. Only 4 of these 
protein-coding genes (green boxes) are known to be expressed in skin: Cbl, Arcn1, Kmt2, and Mpzl3. (C) The Mpzl3 gene is 
expanded to show the 6 exons it comprises (with a 3 kb scale bar). Tall green boxes represent coding regions and shorter white 
boxes indicate the 5′ and 3′ untranslated regions. The number below each coding segment or above each intron is its length in 
base pairs; the base-pair lengths of noncoding segments are in parentheses. All of the Mpzl3 exons and more than 3,400 bp 
upstream of the + 1 site were sequenced, but no mutant-specific changes were found.
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in a set of 48 N2 mice (half male, half female; half mutant and half control heterozygotes) from the 
backcross described above, over the course of 28 weeks. While mutant (ruf/ruf) and control (+/ruf) 
males gained mass at the same rate, on average (data not shown), mutant females weighed, on 
average, less than wild-type female controls at all time points, although this difference was not 
statistically significant (Figure 6(A)). For example, in week 28, the average mass was 30.6 ± 5.2 g for 
control females and 25.7 ± 4.6 g for mutant females (± 1 standard deviation). At week 28, these ani-
mals were euthanized, abdominal fat was dissected away from other visceral organs, weighed, and 
recorded as the percentage of total body mass. Again, mutants and controls showed no discernible 
difference among males, on average (data not shown). By contrast, female mutants showed more 
than threefold less adipose tissue at 28 weeks of age than heterozygous controls, although this dif-
ference was not statistically significant (Figure 6(B)). Each week during this 28-week study, the 
percentage of furless body surface (to the nearest 5%) was also estimated. No control mice showed 
any hair loss prior to week 18, and, by the end of the study, only a few (5/24) showed a modest de-
gree of alopecia (affecting less than 50% of the body surface). By contrast, alopecia appeared in the 
mutant cohort as early as week 7, and, by the end of the study, most mutants (20/24) showed gener-
ally larger bald patches, which affected from 5 to 90% of the body surface (see Figure 6(C)).

Figure 4. The recessive ruf and Mpzl3rc mutations fail to complement in doubly heterozygous mice. A 
cross between Mpzl3+/Mpzl3rc heterozygotes and ruf/ruf mutants yielded 17 phenotypically normal and 
14 progeny with matted hair, suggesting that ruf is a mutant allele of Mpzl3. (A) Representative, 30-
day-old progeny from this cross are shown: the mouse on the lower left is phenotypically normal, while 
the mouse toward the upper right displays damp-looking, matted fur. (B) The Mpzl3rc status of all 
complementation-test progeny was verified by a DNA test that reveals the rc-specific missense 
mutation (see Supplementary Figure S3). Lanes that used template DNA from mice with a wild-type 
phenotype are marked “W”, and those using template DNA from mice with a mutant phenotype are 
marked “M”. All 31 complementation-cross progeny were genotyped (typical results are shown), and 
all phenotypic mutants were proven to carry the defective Mpzl3rc allele and one copy of the ruf allele. 
All phenotypically normal mice carried one copy of ruf, but no copy of Mpzl3rc.
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4. Discussion
We have taken a positional-candidate approach to assign the classic rough fur mutation in mice to 
the Mpzl3 gene. Although we could find no corresponding DNA defect in the Mpzl3 gene in rough fur 
mice, the failure of the recessive rc allele of Mpzl3 to complement the ruf defect in compound 
heterozygotes confirms allelism. We therefore recommend that the rough fur mutation be formally 
renamed “myelin protein zero-like 3; rough fur”, with the abbreviation Mpzl3ruf.

We are not the first team to perform a DNA sequence analysis of the Mpzl3 gene in rough fur mu-
tants. Cao et al. (2007) reported no sequence variation in Mpzl3 coding regions in a ruf/ruf DNA 
sample compared to one from the parental C3H/HeJ strain. Here, we verified that result, but, with 
reconstituted ruf/ruf mutants that Cao et al. lacked, we were able to test directly for non-comple-
mentation and therefore draw a different conclusion (that ruf is an allele of Mpzl3) than Cao and 
co-workers did in 2007. While our sequence analysis extended beyond the coding regions, more 
work is needed to determine the precise nature of the Mpzl3ruf defect. We speculate that this defect 
might, in some way, impact the expression, processing, or stability of the Mpzl3ruf transcript, al-
though we find that the mutant transcript appears to be normally spliced. Quantitative and qualita-
tive evaluation of Mpzl3 transcripts and protein in the epidermis of mutant versus wild-type C3H 
mice should help to refine this array of possibilities. It is notable that, while we sequenced over 
3,400 bp upstream of Mpzl3ruf (and found no defect), others have suggested that the regulatory re-
gion for Mpzl3 may extend 12 kb upstream of the transcriptional start site (Boxer, Barajas, Tao, 
Zhang, & Khavari, 2014; Sen et al., 2012).

In any case, the spontaneous ruf allele now joins Mpzl3rc and at least two targeted null alleles of 
Mpzl3 (Czyzyk et al., 2013; Leiva et al., 2014), providing a collection of phenotypically similar, but 
mutationally distinct defects. Side-by-side comparison of the phenotypes controlled by each differ-
ent allele (on similar genetic backgrounds), might reveal important information relating gene struc-
ture to function. For example, the spontaneous ruf allele may not show the same pleiotropic effect 
on adipose accumulation (at least in males) as reported for the targeted Mpzl3 alleles (Czyzyk et al., 
2013; Leiva et al., 2014; Tang et al., 2010), but diet and background would need to be controlled and 
similar assays performed to verify this impression.

The study of spontaneous and targeted mouse models has emphasized Mpzl3’s essential role in 
skin (where it impacts dermal adipose, hair follicle and sebaceous gland development), hepatic 
triglyceride synthesis, main adipose deposition, energy expenditure and glycemic control (see Cao et 
al., 2007; Czyzyk et al., 2013; Hayashi et al., 2004; and Leiva et al., 2014). Consistent with these phe-
notypes, Mpzl3 has recently been found to encode an adhesion protein that is highly induced in epi-
dermal differentiation, and is primarily located in the mitochondria (Bhaduri et al., 2015). MPZL3 has 
been found to interact with numerous mitochondrial proteins including ferrodoxin reductase (FDXR), 
an enzyme that, together with MPZL3, is necessary for induction of reactive oxygen species (ROS) 
required for epidermal differentiation (Bhaduri et al., 2015). While no humans with MPZL3 deficien-
cies have yet been reported, based on the described series of spontaneous-mutant and knock-out 
mouse models it may be predicted that such conditions might present with altered metabolic 

Figure 5. Analysis of Mpzl3 splice junctions in control and mutant (ruf/ruf) cDNA. Poly-A+ RNA from 
skin was reverse transcribed into cDNA and amplified using forward and reverse primers that anneal 
with Exon 2 and Exon 4 (left panel), or Exon 4 and Exon 6 (right panel) of Mpzl3. Primers that anneal 
within Exon 4 of the mouse β actin (Actb) gene were used together with Mzpl3 primers to provide an 
internal loading control. Templates from ruf/ruf mutants (labeled M above), a ruf/+ heterozygote 
(labeled H), and a wild type +/+ control (labeled W) all yielded amplimers of the size and sequence 
expected for normal splicing of Exons 2 through 6. While the intensity of Mpzl3-specific products 
amplified from mutant templates may appear less abundant than products amplified from control 
skin samples, it should be noted that the RT-PCR method used here was not quantitative.
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physiology (such as decreased adiposity and increased food intake in response to metabolic de-
mand), sebaceous gland hypertrophy (as in acne vulgaris) and hair loss (as in alopecia areata). 
Notably, one inherited skin condition in humans, seborrhea-like dermatitis with psoriasiform ele-
ments (OMIM #610227, Online Mendelian Inheritance in Man [OMIM], 2017), results from mutation 
of ZNF750 (Birnbaum et al., 2006), which encodes a transcription factor that binds to the MPZL3 
promoter to activate its transcription (Bhaduri et al., 2015). The readily-available Mpzl3 mutants can 
clearly serve as useful models to advance our understanding of seborrhoeic dermatitis in general 
and of ZNF750 dysfunction in particular (see Wikramanayake et al., 2016), even in the absence of a 
Zfp750 knock-out mouse.

Other tissues—including the brain; the tongue, esophagus, stomach, colon and gall bladder; the 
trachea and lungs; lymph nodes and white blood cells; the thyroid; and the prostate—also display 
high levels of myelin protein zero-like 3 expression in both mouse and man (Fagerberg et al., 2014; 
Mouse ENCODE Consortium, 2014), and the role of Mpzl3 in the development, maintenance and 

Figure 6. Adiposity and progressive hair loss among N2 mice segregating for rough fur. Backcross mice 
(24 ruf/ruf and 24 +/ruf) from the mapping panel described in Figure 2 were assessed weekly for body 
mass (in grams) and for the degree of baldness (estimated as the percentage of hairless body 
surface). (A) While heterozygous control and mutant males showed no difference in body mass 
at any point in the 28 week study (data not shown), control females (blue line) showed a markedly
(but not significantly) higher mass versus mutant females (red line) at all time points. (B) At the end 
of the survey, visceral fat was dissected from all N2 subjects, weighed, and expressed as percentage 
of total body mass. While males showed no difference in fat stores between wild and mutant types 
(data not shown), control females displayed, on average, three times more visceral fat (5.39 ± 2.76%) 
than mutants (1.68 ± 2.18%), but this difference was not statistically significant. (C) The estimated 
size of bald patches (expressed as the percent of the body surface) was averaged among 
heterozygous control (blue) and mutant (red) N2 mice. Mutants (males and females combined) show a 
steady, progressive increase in baldness that begins earlier and is more extensive than the hair loss 
seen among non-mutant control subjects (which was similar to the incidental alopecia typically 
displayed by C3H/HeJ mice).
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function of these tissues certainly deserves further investigation. We anticipate that mouse variants 
with distinct defects in Mpzl3―a set which now includes Mpzl3ruf―will help to facilitate such studies.

5. Conclusions
The recessive ruf mutation in mice maps within a 1.4 Mb interval on mouse Chr 9, and has been 
shown by complementation testing to be a mutant allele of the Mpzl3 gene. While further study will 
be needed to pinpoint the molecular defect that is the basis of this mutant phenotype, this assign-
ment places ruf among a series of distinct mutant alleles of Mpzl3. This set of mouse variants will 
surely be valuable as a model system for the in-depth, molecular analysis of the various, pleiotropic 
functions controlled by Mpzl3, and for the study of some inherited human disorders where those 
functions are impaired.
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Acute and chronic toxicities assessment of arsenic 
(III) to catfish, Silurus lanzhouensis in China
Zongqiang Lian1,2 and Xudong Wu1,2*

Abstract: We evaluated the lethality, uptake, depuration, accumulation, and effects
of waterborne arsenic in Lanzhou catfish (Silurus lanzhouensis). The 96-h LC50 and
safe concentrations (SC) for Lanzhou catfish were 12.88 and 1.288 mg/L, respec-
tively. We evaluated the effects of chronic exposure to 0 mg/L (C), 1.288 mg/L (T1),
0.5 mg/L (T2), and 0.1 mg/L (T3) and measured depuration rates post-exposure. As
accumulated in the target organs in the following order of concentration: gill > mus-
cle > brain > liver, which is consistent with the variation in k1. The values for k1

and CAmax declined with a decrease in arsenic concentration in the different target
organs, whereas the reverse was true for BCF. The CL,50(t) values decreased initially
and then approached equilibrium status after 30 of exposure. The gill tissue had
the highest depuration rates, followed by muscle, brain, and liver. The treatment
groups exposed to lower arsenic concentrations treats had lower k2 values in the
target organs, but higher depuration half-lives (t1/2) at lower arsenic concentrations.
Our results demonstrate that the target organs of Lanzhou catfish are capable of
regulating arsenic toxicity by way of internal regulation mechanisms, and the rate of
arsenic uptake and depuration over time are concentration- and tissue-dependent.

Subjects: Environmental Sciences; Fisheries Science; Agriculture and Food; Aquaculture; 
Environmental & Ecological Toxicology; Environment & Health

Keywords: Silurus lanzhouensis; arsenic; bioconcentration; histopathology

1. Introduction
Arsenic (As) is a heavy metal that is relatively common in the environment as a consequence of both 
anthropogenic and natural processes. Arsenic is classified as a top environmental chemical concern 
by Petrusevski, Sharma, Schippers, and Shordt (2007). United States Food and Drug Administration 

*Corresponding author: Xudong Wu, Ningxia Fisheries Research Institute, Yinchuan 750001, China; Ningxia Engineering 
Research Center for Fisheries, Yinchuan 750001, China 

E-mail: 838873204@qq.com
Reviewing editor: Mahmud Hossain, Dhaka University, Bangladesh
Additional information is available at the end of the article

ABOUT THE AUTHOR
Xudong Wu, PhD, is a professor in the Ningxia 
Engineering Research Center for Fisheries, 
Yinchuan, China. He is mainly engaged in 
environmental toxicology, aquatic animal 
protection genetics, and fish breeding research. 
Together with her research team members 
Zongqiang Lian has extensive publications on 
the environmental toxicology, aquatic animal 
protection.

PUBLIC INTEREST STATEMENT
Arsenic (As) is a heavy metal and highly toxic to 
animals, plants, and humans. Arsenic toxicity has 
been evaluated for some aquaculture species, but 
until now, little was known about the mechanisms 
of arsenic toxicity in freshwater fishes, especially 
the fishes without scales. To assess the lethality, 
distribution, and kinetics of waterborne As, the 
study evaluated the uptake of As, its elimination 
and its distribution in the target organs of Lanzhou 
catfish. This is the first study to document 
bioaccumulation and depuration of As in the 
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(1993) noted that 90% of total arsenic exposure is derived from fish and other seafood. But one of 
the major challenges for assessing the potential risk of heavy metals to aquatic organisms is predict-
ing the time-dependent internal effective dose that causes the toxic effects. The response of an or-
ganism is not merely determined by the dose–response relationship, but is also affected by the ability 
for biological regulation or detoxification during long-term exposures (Schuler, Landrum, & Lydy, 
2004; Vijver, van Gestel, Lanno, van Straalen, & Peijnenburg, 2004). A number of models have been 
developed to predict toxicity to aquatic organisms by integrating the mechanistic process between 
accumulated chemical dose and the induced dynamics of tissue damage and recovery. These in-
clude the time-integrated concentration toxicity model (TIC), the concentration–time toxicity model 
(CT), the uptake–depuration toxicity model (UD), (Liao & Lin, 2001), the damage assessment model 
(DAM) (Lee, Landrum, & Koh, 2002), and the biotic ligand model (BLM) (Tsai, Chen, Ju, & Liao, 2009). 
All these models are based on a well-established one-compartment bioaccumulation model.

Lanzhou catfish (Silurus lanzhouensis), commonly known as the Yellow River catfish, are native to 
China and are distributed throughout the Ningxia section of the Yellow River. The species is widely 
cultured in China and has a high market value. Due to water pollution, overfishing, construction of 
water conservancy facilities, and other factors, wild Lanzhou catfish populations have declined in 
abundance recently and species is now listed on the China Species Red List (Wang & Xie, 2009). The 
declines are largely Because of the value of this species, it has been the focus of considerable re-
search in recent years in China. In recent years, we have discovered and cloned four antitoxicity-re-
lated genes specific for Lanzhou catfish. These genes may help us to understand the antitoxicity 
mechanisms used by aquatic animals and take measures to protect this rare species. At present, to 
our knowledge, little is known about the uptake and effects of arsenic in Lanzhou catfish and, like-
wise, little is known about the actual uptake and elimination processes or on the kinetics of arsenic.

We evaluated the uptake of As, its elimination and its distribution in the target organs of Lanzhou 
catfish exposed to As-contaminated water at environmentally relevant concentrations in the labo-
ratory. This is the first study to document bioaccumulation and depuration of As in the Lanzhou 
catfish, and to assess the lethality, distribution, and kinetics of waterborne As.

2. Materials and methods

2.1. Fish and water quality
The number of 1200 Lanzhou catfish (S. lanzhouensis) (mean body length = 5.437 ± 1.21 cm and 
mean body weight = 4.32 ± 0.85 g wet wt) were obtained from the Ningxia Fisheries Research 
Institute, Yinchuan, China. These fish were tested for arsenic contamination and the levels were  
non detectable. The fish were also visibly free of any lesions, deformities, or disease. This study  
was performed with the approval of the local ethical committee and all the experiments were  
performed according to the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals. All experiments were carried out in 80-L indoor rectangular plastic aquaria filled  
with 60 L water. The experimental water was filtered and aerated tap water (pH = 7.3 ± 0.27,  
alkalinity = 186.65 ± 22.4 mg/L, and Cl−1 < 13 mg/L, K+, Na+  < 24.3 mg/L, Ca2+  < 29.5 mg/L, 
p < 0.01 mg/L, H2S, Hg, and As not detected). Dissolved oxygen in each tank was maintained at close 
to saturation (7.21 ± 0.1 mg/L) by aeration. The temperature was maintained at 24.4 ± 0.5°C using 
submerged heaters in each aquarium.

2.2. Acute toxicity assays
Laboratory bioassays were conducted to determine the 24-, 48-, 72-, and 96-h LC50 values for 
Lanzhou catfish exposed to sodium arsenite (NaAsO2). Thirty fish were randomly selected and 
transferred into each test aquarium. After a 7-d acclimation period, the catfishes were exposed to 
one of five logarithmically spaced concentrations of As. All treatments were conducted in triplicate 
and the control group consisted of catfishes held in the experimental aquaria without the addition 
of As. The exposure concentrations were chosen based on the results of a preliminary test.  
The nominal concentrations of arsenic we tested were 0 (control), 6.67, 10, 15, 22.5, and 33.75 mg/L. 
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The measured arsenic concentrations were 0.67 ± 0.02, 9.96 ± 0.05, 15.06 ± 0.05, 22.55 ± 0.10, and 
33.68 ± 0.08 mg/L.

To maintain water quality, the fish were not fed throughout the test and the entire arsenic solution 
was replaced daily in each tank. Gross mortality of fish in each tank was recorded every hour for the 
first 12 h and every 2 h thereafter for 96 h. Dead fish were removed every 1–2 h.

2.3. Chronic toxicity
Based on the safe concentration estimated from toxicity testing above, we evaluated the pattern of 
bioaccumulation and depuration at four arsenic concentrations: 0 mg/L (C), 1.288 mg/L (T1), 
0.5 mg/L (T2), and 0.1 mg/L (T3). Thirty fish were stocked into each experimental tank and accli-
mated to laboratory conditions for 2 weeks before exposure. During the acclimation (14 d) and ex-
perimental periods (42 d), the fish were fed with water worms (bait was cultured in our laboratory, 
Hg and As not detected) once a day for 7 d at a rate of 0.5% of fish biomass. We removed feces every 
4 h and collected any uneaten food 1 h after feeding. During the 21-d exposure period, the entire 
arsenic solution was replaced daily in each tank, the water level was checked in each aquarium 
every 6 h and distilled water was used to keep levels constant. At the end of the 21-d exposure pe-
riod, the fish were held for 21 d to evaluate depuration.

To measure the tissue concentrations of arsenic, three fish were sequentially sampled from each 
aquarium on days 0, 4, 7, 14, 21, 28, 35, and 42. Each fish was dissected and the gill, muscle, brain, 
and liver of each individual was removed, weighed, cleaned with deionized water, and individually 
wrapped in a plastic bag and stored frozen (−20°C) until trace element analysis. Dissected tissues 
samples were lyophilized and then ground to fine powder in a grinder. A ~500 mg sample of the 
powder was digested with concentrated nitric acid (7 ml) and perchloric acid (1 ml) in an Acid 
Digestion Bomb (5 min at 160°C, 35 Bar, 1,000 Watts). After cooling, the samples were diluted to 
50 ml with deionized water and evaporated with an Electric Hot Plate (100°C) to a 1-ml solution. We 
then added 5% ascorbic acid (5 ml) and 5% thiocarbamide (5 ml) and made the volume up to 25 ml 
with 5% hydrochloric acid. Samples were analyzed by an AFS-230E Atomic Fluorescence Spectrometer 
to determine As concentrations in all tissues. Concentrations were expressed as μg/g dry weight.

2.4. Data analysis
We used a computerized probit analysis program (United States Environmental Protection Agency, 
2000) to calculate the LC50 values (24-, 48-, 72-, and 96-h) and upper and lower 95% confidence 
levels. The 96-h safe concentration (1/10th of the 96-h LC50 value) was calculated following the 
method of Zhou and Zhang (1989). The uptake rate constant (k1) and the depuration rate constant 
(k2) of arsenic were calculated using nonlinear regression based on the chronic-toxicity data. The 
organ-specific bioconcentration factor (BCF) was calculated using the formula BCF = k1/(k2 + g) 
(Falusi & Olanipekun, 2007), the maximal content in the organism (CAmax) at the theoretic equilibrium 
was estimated using the formula CAmax = BCF × CW. Depuration half-life (t1/2) was calculated as 
t1/2 = ln2/k2.

We used an AUC-based TIC toxicity model to estimate the internal lethal body burden [CL,50(t)] as-
sociated with 50% mortality (Liao et al., 2004). All data are presented as the mean ± SE. We tested 
for differences between groups using a one-way ANOVA (α = 0.05) followed by Duncan’s multiple 
range test.

3. Results

3.1. Arsenic acute-toxicity analysis
The LC50 values for the 24-, 48-, 72-, 96-, 120-, and 144-h exposures to arsenic ranged from 31.72 to 
11.54 mg/L (Table 1). The LC50(t) decreased as the duration of exposure increased. The safe concen-
tration for a 96-h exposure to sodium arsenite was 1.288 mg/L in Lanzhou catfish.
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3.2. As bioaccumulation and depuration
During the exposure phase, arsenic concentrations in the gill, muscle, brain, and liver varied signifi-
cantly with time (F3,41 = 8.91, 7.29, 5.94, and 18.75, p < 0.01), between treatments (F3,41 = 35.09, 
44.37, 502.28, and 43.95, p < 0.01), and with the interaction between treatment and time (F1,3 = 20.04, 
28.79, 11.07, and 313.79; p = 0.02, 0.01, 0.05, and 0), respectively. After a 21-d exposure, As concen-
trations were much higher in the gill than in other target organs of Lanzhou catfish at each of the 
exposure concentrations (F(T1)3,79 = 555.66, F(T2)3,79 = 707.24, F(T3)3,79 = 559.28, p < 0.01). The order of ac-
cumulation was: gill > muscle > brain > liver. With the exception of the liver in T3 (F3,8 = 1767.69, 
p > 0.05), there was a significant difference in arsenic concentrations in each target organ between 
all three arsenic exposure treatment groups and the control at the end of the exposure period 
(Figure 1).

During the recovery interval, arsenic concentrations in the gill, muscle, brain, and liver varied sig-
nificantly with time (F3,41 = 12.07, 12.76, 16.09, 9.44, p < 0.01), between treatments (F3,41 = 3.84, 
152.78, 33.91, and 200.53; p < 0.01), and with the interaction between treatment and time (F1,3 = 3.08, 
12.72, and 78.60; p = 0.18, 0.04, 0.003) in brain, muscle, and liver, except for the gill (F1,3 = 2.89; 
p = 0.19). After 21 d of recovery, arsenic concentrations had returned to normal levels in the gill of 
T1 (F3,8 = 922.7, p < 0.01) and liver of T3 (F2,6 = 414.62, p < 0.01) (Figure 1).

Table 1. LC50 of arsenic in Lanzhou catfish at selected time intervals

Note: Values obtained using a trimmed Spearman–Karber method with 95% confidence.

Time (h) LC50 (mg/L) STD r2

24 31.72 0.55 0.91

48 20.89 −0.62 0.87

72 13.28 −0.2 0.97

96 12.88 0.28 0.93

120 12.23 0.23 0.95

144 11.54 0.24 0.93

Figure 1. Changes in As concentrations in the brain, gill, liver, and muscle during the 
exposure phase and recovery phase. Values represent the mean S.E. of triplicate 
subsamples. Values at a given time that are significantly different are indicated by 
different letters (p < 0.05).
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3.3. Target organ As kinetics
The uptake rate constants (k1), the depuration rate constants (k2), and CAmax values, declined with a 
decrease in arsenic concentrations in the target organs (Table 2). However, the BCF values and the 
depuration half-lives (t1/2) increased with a decrease in arsenic concentrations in the target organs 
(Table 2). Thus, the rates of arsenic uptake and depuration over time are concentration- and 
tissue-dependent.

The gill had higher k1 and BCF values than the remaining target organs in T1, T2, and T3. The k1 
values ranged from 0.0219 to 0.1473 mL/g d and the BCF values ranged from 0.70 to 0.79 mL/g. 
Thus, As tends to accumulate primarily in the gills of Lanzhou catfish. The k1 values for the liver 
ranged from 0.0012 to 0.0054 mL/g d and the BCF values ranged from 0.18 to 0.20 mL/g, which were 
the lowest among the organs. Thus, the liver had the lowest capacity to uptake arsenic. The k2 values 
for the target organs ranged between 0.0061 and 0.2105 d−1, and were in the order gill > mus-
cle > brain > liver. The depuration half-lives (t1/2) ranged from 3.3 to 22.8 d in T1, from 7.3 to 35.2 d in 
T2, and 25.1 to 113.6 d in T3. Among the target organs, the liver had the highest t1/2 value, indicating 
that it will take a longer time to eliminate arsenic than the other organs.

3.4. Prediction of the internal lethal body burden
The optimal fit of the TIC toxicity model to the LC50(t) data are listed in Table 1. The regression coef-
ficients (r2 = 0.98, p < 0.05) demonstrate the quality of fit for the TIC toxicity model (Figure 2). Based 
on the TIC toxicity model, the internal lethal body burden [CL,50(t)] for each target organ at the site of 
action that causes 50% mortality was predicted assuming an exposure to 1.288 mg/L waterborne 
arsenic. The CL,50(t) values decreased initially and then approached an equilibrium after 30-d expo-
sure (Figure 3). The equilibrium CL,50(t) values in the gill, muscle, brain, and liver were 56.21, 50.93, 
42.35, and 10.98 μg/g, respectively.

4. Discussion
Sures (2003) speculated that teleosts are better adapted to resist metal and non-metal poisoning 
than are other vertebrates. Arsenic toxicity has been evaluated for some aquaculture species, but 
until now, little was known about the mechanisms of arsenic toxicity in catfish. We designed a toxi-
cological model experiment to estimate the time–concentration-dependent tolerances of Lanzhou 
catfish to As toxicity and determine the mechanism of arsenic toxicity. The 96-h LC50 of arsenic to 
Lanzhou catfish was 12.88 mg/L, which is similar to that for rainbow trout Oncorhynchus mykiss 
(15.3 mg/L) (Tišler & Zagorc-Končan, 2002) and Medaka Oryzias latipes (14.6 mg/L) (Suhendrayatna, 
Ohki, Nakajima, & Maeda, 2002), but lower than for tilapia O. mossambicusis (28.68 mg/L: Liao et al., 
2004; and 26.55 mg/L: Hwang & Tsai, 1993) and zebrafish Danio rerio (28.1 mg/L) (Tišler & 

Table 2. Kinetic parameters of arsenic for Lanzhou catfish
Organ Treats k1 (mL/g d) k2 (d−1) BCF (mL/g) CAmax(mg/kg) t1/2 (d)
Gill T1 0.1473 0.2105 0.70 0.90 3.3

T2 0.0723 0.0943 0.77 0.38 7.3

T3 0.0219 0.0276 0.79 0.08 25.1

Muscle T1 0.0612 0.0952 0.64 0.83 7.3

T2 0.0536 0.0831 0.65 0.32 8.3

T3 0.0175 0.0263 0.67 0.07 26.4

Brain T1 0.0426 0.0781 0.55 0.70 8.9

T2 0.0156 0.0270 0.58 0.29 25.7

T3 0.0099 0.0164 0.60 0.06 42.3

Liver T1 0.0054 0.0304 0.18 0.23 22.8

T2 0.0042 0.0197 0.21 0.11 35.2

T3 0.0012 0.0061 0.20 0.02 113.6
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Zagorc-Končan, 2002), but higher than for milk fish Chanos chanos (7.29 mg/L) (Chou, Liao, Lin, & 
Cheng, 2006). In general, the LC50 values of teleost species for arsenic are between 7 and 29 mg/L, 
depending on age, species, and environment conditions. We hypothesized that Lanzhou catfish 
would be more susceptible to arsenic uptake and toxicity than fish with larger scales, thereby mak-
ing them a more suitable bioindicator for studying the accumulation and transformation of arsenic 
in freshwater organisms.

The TIC toxicity concept has a significant use in evaluating metal toxicity (Liao et al., 2004). We 
used a TIC toxicity model to predict the internal lethal body burden for each target organ at the site 
of action that causes 50% mortality [CL,50(t) values] in Lanzhou catfish when exposed to 1.288 mg/L 
waterborne arsenic concentration. The CL,50(t) values decreased initially and then approached an 
equilibrium after 30 d of exposure, suggesting that the target organs of Lanzhou catfish are capable 
of regulating arsenic toxicity by way of internal regulation. The AUC-based TIC model successfully 
predicted the trend in CL,50(t) values, which were consistent with the organ-specific toxic kinetic 
parameters.

As accumulated in the target organs of Lanzhou catfish in the following order of concentration: 
gill > muscle > brain > liver. Additionally, the sigmoid pattern of accumulation was steeper in profile 
in the gill than for the other target organs. The gills are an important site for the accumulation of 
many metals and organic pollutants. Furthermore, the gills are played a major role in regulating 
metal toxicity in fish, primarily by regulating against metal ion disruption (Daglish & Nowak, 2002). 

Figure 2. Optimal fit of the AUC-based TIC acute toxicity model to the LC50(t) data (mean ± 95% 
confidence interval) listed in Table 2.

Figure 3. Predicted internal effect concentration–time response relationships in target organs of 
Lanzhou catfish when exposed to 1.288 mg/L waterborne arsenic, at the site of action that causes 
50% mortality.
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This explains why the gill is more sensitive and of value as a biomarker of exposure to waterborne 
arsenic in Lanzhou catfish.

Metals typically accumulate preferentially in the liver rather than muscle tissue (Liao et al., 2004; 
Storelli & Marcotrigiano, 2000). However, higher values have been reported in the muscle tissue in 
marine turtles (Storelli, Ceci, & Marcotrigiano, 1998) and in fish from the North Sea (De Gieter et al., 
2002). In our study, the liver had the lowest capacity for arsenic accumulation, which may be a func-
tion of rapid arsenic methylation in this tissue. Inorganic arsenic methylation is the primary mecha-
nism by which the body removes arsenic a process that occurs in the liver (Yamauchi & Yamamura, 
1985). Thus, the rate of arsenic uptake was organ-specific and time-dependent in Lanzhou catfish. 
The capacity of the different target organs to accumulate arsenic varied depending on the exposure 
concentration. At the end of the recovery period, the majority of arsenic was cleared in individuals 
exposed to lower concentrations, except in the muscle. Interestingly, levels returned rapidly to nor-
mal during the recovery period in the gill of animals exposed to high concentrations of arsenic. This 
may have been a function of serious tissue damage, leading to increased cell membrane permeabil-
ity, and excretion of arsenic by simple diffusion. Consistent with our observations, Calamari, Gaggino, 
and Pacchetti (1982) reported a marked drop in tissue metal concentrations after the exposure was 
terminated. Taken together, these observations suggest that fish are able to regulate the concentra-
tions of metals in their organs over time through the processes of absorption, excretion, detoxifica-
tion, and storage (Chen, Yu, & Liu, 2001).

Subathra and Karuppasamy (2008) and Kalay and Canli (2000) demonstrated that the rate of Cu 
accumulation was higher than the rate of Cu elimination in fish. A similar pattern was reported by 
Liao et al. (2004) for arsenic in tilapia. In contrast, our results suggest that the opposite is true in 
Lanzhou catfish. k2 was higher than k1, suggesting that Lanzhou catfish can more easily eliminate As 
in their body tissue. Thus, we speculate that Lanzhou catfish have a more effective mechanism for 
arsenic metabolism than other teleosts.

The k1 and k2 values decreased with an increase in waterborne arsenic concentrations. In contrast, 
Dang, Zhong, and Wang (2009) concluded that k1 and k2 are not significantly affected by the concen-
tration and exposure duration. Luoma and Rainbow (2005) suggested that the assumption of a 
constant uptake rate might only be applicable in natural conditions or up to concentrations that are 
an order of magnitude higher than those seen in nature. The uptake rate is likely subject to satura-
tion kinetics at very high concentrations because most of the metal ions pass through the gill mem-
branes via channels or other facilitated diffusion processes (Green, Mirza, Wood, & Pyle, 2010). Tsai 
et al. (2012) observed a decrease in the values of k1 and BCF with an increase in waterborne copper 
concentrations. Kraemer, Campbell, and Hare (2008) showed that fish can alter their ability to up-
take and eliminate metals over a longer time period or at higher concentrations in a field situation. 
Tsai, Huang, Chen, and Liao (2012) suggested that if the tissue arsenic concentration exceeds the 
metal influx threshold (CIT) during short-term exposure conditions, the detoxification rate (kdex) will 
increase with the waterborne metal concentration, whereas if the reverse is true, the value of kdex will 
tend to be zero. The authors also demonstrated that BCF decreased as waterborne arsenic concen-
trations (Cw) increased (Cw > 5.1 μg/mL). McGeer et al. (2003) comprehensively reviewed theoretical 
and experimental data describing BCF for Cu, Zn, Cd, Pb, and other metals, and found an inverse re-
lationship between BCF and aqueous exposure concentrations. Liao et al. (2003) noted that tilapia 
held in the field had a higher tendency to accumulate As (BCF = 143–421) than did fish from the 
same population in a 7-d lab bioaccumulation assay (BCF = 1.04–4.19). The lab group was exposed 
waterborne As concentrations that were ~30 times higher than the field group. Our results also 
showed an inverse relationship between BCF and exposure concentration. These observations are 
consistent with a number of studies that have developed metal bioaccumulation models for fish 
species. The relatively high value of BCF obtained from exposure to lower metal concentrations may 
result from the active regulation or acclimation by the organism to metals.
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Among the various tissues (gill, liver, brain, and muscle) we evaluated for depuration of arsenic in 
Lanzhou catfish, the half-life was lowest for the gill, followed by brain, muscle, and liver. According 
to Anderson and Spear (1980), the gills of pumpkin seed sunfish exhibit monophasic elimination of 
accumulated Cu. Metals that are accumulated in the gills may either be transferred back to water 
(adsorbed metals) or transferred to other tissues, particularly the liver, for detoxification (Subathra 
& Karuppasamy, 2008). This may explain why metals have a shorter biological half-life in the gills 
than in the liver. Together, these observations support the view that higher BCF values indicate that 
species or organ is more effective at the removal of pollutants (Kara & Zeytunluoglu, 2007). Muscle 
tissue is thought to be particularly inefficient at metal elimination. For example, muscle Cu concen-
trations of Mystus vittatus were not significantly lowered during a 30-d depuration period (Subathra 
& Karuppasamy, 2008). This lack of elimination by fish muscle explains why 90% of total arsenic in 
food comes from fish and other seafood.

Within an individual fish, the kinetics of metal accumulation and release are expected to be very 
complex because physical and chemical parameters, water temperature, salinity, diet, fish species, 
and many other parameters may affect the rate of metal accumulation and release in aquatic ani-
mals (Lemus & Chung, 1999).

5. Conclusion
Our results demonstrate that the target organs of Lanzhou catfish are capable of regulating arsenic 
toxicity by way of internal regulation mechanisms, and the rate of arsenic uptake and depuration 
over time are concentration- and tissue-dependent.
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Recovery of proliferative cells up to 15- and 49-day 
postmortem from bovine skin stored at 25°C and 
4°C, respectively
Brian Walcott1 and Mahipal Singh1*

Abstract: The objective of this study was to assess the time limits within which
proliferative cells can be recovered in bovine skin stored separately at 4 and 25°C
after animal death. In the first experiment, skin explants (n = 110; 2–3 mm2) from
11 animals stored at 4°C were cultured weekly up to 7 weeks in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 50 units/
mL of penicillin, 50 μg/mL of streptomycin, and 2.5 μg/mL of fungizone. The
presence/absence of fibroblast-like cell outgrowth around explants was scored. Out
of 640 explants cultured, 567 (87%) adhered to dish surface, of which 333 (58.73%)
exhibited outgrowth including 16.67% explants from 49 days postmortem tissues.
Similarly, in the second experiment, when the tissues were stored at 25 ± 2°C
prior to culturing on alternate days up to 17 days, 204 (48%) explants exhibited
outgrowth that included 19.15% from 15 dpm tissues. The number of explants
exhibiting outgrowth was inversely proportional to postmortem time interval in
both temperatures studied. Secondary cultures established from outgrowth for
selected time points showed stable chromosomes, normal GFP gene expression,
and comparable growth morphology to fresh tissue-derived cells. The cells lasted in
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PUBLIC INTEREST STATEMENT
Death is an ultimate destination of life. Or is it? 
When we die, what happen to the individual cells, 
of which, we are made up of? Are they all dead as 
the blood circulation stops and the oxygen, which 
is our life line, is no more transported to the cells? 
Or are they still alive for some time, and if yes, for 
how long, are the questions that always puzzled 
scientists. This research paper addresses some of 
these questions and demonstrates that individual 
cells in mammalian tissues are alive for much 
longer time than was previously thought. This 
study further demonstrates that these live cells 
retain normal characters and can be stored frozen 
for long time. This research highlights the huge 
potential of utilization of postmortem tissues, for 
the recovery of stem cells, for cellular therapies in 
human and veterinary medicine and preservation 
of germplasm to meet the climatic challenges to 
feed the expanding world by cloning food animals.
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culture for more than 20 passages. These results suggest that live and usable cells 
can be recovered from bovine skin tissues up to about 2 weeks postmortem, if skin is 
stored at 25°C, and about three times more (>6 weeks), if stored at 4°C.

Subjects: General Science; Biology; Biotechnology; Biodiversity & Conservation

Keywords: bovine; fibroblast; skin stem cells; cell culture; postmortem cell recovery; 
cryopreservation; animal cloning

1. Introduction
Angus is a beef-producing breed of cattle, which is said to have been developed from native cattle 
of Aberdeen shire and Angus in Scotland and thus is known as Aberdeen Angus in most parts of the 
world (Briggs & Briggs, 1980). They are naturally polled (hornless) animals and are found in black or 
red colors. They were introduced in United States in 1873 by George Grant. He brought four Angus 
bulls without cows from Scotland for crossbreeding with native cattle herds. Subsequently, many 
more animals of both sexes were imported by US farmers, due to their desirable qualities. Black 
Angus is the most common breed today. There are 320,362 heads of Angus cattle registered in 2015 
in the United States (http://www.angus.org/pub/faqs.aspx).

Cloning of animals including Angus by nuclear transfer is an important milestone in agricultural 
biotechnology. Almost every livestock species have now been cloned (https://en.wikipedia.org/wiki/
List_of_animals_that_have_been_cloned). Cloning requires fusion of desired somatic cells (nuclear 
donor) with an enucleated oocyte cytoplasm. Therefore, the preservation of somatic cells/tissues 
from elite animals has been suggested, so as to utilize these resources globally. This will help to 
meet the climatic and/or other challenges in future by cloning of these animals to supply the global 
demand for protein. Additionally, cloning of animals with desirable meat qualities after postmortem 
carcass evaluation is gaining importance among producers. Recent studies show effective preserva-
tion of postmortem tissues and production of live animals from these tissues by SCNT aka cloning 
(Ogura, Inoue, & Wakayama, 2013). However, for the success of a cloning experiment, nuclear integ-
rity of donor cells is a requirement (Hoshino et al., 2009). In vitro culture of cells is one of the meth-
ods to ensure nuclear integrity (Mastromonaco, Perrault, Betts, & King, 2006). In vitro culture of cells 
from both live and dead animal tissues preserved at subzero temperatures has been reported (Erker 
et al., 2010; Hoshino et al., 2009; Palmer et al., 2001; Viel, McManus, Cady, Evans, & Brewer, 2001; 
Wakayama et al., 2008) and the cells have been used to clone the animals even after many years of 
their death (Hoshino et al., 2009; Wakayama et al., 2008). However, in all these cases, the tissues 
were preserved within few hours of animal death. Delays in preservation may compromise cloning 
efficiency and quality of cloned offspring. There are only limited studies to show as how long the live 
and culturable cells can be recovered from postmortem tissues in mammalian species and, how dif-
ferent these cells are, compared to fresh tissue-derived cells. Literature survey shows that neural 
stem/progenitor cells were cultured from postmortem rat brains, stored at 4°C for a week (Xu, 
Kimura, Matsumoto, & Ide, 2003). Fibroblasts were recovered in postmortem skin tissues stored at 
4°C up to 14 days in rabbits and pigs (Silvestre, Saeed, Cervera, Escribá, & Garc ı́a-Ximénez, 2003), 
12 days in goat, and sheep (Silvestre, Sánchez, & Gómez, 2004), and up to 41 days in goats (Okonkwo 
& Singh, 2015). Muscle stem cells have been shown to survive up to 17 days postmortem in human 
beings and up to 16 days postmortem in mice (Latil et al., 2012). To our knowledge, there are only 
two studies in bovine; in first study, fibroblasts were cultured up to 12 days from skin stored at 4°C 
(Silvestre et al., 2004), and in another muscle and cartilage, cells were cultured up to 9 days of post-
mortem tissue storage at 4°C (Caputcu, Akkoc, Cetinkaya, & Arat, 2012). Here, we show in vitro cul-
ture of fibroblast-like cells up to 49 days in bovine steer skin tissues, if the tissue is stored at 4°C, and 
up to 15 days, if stored at 25 ± 2°C after the animal death. We further show that these cells are cy-
togenetically stable with normal karyotype, have comparable growth profile, can be recultured post-
cryopreservation, and transfected to express GFP gene from a plasmid, suggesting their potential 
utility in postmortem cryopreservation for animal cloning and/or cell therapy.
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2. Materials and methods

2.1. Sample preparation and explant culture
The tissue samples were procured from the USDA-inspected university slaughter house. The animals 
were not slaughtered for these experiments but were routine food animals for human consumption, 
and thus, there were no ethical violations. Animal ears of slaughtered animals were excised from the 
head and brought to the laboratory. Ear skin was cleaned first with tape water and then with 70% 
alcohol swabs, wrapped in clean sterile paper towels, and stored in plastic bags in the laboratory, 
either at room temperature (25 ± 2°C) or in refrigerator set at 4°C. After different days of postmor-
tem storage, small skin samples were excised aseptically from inner side of the ear and chopped into 
ten small explants (2–3 mm2 size) and adhered onto two 60-mm-diameter dishes (Falcon, BD 
Biosciences, Oxnard, CA) for each animal individually. Explants were cultured in DMEM supplement-
ed with 10% FBS, 50 units/mL of penicillin, 50 μg/mL of streptomycin and 2.5 μg/mL of fungizone at 
37°C, 5% CO2 in a humidified environment. Media were changed once a week and the dishes were 
observed for any microbial or fungal contamination, explant dislodging, and for the outgrowth of 
fibroblast-like cells under an inverted microscope. Dislodged explants and contaminated dishes 
were removed as soon as observed. The presence or absence of the outgrowth around each explant 
was recorded. Any outgrowth containing a cluster of more than 50 cells was considered positive.

2.2. Establishment of secondary cultures and cryopreservation of cells
Primary outgrowing cells on dish surface were trypsinized at 70–90% confluence and secondary 
cultures established as described (Singh & Ma, 2014). Briefly, the cells in dishes were washed twice 
with 3.0 mL of the balanced salt solution without calcium and magnesium (Gibco, Carlsbad, CA) and 
incubated with 2.0 mL of 0.125% trypsin for 5–10 min at 37°C. The trypsinized cells were neutralized 
with 5 vol. of growth media, counted to assess cell viability using Trypan Blue Dye Exclusion Method 
(Strober, 2001), and pelleted at 200 × g for 7 min. The cells were resuspended in Synth-a-Freeze® 
(Life Technologies Corp., Carlsbad, CA) media, aliquoted into cryogenic storage vials (1.0 × 105 cells/
vial) and frozen at −80°C o/n using Nalgene™ Cryo 1°C Freezing Container (Nalgene, Rochester, NY). 
The vials were transferred to liquid nitrogen tank after 24 h and stored till used. Representative cryo-
vials were thawed and postfreezing cell-viability percentage was determined at least after a week of 
storage. To establish secondary cultures and to expand them, the frozen vials were quickly thawed 
at 37°C, mixed slowly with 10 vol. of the media, pelleted at 200 × g for 7 min, dissolved in growth 
media, and cultured in appropriate (T25 or T75) culture flasks as described (Singh & Ma, 2014).

2.3. Transfection and GFP expression
Transfection of 42 dpm cell line (p5) was performed as per the vender instructions using a trans-
fectamine 3000 kit from Invitrogen (Life Technologies Inc., CA). GFP containing plasmid pcDNA3.1-
GFP:NT was prepared using Endo-Free plasmid kit (Qiagen) and the plasmid DNA was quantified 
using Nanodrop 2000 (Fisher Scientific, Wilmington, DE, USA). GFP gene expression was observed 
under UV light in EVOS Cell Imaging System (Thermo Fisher Scientific, Atlanta, GA) using GFP filter 
and the appropriate images captured using their software.

2.4. Karyotype analysis
Bovine cells from 42 dpm cell line at p5 were processed for karyotyping using GTL Banding technique 
as previously established (Meisner & Johnson, 2008) at Cell-line Genetics (Madison, WI; www.clge-
netics.com). Chromosome assignments were made according to the Atlas of Mammalian 
Cytogenetics (O’Brien, Menninger, & Nash, 2006).

2.5. Cell passaging
Bovine cell cultures were splitted (1:3) after each subculture at 70–80% confluence until the cells 
stopped growing as described earlier (Freshney, 2000). In brief, the spent culture media from the cell 
culture dish were aspirated and washed twice with phosphate-buffered saline (PBS). The cells on 
surface were treated with 1.0 mL of trypsin-EDTA and incubated for 5–10 min at 37°C till the cells 
detached completely from the dish surface. Once the cells detached as observed under microscope, 
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the complete media were added to the dish. The volume was made to 10 mL, and the cells were 
harvested at 200 × g for 7 min. The pellet was dissolved in 0.5–1.0 mL of complete media, the cells 
counted if needed, and otherwise splitted into one-third and cultured in new dishes. This procedure 
was repeated till cells stopped growing.

3. Results

3.1. Effect of postmortem time interval on in vitro culture of cells from tissues stored 
at 4°C
In order to test the time limit, within which proliferative cells can be recovered after animal death, 
we analyzed a total of 640 skin explants for in vitro culture. These explants were excised from 11 
individual animal ears that were stored at 4°C. A subset of explants (n = 110) was cultured after dif-
ferent storage time intervals, i.e. 0, 7, 14, 21, 28, 35, 42 and 49 days postmortem. The outgrowing 
cells in cultured dishes were observed weekly until they reached > 50% confluence (Figure 2, panel 
B). The presence or absence of cell outgrowth around each adhered explant for each time interval 
was recorded. We observed outgrowth around tissues in all the time points studied including 16.67% 
of 49 dpm tissues (Table 1). Out of 640 explants cultured, 567 (87.23%) adhered to dish surface, of 

Table 1. Outgrowth of fibroblast-like cells around skin explants stored at 4°C for different days 
postmortem

Notes: Eleven Black Angus steers (2–3 years of age) were used in this study. For each time point, 10 explants (2–3 mm2) 
were cultured onto two 60-mm dishes (5 explants/dish) for each animal. n/d, not done; –, both dishes contaminated 
during culture and thus removed from study and not included in analysis.

Steer 
number

Date of 
culture 
initiation

# of explants exhibiting outgrowth/# of explants adhered to dish 
surface

0 dpm 7 
dpm

14 
dpm

21 
dpm

28 
dpm

35 
dpm

42 
dpm

49 
dpm

Total %

S1 25 February 
2014

10/10 07/07 01/01 05/05 n/d n/d n/d n/d 23/23 100

S2 25 February 
2014

10/10 10/10 08/08 10/10 08/08 07/07 n/d n/d 53/53 100

S3 28 May 
2014

10/10 10/10 06/06 03/10 – – – n/d 29/36 80.56

S7 11 
September 
2014

10/10 10/10 03/05 00/10 00/10 00/10 00/10 n/d 23/65 35.38

S8 11 
September 
2014

10/10 04/10 05/05 00/10 00/10 00/10 00/10 00/10 19/75 25.33

S9 11 
September 
2014

10/10 10/10 05/10 01/05 00/05 n/d n/d n/d 26/40 65.00

S10 6 January 
2015

05/05 05/05 10/10 10/10 04/05 05/10 00/10 00/10 39/65 60.00

S11 6 January 
2015

10/10 10/10 06/10 03/05 03/05 01/10 04/10 05/10 42/70 60.00

S12 6 January 
2015

10/10 08/10 08/10 07/10 00/10 00/10 n/d n/d 33/60 55.00

S13 21 January 
2015

10/10 n/d 00/10 n/d 07/10 n/d 00/10 n/d 17/40 42.50

S14 21 January 
2015

10/10 n/d 06/10 n/d 09/10 n/d 04/10 n/d 29/40 72.50

Total 105/105 74/82 58/85 39/75 31/73 13/57 08/60 05/30 333/567

% 100 90.24 68.24 52.00 42.47 22.81 13.33 16.67 58.73
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which 333 (58.73%) exhibited fibroblast-like outgrowth. We never observed outgrowth around tis-
sues dislodged from dish surface within first 3 days of culture initiation. Outgrowth ranged from 
13.33 to 100% in tissues stored for various time intervals and show a reduction trend with increasing 
postmortem time interval (Figure 1, panel A). Percent outgrowth in tissues from different animals 
varied and ranged from 25 to 100% (Figure 1, panel B).

3.2. Effect of postmortem time interval on in vitro culture of cells from tissues stored 
at 25 ± 2°C
Similar to tissues stored at 4°C, we also studied effect of room temperature (25 ± 2°C) storage on 
outgrowth. Skin explants (n = 100) from 10 animals were cultured after 0, 3, 6, 9, 13, 15 and 17 days 
of postmortem. Out of 425 explants adhered, 204 (48%) exhibited outgrowth including 19.15% of 
15 dpm tissues (Table 2). Outgrowth ranged from 12.25 to 100% and exhibited a decreasing trend 
with increasing postmortem time interval as was observed for tissues stored at 4°C (Figure 1, panel 
C). Outgrowth in tissues from different animals varied and ranged from 14 to 93.33% (Figure 1, panel 
D).

3.3. Cryopreservation, postfreezing cell morphology, and gene expression
The dishes from selected time points were trypsinized at around 70% confluence to recover the pri-
mary cells and cryopreserved until used for further analysis. Secondary cultures from selected cell 
lines (0 dpm and 42 dpm) were then established by serial passaging. Secondary cultures of these 
cells grow much faster, as compared to the primary outgrowth, and reach 70–90% confluence in 
5–7 days. The cells cryopreserved in DMEM with 10% DMSO retained >80% postfreezing cell viability 
and normal cell morphology, i.e. elongated, fibrous, and bipolar, which are typical characteristics of 
fibroblast cells (Figure 2, panel C–F). In order to test whether the postmortem tissue-derived cells 
have normal transcriptional machinery, we transfected 42 dpm cell line (p5) with pcDNA3.1-GFP: NT 
plasmid DNA vector. The transfected cells exhibited GFP gene expression when observed under UV 
light in an inverted fluorescent microscope (Figure 2, panel G).

Figure 1. Recovery of fibroblast-like cells from stored tissues at two different temperatures: (A) 
outgrowth after different days of storage at 4°C; (B) outgrowth in individual animal tissues stored 
at 4°C; (C) outgrowth after different days of storage at 25 ± 2°C; (D) outgrowth in individual animal 
tissues stored at 25 ± 2°C.

Notes: Percentages in the figure were calculated by dividing number of outgrowth-positive explants 
by explants that adhered to dish surface and by multiplying by 100.
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In order to determine if there was any genetic change in the cells derived from stored postmortem 
tissues, we performed a cytogenetic analysis on a cell line derived from tissues stored at 4°C until 
42 days postmortem. The diploid number of chromosomes determined for this cell line was 60, XX, 
which is consistent with earlier studies in bovine (Iannuzzi, King, & Di Berardino, 2009). Furthermore, 
20 G-banded metaphase cells were also analyzed to see if there were any genetic aberrations. All 20 
cells demonstrated normal female karyotype without any apparent genetic aberration (Figure 2, 
panel H).

3.5. Proliferative life span
In order to determine as how long the postmortem tissue-derived cell populations can last in cul-
ture, we chose three cell lines, (a) 42 dpm tissue derived (4°C stored tissue), (b) 15 dpm tissue de-
rived (25°C stored tissues) and, (c) 0 dpm (control; fresh tissue derived). We observed that these cell 
lines proliferated well in initial passages giving about 70% confluence in 5–7 days. However, after 
passage 15 the growth slowed exhibiting 70% confluence in 2–3 weeks. The cells stopped proliferat-
ing around passage 23 to 27. An example of the cell morphology on day 53 of culture from 42 dpm 
cell line is shown (Figure 2, panel I). These cells at later passages look flat, thinner, highly branched 
and comparatively bigger sized (see Figure 2, panel C/D vs I, all of which are at 100x 
magnification).

4. Discussion
The development of animal cloning technology and induction of pluripotent stem cells (iPSCs) from 
somatic cells in last two decades has revolutionized not only the agricultural biotechnology but also 
biomedical and veterinary field, benefitting both agriculture and human health. However, for the 
proper utilization of somatic cells, it is essential that they retain some ability of proliferation ensuring 
the integrity of genetic material within the cell. Biopsies taken from live animals or immediately after 
animal death, cultured within few hours, are preferred somatic cells for cloning. However, in many 
instances, it is not possible to set up cultures within few hours. It is not precisely known as how long 

Figure 2. Postmortem recovery of fibroblast-like cells in cattle: (A) a sample of Black Angus just prior 
to slaughter; (B) migration of primary outgrowth around skin explant (arrow-marked dark-shaded 
area is explant) adhered on petridish surface after 10 days of culture (light microscopy, ×100 
magnification); (C) & (D) low- (1 × 105 cells) and high (2 × 105 cells)-density postcryopreservation 
cultures of 42 dpm cell population (p5) after 24 h of culture (×100 magnifications); (E) & (F) ×200 and 
×400 magnifications, respectively, of the cells in panel D; (G) GFP gene expression after 72 h of 
transfection in 42 dpm (p5) cultures (×200 magnification); (H) chromosome analysis at p5 level in 
42 dpm fibroblast cell line (a representative metaphase cell spread and karyotype with 30 pairs of 
XX chromosomes are shown); (I) high passage (p25, on day 53) culture of 42 dpm cell line (×100 
magnification but contrast correction of 56% to show better cell morphology).

Notes: The light microscopic images (B), (C), (D), and (I) were captured using a TS100-inverted 
microscope and DSL2 camera (Nikon), whereas (E) and (F) were captured using an EVOS microscope 
with a bright field filter. GFP image (panel G) was captured using EVOS fluorescent microscope using a 
GFP filter.
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the individual cells in a biological tissue are alive and retain culture potential, after it is excised from 
mammalian body. Therefore, the objective of this study was to determine the postmortem survival 
limits of bovine tissues stored at two different temperatures, i.e. 25 and 4°C. To study this phenom-
enon, a simple in vitro culture procedure, previously optimized for goat and sheep skin tissue (Singh 
& Ma, 2014) was utilized. Here, tiny skin explants are adhered onto plastic dish surfaces and are 
cultured in fibroblast culture media. The outgrowing cells are measured as cell survival data points. 
Using this procedure, a comprehensive in vitro culture study was conducted on 11 Black Angus Steer 
tissues for various time intervals postmortem.

Results show outgrowth of cells around bovine explants up to 49 days of postmortem storage at 
4°C and up to 15 days after storage at 25 ± 2°C. In an earlier study, bovine skin fibroblasts were cul-
tured only up to 12 days of postmortem storage at 4°C (Silvestre et al., 2004), while muscle and 
cartilage were cultured only up to 9 days of postmortem storage at 4°C (Caputcu et al., 2012). To our 
knowledge, this is the first report of in vitro culture of mammalian cells from postmortem tissues 
stored for such a long period of 49 days at 4°C and 15 days at 25°C, after animal death. We observed 
that the numbers of explants exhibiting outgrowth decreased with increasing postmortem storage 
time interval in both the temperatures studied (Figure 1). It is likely that the number of viable adult 
skin stem cells decreased in tissues with an increased postmortem time interval, which could ex-
plain the reduction with increasing postmortem time interval. These results are in agreement with a 

Table 2. Outgrowth of fibroblast-like cells around skin explants stored at room temperature 
(25 ± 2°C) for different days postmortem

Notes: For each time point, 10 explants (2–3 mm2) were cultured onto two 60 mm dishes (5 explants/dish) for each 
animal. A total of 10 Black Angus steer tissues were used. n/d, not done; –, both dishes contaminated during culture and 
thus removed from study.

Steer 
number

Date of 
culture 
initiation

# of explants with outgrowth/# adhered onto dish 
surface

Total %

0 
dpm

3 
dpm

6 
dpm

9 
dpm

13 
dpm

15 
dpm

17 
dpm

S2 25 February 
2014

09/09 n/d n/d 09/09 04/04 09/09 00/06 31/37 83.78

S3 28 May 
2014

10/10 03/05 07/10 03/05 – – – 23/30 76.67

S4 10 June 
2014

10/10 03/10 00/10 00/05 00/10 00/03 n/d 13/48 27.08

S7 11 
September 
2014

10/10 03/10 09/10 00/10 00/10 00/10 n/d 22/60 36.67

S8 11 
September 
2014

10/10 02/10 07/10 00/10 – – – 19/40 47.5

S9 11 
September 
2014

10/10 10/10 08/10 – – – – 28/30 93.33

S10 6 January 
2015

05/05 02/05 00/10 00/10 00/10 00/10 n/d 7/50 14.00

S11 6 January 
2015

10/10 03/10 09/10 02/05 02/05 00/05 n/d 26/45 57.78

S12 6 January 
2015

10/10 00/05 03/10 01/10 00/10 00/10 n/d 14/55 25.46

S16 24 February 
2015

10/10 09/10 02/10 n/d n/d n/d n/d 21/30 70.00

Total 94/94 35/75 45/90 15/64 06/49 09/47 00/06 204/425

% 100 46.67 50.00 23.441 12.25 19.15 00.00 48.00

171Recovery of proliferative cells up to 15- and 49-day postmortem from bovine skin...

_________________ WORLD TECHNOLOGIES _________________



WT

previous similar study in goats (Singh, Ma, & Sharma, 2012). Furthermore, it was interesting to learn 
that such a long postmortem time lapse did not affect cytogenetic stability of cells, since all 20 
metaphase cell spreads analyzed had normal chromosomes. Postmortem stored tissue-derived cell 
populations were also competent for transfection and expressed GFP gene in their cytoplasm from 
a plasmid DNA, suggesting that the transcriptional and translational machinery of the cells are in-
tact. These cell populations were recultured after cryopreservation in liquid nitrogen. Results show 
that they last in in vitro cultures for more than 20 passages suggesting that postmortem stored tis-
sue-derived cells can be utilized for long-term storage and could benefit animal agriculture and bio-
medicine in future.

5. Conclusions
This study show that, (a) skin tissue of bovine stored at 25 ± 2°C and 4°C has potential for in vitro 
culture up to 15- and 49-day postmortem, respectively, (b) the number of explants with outgrowth 
decreases with increasing postmortem time interval, and (c) that the cell populations derived from 
tissues stored over a month of postmortem are genetically stable, have similar transcriptional and 
translational machinery, and can be easily re-cultured in vitro after cryopreservation. Future studies 
should reveal the potential of these cells for reprogramming, cloning of animals and for cell 
therapies.
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Echolocation calls of Natalus primus (Chiroptera: 
Natalidae): Implications for conservation 
monitoring of this species
Lida Sanchez1,2*, Christian R. Moreno1 and Emanuel C. Mora1,3

Abstract: Natalus primus constitutes one of the most vulnerable mammalian spe-
cies of Cuba. Until now, only one extant population is known to live in one single 
cave in the westernmost part of Cuba, within the Guanahacabibes National Park. 
Over multiple trips, we recorded ultrasonic vocalizations from several individuals of 
this species. We found short, high frequency-modulated multiharmonic calls for N. 
primus; these could be used to identify this species in acoustic inventories conduct-
ed in Cuba. Identifying N. primus through their echolocation calls will allow conduct-
ing passive acoustic monitoring, constituting a noninvasive approach to study this 
vulnerable species without causing disturbances on its roosts and foraging areas.

Subjects: Environment & Agriculture; Bioscience; Environmental Studies & Management

Keywords: acoustic monitoring; echolocation; Guanahacabibes; Natalus primus

1. Introduction
Natalus primus (Cuban greater funnel-eared bat) is the largest species within Natalidae. Few studies 
had addressed issues from its natural history, most of them referring taxonomy (Tejedor, Silva-
Taboada, & Rodríguez-Hernández, 2004; Tejedor, Tavares, & Silva-Taboada, 2005). This bat species 
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ABOUT THE AUTHORS
The author has been enrolled in bat bioacoustics 
for more than 5 years, learning about acoustic 
recordings and characterization of animal 
vocalizations. The author is interested in 
long monitoring programs on target species 
(endangered mammals), in order to know more 
about their ecology and contribute to their 
conservation. Acoustics constitutes a convenient 
non-harmful technique to assess the presence of 
some of these species, which sometimes avoid 
conventional trapping techniques. The research 
presented here was one of the first results of a 
conservation project dedicated to a vulnerable 
species: Cuban greater funnel-ear bat. The author 
and his co-workers intended to monitor this 
species through acoustic surveys, recognizing 
it through several acoustic variables and the 
frequency pattern of its echolocation calls. Scarce 
studies report information about the natural 
history of this species. The author’s intentions are 
to use bioacoustics as a non-harmful technique to 
unravel information regarding the foraging sites 
and hunting strategies from this species.

PUBLIC INTEREST STATEMENT
Natalus primus is a vulnerable bat species reported 
only in a single cave in the westernmost part of 
Cuba. Scarce research has been conducted in this 
species, making difficult to design conservation 
plans to protect it. Approaching this species by 
means of acoustics might constitute a non-harmful 
way to investigate more about its natural history. 
In this research, we describe the features of the 
vocalizations emitted by this species and discussed 
how these sounds and its characterization might 
be used to identify N. primus among other bat 
species when conducting acoustic surveys. This 
could be useful to inform about the places selected 
by this species to perform its foraging activity as 
well as the foraging range relative to its roost. 
Other caves in the surrounding areas could be 
explored as well to look for the presence of  
N. primus using bioacoustics.
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was thought to be extinct but was recently rediscovered in a cave in the westernmost part of Cuban 
archipelago (Tejedor, Silva-Taboada, & Rodríguez-Hernández, 2004), although fossil records suggest 
the species resided across the entire archipelago at one time (Silva-Taboada, 1979). This species was 
categorized as vulnerable (Dávalos & Mancina, 2010), regarding the unique extant population of this 
species in this remote area in Cuba. In spite of this, no direct conservation plans are taking over this 
species, neither a long- or short-term monitoring to check its population status. More studies regard-
ing its natural history and environmental requirements are needed, in order to draw more accurate 
conservation plans for this bat species.

Bioacoustics, the study of sounds produced by animals, has been widely used for species identifica-
tion on highly vocal species such as bats (Hughes et al., 2011), cetaceans (Oswald, Barlow, & Norris, 
2003), frogs (Brandes, Naskrecki, & Figueroa, 2006), and birds (Anderson et al., 1996). Acoustic surveys 
constitute a good complement for traditional capturing methods (Kuenzi & Morrison, 1998), allowing 
the detection of otherwise elusive species and causing almost no disturbance in their habitats (Laiolo, 
Vögeli, Serrano, & Tella, 2007). Acoustic studies have helped to determine habitat selection (Russ & 
Montgomery, 2002) and identification of cryptic bat species (Davidson-Watts, Walls, & Jones, 2006). 
Description of species vocal repertoire opens the possibility of using this powerful tool in studies re-
garding ecology, population dynamics, and conservation (Laiolo, 2010). Several variables measured 
from these vocalizations have been used to distinguish species, such as duration, mean frequency, 
and inter-pulse intervals (Fukui, Agetsuma, & Hill, 2004). Recent studies also had included the fre-
quency pattern of vocalizations to recognize species, using several methods such as cross-correlation 
and neural networks (Gaston & O’Neill, 2004; Mellinger & Clark, 1997). Using bioacoustics could con-
stitute a successful way to make a noninvasive approach to study this vulnerable bat species.

We report here the first description of the echolocation calls of N. primus. This description together 
with the frequency pattern of its vocalizations will allow the identification of this species in future 
acoustic surveys.

2. Materials and methods

2.1. Study site and capture of individuals
We conducted our study in the site where N. primus was rediscovered: Cave La Barca (N 21°50′36.2″; 
W 084°45′57.5″) (Tejedor, Tavares, & Rodríguez-Hernández, 2005), located within Guanahacabibes 
National Park. This is a hot cave composed by five main galleries with 500 m of linear extension and 
multiple entrances (Tejedor, Tavares, & Rodríguez-Hernández, 2005). We visited this cave five times 
from February to September 2015, accorded to the validity of the permissions requested to enter the 
National Park and handle the animals (Permission number: PO2014/96 and PO2015/16). To know 
more about features of this cave, we measured two climatic variables, such as temperature and 
relative humidity, using HOBO data loggers (Onset Computer Corp. Bourne, MA) in June 2015 for 
three consecutive days at four locations. We took climatic measurements outside the entrance of 
the cave and in three galleries in the cave: in the most inner (heat Gallery), in an intermediate one 
and a gallery with a skylight.

Bats were captured with hand and mist nets; these were located very close to the walls at low 
heights (<1.5 m above the floor) in the heat gallery of this cave. Individuals were captured and 
placed in cloth bags to prevent bite and injuries among individuals. This is a very delicate species 
with broad wings and long tail membranes and becomes stressed very easily, thus, gentle handling 
is required. For each individual, we recorded morphological variables such as forearm length and 
body weight, sex, and reproductive condition.

2.2. Acoustic recordings
We recorded their echolocation calls by allowing the bats to freely fly within a small gallery in the 
cave where no other bats were already roosting. This gallery was similar to a narrow hall (rectangular 
shape), allowing to close the entrance of it with long cloth sheets to avoid the animals to escape. 
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Each individual was allowed to fly in this gallery and when two flight paths (full sequence of calls 
approaching the microphones) were obtained, individuals we allowed to fly out of the gallery by 
moving the cloth sheets. We used an array of microphones to obtain good quality recordings (ob-
taining vocalizations from different angles) and the construction of flight trajectories for this species. 
The array was arranged in a t-shape form, using four ultrasonic condenser microphones (Avisoft 
CMPA/CM16) coupled to an amplifier, connected to a laptop running Avisoft USGH software (Avisoft 
Bioacoustics, Germany). Microphone’s gain was set in order to have a good signal to noise ratio in our 
recordings. We selected the channel containing calls with the highest amplitude to build the flight 
trajectories. We did not have flight paths containing echolocation calls from more than one individ-
ual, due that each individual was released inside the recording gallery after the previous one flew 
out. Flight trajectories were build using the software Bat3D (González, 2012) based on the time de-
lays from the arrival of every emitted sound to each microphone, taking as reference the micro-
phone located in the center of the array.

2.3. Call analysis
We conducted call analysis using two different softwares in order to characterize differently the 
echolocation calls. We intended to have a characterization from the whole call (all harmonics in-
cluded) and from each harmonic separately. The channel containing calls with the highest ampli-
tude was selected to make the call analysis, and only those calls above 20 dB relative to background 
noise, were analyzed. We used the automated detection feature of callViewer18 (Skowronski & 
Fenton, 2008) to characterize each harmonic independently from the echolocation calls. This is a 
custom echolocation sound analysis program written with MATLAB software (The MathWorks, 
Nadick, MA, USA). Detection parameter settings used with this software were: minimum link 
length = 10, Window size = 0.3, frame rate = 10,000, chunk size = 1, minimum energy = 12 dB, Echo 
filter hold = 6 dB, and window type = Blackman.

Call variables measured for each harmonic from every call were: duration (ms), minimum and 
maximum frequencies (kHz), and frequency of most energy (kHz). With these values, we calculated 
other variables such as bandwidth (kHz) (the difference between maximum and minimum frequen-
cies) and slope rate (kHz/ms) (bandwidth divided by duration). We also used automatic measure-
ment feature from Avisoft SASLab Pro software (Avisoft Bioacoustics, Germany) to characterize 
entire call. Here, signals were characterized—10 dB from the maximum amplitude peak in the power 
spectrum of each signal. Call variables measured were the same as in callViewer18.

3. Results
Fifteen adult individuals from N. primus were captured in the innermost parts of La Barca cave (e.g. 
Figure 1(A)). Their unique flight pattern resembling a butterfly at low heights bordering the walls of 
the caves allowed to distinguish this species from the rest of the bats inhabiting this cave. Forearm 
length ranged from 46.9 to 50 mm and body weight ranged from 7 to 9.5 g. The two pelage-color 
morphs were also observed from these captured individuals. Females were found lactating in 
September (Figure 1(B)). To confirm the precise period in which this species gave birth their 

Figure 1. Individual of Natalus primus on the wing (A) A lactating female of N. primus captured in 
September 2015, Guanahacabibes National Park, Pinar del Rio, Cuba (B).

Photography: Emanuel C. Mora.
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newborns was difficult. The inner gallery of cave La Barca in which most of the species concentrate 
is a guano swamp, making very difficult to explore it by foot. None of the captures females were car-
rying their babies.

We successfully recorded a total of 349 echolocation calls from 13 individuals. Two individuals 
were released after taking their morphological measurements because they were very stressed and 
we decided not to record their vocalizations. Flight trajectories were very similar among individuals 
(Figure 2(A)), each one of it contained more than 30 echolocation calls. These flight trajectories al-
lowed to make a good selection of the flight sequences to be analyzed in the acoustic characteriza-
tion, we show waveforms of some of these (Figure 2(B)). Those trajectories in which the animals 
were bordering the walls or flying in a direction to the end of the gallery were not analyzed.

Echolocation calls were downward frequency modulated (FM) of short durations, composed of 
three harmonics (Figure 2(C)). The first harmonic had in most of the cases a short constant frequency 
(CF) component located around 73 kHz (maximum frequency from the first harmonic) (Table 1), the 
second and third harmonic were completely frequency modulated with a major bandwidth, al-
though the third harmonic was very faint in most of our recordings and no acoustic measurements 
could be done for it. The first harmonic was always detected, but the second harmonic was more evi-
dent, with the greatest amplitude, especially during the approach to microphone’s array. Spectral 
overlap among harmonics was clear on some calls but was absent in others. Almost no difference 
was found in the mean value for duration from the whole call in relation to each harmonic (Table 1). 
However, for the other call variables, means differed and is understandable, due to the specificities 
in the location of measurement made on each sound analysis software.

Temperature and relative humidity profiles revealed stable values for several galleries of cave La 
Barca, especially regarding the relative humidity (Figure 3(B)–(D)), compared to the values outside 
the cave (Figure 3(A)). Although, a slight temperature fluctuation was observed (±1°C) in the gallery 
containing skylights (Figure 3(C)). Most of the captured individuals of N. primus were in the heat trap, 
where both of these variables were constant (Figure 3(D)).

4. Discussion
Articles referring the echolocation behavior from the bat species within Natalidae are not numerous. 
Most of them are reflecting the description of the species vocalizations (Murray, Fraser, Davy, 
Fleming, & Fenton, 2009), or their presence in different localities (García-Rivera, Montes Espín, 
Hernández Hernándes, Borroto, & Mancina, 2015). This study presents the description of the 

Figure 2. Flight trajectories (A), waveforms from flight paths performed by three individuals (B), and 
echolocation calls (C) of Natalus primus obtained in a gallery in La Barca cave, Guanahacabibes, 
Pinar del Rio, Cuba, (D) represents the spectrogram from the first waveform shown in (B).

Notes: Colors in A are signaling individual flight trajectories selected from five individuals of N. primus. 
Spectrograms shown in C represent the variation found in these echolocation calls regarding the 
presence of the short CF component.
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echolocation calls from the largest species of Natalidae, as the first step to undertake more studies 
about the ecology of this species. In Cuba, specifically most of the bioacoustics and ecological stud-
ies had focused on Molossidae (Mora et al., 2011; Mora & Torres, 2008), Phyllostomidae (Macías & 
Mora, 2006; Macías, Mora, García, & Macías, 2006) and Vespertilionidae (Mora, Rodríguez, Macías, 
Quiñonez, & Mellado, 2005; Rodríguez & Mora, 2005). The butterfly bat (Nyctiellus lepidus), the small-
est bat in Cuba is quite numerous in several caves along the archipelago (Silva-Taboada, 1979) and 
their colonies are of a considerable size (Borroto-Páez & Mancina, 2011). Although, almost no studies 
regarding aspects of their natural history have been published so far. N. lepidus inhabits cave La 
Barca as well as N. primus, within the cave these two species can be easily identified by their flight 
maneuvers and body size. Echolocation calls from N. lepidus are quite distinctive in their frequency 
pattern from those of N. primus, presenting non-overlapped multiharmonic FM calls (Murray et al., 
2009) and they lack this short CF component found for N. primus. From the 15 captured individuals 
of N. primus, their forearm length and body weight measures concur with those obtained previously 
for the species (Tejedor et al., 2004). This species presents FM calls, while the CF component of the 
first harmonic in these (Figure 2) could be a feature that, together with call variables measured, will 
allow distinguishing this species from the rest of FM bat species coexisting in the same area.

With data presented here, acoustic surveys could be implemented in the surrounding areas from 
cave La Barca, trying to locate the foraging zones of N. primus and what kind of environment they 
prefer to develop this activity: open, edge or narrow environments. This information may contribute 
as well to give a right estimation of the species extend of occurrence and offer new areas of occu-
pancy. Still though, more acoustic recordings should be conducted on this species, in order to obtain 
a more accurate identification of this species on the field by considering possible modifications in 

Table 1. Echolocation call variables measured for 13 individuals of N. primus

Notes: Arithmetic means, variation coefficient, and standard deviations are given to each call variable in each harmonic 
and for the entire call. N represents the number of echolocation calls obtained from all recordings and n represents the 
number of call harmonics.

N = 349 
Harmonics

Duration 
(ms)

Minimum 
frequency 

(kHz)

Maximum 
frequency 

(kHz)

Peak 
frequency 

(kHz)

Bandwidth 
(kHz)

Slope 
modulation 

(kHz/ms)
1st (n = 343) 1.9 ± 0.5 38.8 ± 10.0 73.0 ± 13.1 60.2 ± 10.6 34.1 ± 6.6 34.1 ± 5.6

2nd (n = 200) 1.7 ± 0.5 64.0 ± 8.0 114.4 ± 5.5 85.3 ± 6.9 50.3 ± 9.8 29.5 ± 6.0

Whole call 1.7 ± 0.5 46.1 ± 8.9 103.8 ± 13.9 78.5 ± 15.6 57.7 ± 13.9 –

Figure 3. Temperature and relative humidity profiles from different galleries of La Barca cave, 
Guanahacabibes, Pinar del Rio, Cuba; on 3 days of continuous sampling (X axis), reporting 1 value 
every 30 min. Surroundings outside the cave (A).

Notes: Inner galleries of this cave (B and C). Heat trap (D).
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their frequency pattern and values of their call variables, as have been detected in other bat species 
(Mora, Macías, Vater, Coro, & Kössl, 2004; Mora & Macías, 2007).

According to the spectro-temporal call pattern and pulse intervals, this species can be classified as a 
low duty cycle (LDC) bat. LDC bats can separate their call and echo in time, to avoid self-deafening 
(Fenton, 2013; Lazure & Fenton, 2011). Frequency-modulated signals of broad bandwidth, as the ones 
emitted by this species, are well suited for exact target location where range and angle must be pre-
cisely measured (Schnitzler & Kalko, 2001). This spectral pattern might be convenient for this species 
moving at low heights within vegetation (field observations). Individuals of N. lepidus were observed to 
forage at sunset, very close to the beach, at the vegetation edge. Based on the acoustic recordings 
made in the entrance of cave La Barca, N. lepidus is the first species to go out of the cave to forage (data 
not shown in this article). No individuals from N. primus were seen at this time in these locations.

Further studies are needed to better understand the ecology of this species. Priority areas include 
improving our knowledge about their roosting needs, foraging strategies, and habitat use. Previous 
studies point that bats from Natalidae prefer roosts (caves and abandoned mines) with stable values 
of temperature and relative humidity, and with water reservoirs in some galleries, such as the case 
of N. stramineus (Torres-Flores & López-Wilchis, 2010). In our study, we present temperature and 
relative humidity profiles from three consecutive days, obtained from different galleries in this cave 
(Figure 3), they show relatively constant values of relative humidity among the three galleries for 
those sampled days, but temperature remained constant only in the heat trap (Figure 3(D)) which 
also presents a guano swamp. This might by one of the features preferred for this species in the se-
lection of its roost, but the distance to the seashore could constitute another important one, due that 
most of the fossil records from this species in Cuba were caves with these characteristics (Silva-
Taboada, 1979). Recording temperature and relative humidity in multiple galleries within the cave 
for a long-term period will be necessary, to make a more conclusive argument regarding these cli-
matic roosting requirements for the species. This species had been seen roosting together with 
Mormoops blainvillei (Tejedor et al., 2004), suggesting that maybe could have similar preferences for 
roosting sites within the cave. M. blainvillei in general sense is a quite fragile species, compared to 
other cave-dwelling bats species, during handling or conducting experiments outside cave environ-
ments, individuals from M. blainvillei can dehydrate very easily and even die (author’s field observa-
tions). This could be one of the reasons explaining the similarity in the roosting sites within the cave 
among M. blainvillei and N. primus. Thermal conductance and metabolic rates measurements jointly 
with long-term measurements of cave temperatures, similar to the ones conducted for M. blainvillei 
and other cave-dwelling bats (Rodríguez-Durán, 1995), will be necessary for N. primus to confirm this.

Cave La Barca has been recognized as one of the most diverse caves in Cuba, housing up to 13 bat 
species (Tejedor, Tavares, Silva-Taboada, 2005). For almost all of them, the echolocation behavior 
has been addressed in several publications (Macías & Mora, 2006; Macías, Mora, & García, 2006; 
Macías, Mora, Koch, & Von Helversen, 2005; Mora & Macías, 2011). Our description of N. primus echo-
location calls (regarding call measurements and frequency pattern) will be useful to identify this 
species among the rest of the bat species inhabiting Guanahacabibes National Park. Our future in-
tentions are record vocalizations in different areas within this National Park and conduct automated 
detection to detect the presence of N. primus in these locations using their call measurements pre-
sented here or spectrogram templates, similar to what have been done already in other species 
(Bardeli et al., 2010; Mellinger & Clark, 1997).
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Melatonin bio-synthesizing enzyme genes (Tph1, 
Aanat1, Aanat2, and Hiomt) and their temporal 
pattern of expression in brain and gut of a tropical 
carp in natural environmental conditions
Haobijam Sanjita Devi1, Chongtham Rajiv1, Gopinath Mondal1, Zeeshan Ahmad Khan1,  
Sijagurumayum Dharmajyoti Devi1, Thangal Yumnamcha1, Rupjyoti Bharali2 and Asamanja Chattoraj1*

Abstract: The study demonstrates the temporal pattern of expression of melato-
nin bio-synthesizing enzyme genes (Tph1, Aanat1, Aanat2, and Hiomt) in the brain 
and gut of a tropical carp (Catla catla) on a daily and seasonal basis under natural 
photo-thermal conditions. The measurement of melatonin in brain and gut (both in 
vivo and in vitro) demonstrated a higher content in gut, with evidence of melatonin 
bio-synthesizing machinery in both tissues. All melatonin bio-synthesizing gene 
expressions in these two tissues were negatively correlated (except Aanat1 in brain 
and Hiomt in the gut) with the water temperature on an annual cycle. The higher 
expression of Aanat2 gene, rather than Aanat1, signifies the importance of Aanat2 
isoform in the melatonin production in tropical carp. Furthermore, the Aanat2 and 
Hiomt genes are highly expressed in the gut. Analysis of the rhythm and acrophase 
of expression of these genes in the brain and gut imply a pineal-independent mela-
tonin synthesizing machinery in these two organs, possibly involving both environ-
mental and endogenous cues for the regulation of melatonin rhythm to synchronize 
the physiology of the animal.
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1. Introduction
Melatonin (5-Methoxy-N-acetyltryptamine), an indole amine, is primarily synthesized in the pineal 
gland of vertebrates. It is also synthesized from retina, liver, gut, and brain (Chowdhury & Maitra, 
2012; Jimenez-Jorge et al., 2007). Among these, the gut is the richest source of melatonin (Bubenik, 
2002) in various groups of vertebrates, including fish (Bubenik & Brown, 1997; Bubenik & Pang, 1997; 
Munoz, Ceinos, Soengas, & Miguez, 2009). The limited data on brain melatonin in vertebrates sug-
gest the presence of least amount of melatonin in the cerebral structures (Jimenez-Jorge et al., 
2007; Uz, Qu, Sugaya, & Manev, 2002). Melatonin is formed from tryptophan by four sequential en-
zymatic reactions. Tryptophan hydroxylase (TPH) catalyzes the hydroxylation of tryptophan, and 
decarboxylation is done by aromatic amino acid decarboxylase, forming serotonin, an important 
neurotransmitter in the functioning of body physiology. It has already been reported that many 
parts of brain perform these two reactions where serotonin is formed (Appelbaum & Gothilf, 2006). 
The remaining two steps, N-acetylation by arylalkylamine N-acetyltransferase (AANAT) and O-
methylation by hydroxyindole-O-methyltransferase (HIOMT), are known to occur predominantly in 
the pineal gland and retina, and therefore are considered as pineal-/retina-specific enzymes 
(Appelbaum & Gothilf, 2006). In teleost, the existence of three TPH isoforms (TPH1a, TPH1b, and 
TPH2), (Lillesaar, 2011), two AANAT subfamilies AANAT1 (AANAT1a and/or AANAT1b) and AANAT2 
(Paulin et al., 2015), and two isoforms of HIOMT (Velarde, Cerda-Reverter et al., 2010) has been 
reported.

The circadian organization and the regulatory system of melatonin are shown to be dependent on 
environmental photo-thermal conditions resulting in a peak at midnight in the pineal gland of mam-
mals (Reiter, 1991b), fish (Falcón, Migaud, Muñoz-Cueto, & Carrillo, 2010; Iigo et al., 2007), and carp 
(Seth & Maitra, 2010). In this way, melatonin acts as the internal neurohormonal signal of darkness 
and plays a role as a “zeitgeber” (Falcón, 1999; Reiter, 1991a; Seth & Maitra, 2011). The involvement 
of suprachiasmatic nucleus (SCN) in maintaining biological rhythms in mammals is well known (Korf, 
Schomerus, & Stehle, 1998). Studies on fish and amphibians have given the indication of involve-
ment of brain in photo neuroendocrine system beside the pineal gland and retina (Falcón et al., 
2010). The diencephalic cells of Rana perezi (including SCN cells) show the expression of Aanat1 
(Isorna et al., 2006) which leads to the hypothesis that some parts of the brain can concentrate 
photosensitivity (Falcón et al., 2010). However, pinealectomized (brain only) rat demonstrated the 
reduction of brain melatonin (Jimenez-Jorge et al., 2007). It has also been evidenced that the devel-
oping brain (without pineal gland) of rat can produce its own melatonin rhythmically with higher 
nocturnal content than the diurnal concentration (Jimenez-Jorge et al., 2007). The study on ze-
brafish showed that circadian rhythms can be initiated and maintained in the absence of SCN and 
other tissues in the ventral brain, though the SCN may play a deciding role in the regulation of am-
plitude of rhythms in the absence of environmental cues (Noche, Lu, Goldstein-Kral, Glasgow, & 
Liang, 2011). Moreover, a recent study on zebrafish also demonstrated the expression pattern of 
melatonin bio-synthesizing enzymes in the whole brain (Khan et al., 2016) in different photic 
conditions.

The presence of melatonin in the gut of many vertebrates, including fish, is reported (Bubenik & 
Brown, 1997; Kulczykowska, Kalamarz, Warne, & Balment, 2006). Based on the high expression lev-
els of its synthesizing enzymes, some studies pointed out its local synthesis in the gut (Fernández-
Durán et al., 2007; Stefulj et al., 2001). The study on goldfish informed us of the gAanat2 mRNA 
expression in both foregut and hindgut (Velarde, Cerda-Reverter et al., 2010). Rhythmic AANAT ac-
tivity is also reported in the foregut of the same fish (Nisembaum et al., 2013). A recent study on 
trout also demonstrated a variation in melatonin content and the expression of Aanat1, Aanat2, and 
Hiomt in the mucosa and wall of the gut (Munoz-Perez et al., 2016). Stable presence of melatonin in 
the lower gut in a pinealectomized animal is indicative of local production of this indole amine (Chen, 
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Fichna, Bashashati, Li, & Storr, 2011). Melatonin level in gut showed a significant difference at the 
species level in fish, amphibians, and reptiles (Bubenik & Pang, 1997). Recently, a study on the sea-
sonal and diurnal profiles of melatonin (serum, gut, retinal, and pineal) and expression of AANAT in 
natural and altered photic conditions in same species gave an idea about the presence of gut mela-
tonin in any tropical carp (Mukherjee & Maitra, 2015; Mukherjee, Moniruzzaman, & Maitra, 2014). In 
fish, there is no difference in the melatonin content in various parts of the gut (Mukherjee & Maitra, 
2015). The study on aged mice depicted the protective role of melatonin and its precursor serotonin 
in the gut (Bertrand, Bertrand, Camello, & Pozo, 2010). Presence of melatonin in the hepatobiliary–
gastrointestinal tract (Messner, Huether, Lorf, Ramadori, & Schwörer, 2001) may contribute to re-
duce pathophysiology in humans (Reiter, Tan, Manchester, & Gitto, 2010) and gut motility in fish 
through its receptor or bio-synthesizing enzyme (AANAT) (Nisembaum et al., 2013; Velarde, Delgado, 
& Alonso-Gómez, 2010).

Information about the expression of melatonin bio-synthesizing enzyme genes and its temporal 
pattern of expression at a transcriptional level along with the concentration, in brain and gut, is not 
available. Therefore, the present study is the first attempt to show diurnal and seasonal variations 
and/or rhythms of melatonin bio-synthesizing enzyme genes (Tph1, Aanat1, Aanat2, and Hiomt) at 
the transcriptional level in brain (without pineal) and gut in any tropical carp (Catla catla), under 
natural photo-thermal conditions. Moreover, measurement of melatonin in vivo and in culture pro-
vided the evidence of the melatonin production unit in these two organs.

2. Materials and methods

2.1. Animals, housing conditions, and sample collection
An economically important surface-dwelling adult major carp of both sexes of Indian subcontinent, 
C. catla (n = 3) weighing between 700 and 900 g was used for the sampling in this study continuously 
for three years. The fish were collected from local fish farm located in Kodompokpi, Imphal. After 
transportation to the laboratory, the fish were acclimatized in cemented tanks in identical photo-
thermal conditions, as they were, for a week (Chattoraj, Seth, & Maitra, 2009). Artificially prepared 
balanced food comprising 35% fish meal, 28% mustard oil cake, 28% rice bran, 2% each sunflower 
and cod liver oils, 5% carboxy methyl cellulose, and multivitamin–multimineral tablets (“Becozyme 
Forte”, Glaxo India Ltd., 25 tabs/kg food) were given two times daily ad libitum. Laboratory care of 
fish and adopted study schedules were in agreement with ethical standards journal (Portaluppi, 
Smolensky, & Touitou, 2010). The ethical clearance was obtained from the Institutional Animals 
Ethical Committee constituted as per the recommendations of Committee for the Purpose of Control 
and Supervision of Experiments on Animals (CPCSEA), Government of India. Samples were collected 
in preparatory, pre-spawning, spawning, and post-spawning phases in Imphal valley (latitude 
24°44′N, longitude 93°58′E), Manipur, with an elevation of 786 m above sea level. This region of the 
world is under the Indo–Burma biodiversity hotspot. The area is having a seasonal, tropical mon-
soonal climate, with a cool dry season (~November–April) and warm wet season (~May–October). 
From winter to summer, the temperature varies from 4 to 32°C and the photoperiod ranges from 11 
to 13 h in a year. Animals were anesthetized (0.1% Tricaine, SIGMA; pH 7.00 of the media) and eutha-
nized before tissues were collected. Samplings at dark were carried out in dim red light. The brain 
tissues without the end vesicle of pineal and whole gut were collected. The previous studies on the 
morphoanatomy of this carp clearly demonstrated that the end vesicle part of pineal organ is mainly 
considered as the unit for photoreception and production of melatonin. This end vesicle is very much 
distant from the dorsal sac and connected by a long pineal stalk (Figure 1 of Dey, Bhattacharya, 
Maitra, & Banerji, 2003 and Figure 2 of Chattoraj, Bhattacharyya, Dey, Seth, & Maitra, 2006). The gut 
content was removed from whole gut tissues prior to storage in −80°C freezer. Both the tissues were 
collected in an identical method and time points (8:00, 12:00, 16:00, 20:00, 24:00, 4:00 h) in prepara-
tory (January; duration of Natural Photoperiod, NP: 11 h 18 min; Water Temperature, WT: maximum 
15°C, minimum 14°C), pre-spawning (April; NP: 13 h; WT: maximum 28.3°C, minimum 26.3°C), spawn-
ing (August; NP: 13 h; WT: maximum 26°C, minimum 25°C), and post-spawning phases (October; NP: 
10 h 50 min; WT: maximum 18.5°C, minimum 17°C) (Table 1). There was no change in the feeding 
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conditions and timing before the euthanization of fish. Each phase is designated by characterized 
profile of germ cells in the gonad; serum melatonin varies in its amplitude and pattern (Bhattacharya, 
Chattoraj, & Maitra, 2007; Dey, Bhattacharya, & Maitra, 2005; Hasan, Moniruzzaman, & Maitra, 2014; 
Maitra & Chattoraj, 2007) in the mentioned period. Immediately after isolation, tissues were put in 
TRIzol and frozen at −80°C until further processing.

2.2. Gene expression study
Gene-specific primers were used for quantitative PCR, listed in Table 2. Total RNA was isolated using 
“PureLink® RNA Mini Kit” (Ambion) as recommended by manufacturer’s protocol. RNA quality and 
quantity were assessed using a spectrophotometer (BioSpec-nano, Shimadzu). RNA integrity was 
checked by taking 200  ng of total RNA loaded onto 1% denaturing agarose gel electrophoresis, 
stained with GelRed™ Nucleic Acid Gel Stain (Biotium Inc, USA). Genomic DNA contamination was 
removed by treating 10 μg of total RNA with “TURBO DNA-free™ Kit (Ambion)”. Using “High Capacity 
cDNA Reverse Transcription Kit” (Applied Biosystems), 2 μg DNase-treated total RNA was reverse 
transcribed into cDNA following manufacturer’s protocol in “ProFlex™ PCR System” (Applied 
Biosystems). The thermal cycling conditions for cDNA synthesis were 25°C for 10 min, followed by 
37°C for 2 h, 85°C for 5 min, and final incubation at 4°C. Furthermore, the cDNA was diluted five times 
for downstream process. This cDNA was amplified using Tph1, Aanat1, Aanat2, Hiomt, and β-actin 
primers followed by clean up using QIAquick PCR Purification Kit (Qiagen) and quantified. A serial 
dilution of concentration ranges from 0.001 to 100 pg/μl was made and used as template to gener-
ate a standard curve. Quantitative PCR was performed in “StepOnePlus Real-Time PCR System” 
(Applied Biosystems) using GoTaq® qPCR Master Mix (Promega) following manufacturer-recom-
mended protocol. The PCR cycling conditions were as follows: 95°C for 10 min followed by 40 cycles 
of 95°C for 15 s, and 60°C for 1 min. Primers were blast against NCBI Primer blast tool to check speci-
ficity. Amplified products were also assessed in 2% agarose gel to check whether single amplicon 
was amplified or not. No template control and reverse transcriptase negative control were setup by 
replacing cDNA with water and DNase-treated total RNA, respectively. After quantitative PCR ampli-
fication, standard curve was prepared and sample quantification was done. The quantified amount 

Table 1. The average day length and water temperature in four seasons from where fish were 
collected (latitude 24°44′N, longitude 93°58′E)
Seasons Sunrise (h) Sunset (h) Day length (h) Water temperature (°C)
Preparatory 5.5 17.08 11:18 15.0

Pre-spawning 4.44 17.41 13:00 28.3

Spawning 4.49 17.48 13:00 26.0

Post-spawning 5.35 16.25 10:50 18.5

Table 2. Details about primer sequences used for RT-qPCR for Tph1, Aanat1, Aanat2, and Hiomt 
in the brain and gut of Catla catla
Name of the genes Primer Primer sequences Amplicon (bp) Sequence ID
Tryptophan hydroxylase 1 qPCR Tph1-F GCGGATCATCCAGGATTC 121 KR024229.1

qPCR Tph1-R CCTCTTCCTCTGTGAACTC

Arylalkylamine N-acetyl-
transferase 1

qPCR Aanat1-F GGCAGTCCACCGGACCTT 58 KR024226.1

qPCR Aanat1-R GTAACGCCACAGCAGGATAG

Arylalkylamine N-acetyl-
transferase 2

qPCR Aanat2-F TCTGTGCACCGCCACTGT 54 KR024227.1

qPCR Aanat2-R GCGCCAAAGCAAGATGGA

Hydroxyindole-O-methyl-
transferase

qPCR Hiomt-F CGCAAGACGAGCGCATCT 58 KR024228.1

qPCR Hiomt-R TGCGGGAGCTCGTCCTTA

Beta Actin qPCR Actb-F GACACAGATCATGTTCGAGA-
CCTT

59 JQ991014.1

qPCR Actb-R CAGCCTGGATGGCAACGT
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was then normalized (Piesiewicz, Kedzierska, Turkowska, Adamska, & Majewski, 2015) using β-actin 
(Kumari, Pathakota, Annam, Kumar, & Krishna, 2015; Munoz-Perez et al., 2016) and the gene expres-
sion level was represented as the number of mRNA copies per 106 copies of β-actin mRNA. The quan-
tified concentrations using standard curve were converted into copy number using the following 
equation (Whelan, Russell, & Whelan, 2003),

2.3. Brain and gut tissue culture and measurement of melatonin
Adult C. catla (n = 3) of similar weight were taken. After euthanization, brain and gut tissues were 
taken out from the fish at 08.00 h (light phase) and 20.00 h (dark phase). Each tissue was incubated 
in culture medium (M199, SIGMA) for four hours (up to 12.00 h and 24.00 h respectively) and kept 
immediately at −80°C for further melatonin measurement. The tissues were maintained with 95% 
O2/5% CO2 at 28°C in a CO2 Incubator (Thermo Scientific). The incubator was fitted with a florescent 
lamp (300 lux) with automated timer (12 h light: 12 h Dark). The light was on at 05.00 h and off at 
17.00 h. The M199 medium was supplemented with 10 mm HEPES, 0.1% BSA, 0.1 mM phenyl-me-
thyl-sulfonyl fluoride (PMSF), penicillin (100 U/ml), and Streptomycin (100 μg/ml) (Chattoraj et al., 
2005; Chowdhury et al., 2010; Khan et al., 2016). For in vivo melatonin estimation, each tissue was 
collected in phosphate buffer (PBS; pH 7.4) at 08.00 and 20.00 h from adult fish. Utmost care was 
given to the identical body weight of the fish for either in vitro or in vivo assay. For both in vivo and in 
vitro measurements of melatonin, 0.3 g of the homogenized tissues were taken in 500 μl of PBS (pH 
7.4) and sonicated followed by centrifugation at 3000 rpm until a clear supernatant was obtained. 
Finally, 50 μl of the supernatant was taken for the measurement of melatonin by a commercially 
available ELISA kit (Gen Asia Biotech Co., Ltd, China) according to the manufacturer’s protocol. The 
assay was measured at an absorbance of 450 nm wavelength (Thermo, Multiskan spectrum).

2.4. Statistical analysis
Gene expressions shown here are in copy number per 106 copies of β-actin. All statistical analyses 
were performed in Statgraphics Centurion XVI (Statpoint Inc, USA). Seasonal change in expression 
was done by comparing gene expression level of the sample taken at three different time points 
during light and dark phases of different seasons. One-way ANOVA followed by Tukey HSD or 
Kruskal–Wallis test followed by Bonferroni (if the data-set doesn’t follow normal distribution even 
after log transformation) was performed to analyze these seasonal significant changes. Normal dis-
tribution of data was assisted using Shapiro–Wilk test.

Diurnal rhythmic changes in expression of these genes were done using COSINOR PERIODOGRAM 
Version 3.1 (Refinetti, Cornélissen, & Halberg, 2007) based on cosinor-rhythmometry (Nelson, Tong, 
Lee, & Halberg, 1979). A nonlinear regression curve was fitted to the data using the formula 
“Y = Mesor + Amplitude Cos (Frequency X + Acrophase)” with GraphPad Prism (Version 6.01, GraphPad 
Software, Inc., USA). Two-way ANOVA followed by Student–Newman–Keuls was performed to ana-
lyze significant changes in the melatonin production in vitro and in vivo conditions. All statistical 
analyses were conducted at 0.05 level of significance.

3. Result

3.1. Expression of Tph1 in brain and gut
In the brain, the average transcripts of Tph1 in all seasons were approximately 125 (Figure 1(A)). The 
highest expression of Tph1 in the brain was found in post-spawning while lowest was during the 
preparatory dark phase (Figure 1(A)). Significant day–night variation in the expression of Tph1 was 
only found during preparatory and pre-spawning phases (Kruskal–Wallis Test statistic  =  17.9,  
p-value = 0.01; Figure 1(A)). The Cosinor analysis also revealed the insignificant diurnal rhythm of 
brain Tph1 transcript (Figure 3). Highest rhythm percentage was detected in preparatory followed by 

Copy number =
6.02 × 1023(Copy∕mole) × DNA amount (g)

DNA length (bp) × 660 (g∕mol∕bp)
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WTpre-spawning, post-spawning, and spawning phases (Figure 3). This change is inverse according to 
the changes in the water temperature (Tables 1 and 3).

The average Tph1 transcripts in the gut in all four seasons were observed to be around 60 (Figure 1(B)). 
One-way ANOVA followed by Tukey HSD test and Cosinor analysis displayed insignificant changes in 
the expression of Tph1 in the gut in all seasons as well as in the light–dark phases (F-ratio = 1.9, p-
value = 0.14; Figure 1(B)). Like the brain, Cosinor analysis also portrayed insignificant diurnal rhythm 
of gut Tph1 transcript in all the phases (Figure 3). Percentage of rhythm was lowest in spawning and 
then started to increase as it moved to post-spawning and became highest at preparatory; after-
ward, it started to fall in pre-spawning (Figure 3). This phenomenon was also negative with the water 
temperature or photic length (Table 1).

3.2. Expression of Aanat1 in the brain and gut
Average brain Aanat1 transcripts were approximately 250 in all the seasons (Figure 1(C)). The high-
est expression level of brain Aanat1 was during the day time of post-spawning and lowest in the 
spawning phase in the brain (Figure 1(C)). There was a significant change in the expression level of 
Aanat1 in the brain between light and dark (F-ratio = 10.1, p-value < 0.01; Figure 1(C)) phases in all 
seasons, except spawning. Significant rhythm percentage was found in all the seasons, except post-
spawning (the lowest) with the highest value in the preparatory phase (Figure 4). It is interesting 
that the acrophase of expression was shifted from late light phase to early light phase (spawning to 
preparatory phases) and finally moved to dark in the pre-spawning phase (Figure 4).

The average Aanat1 transcript level detected in the gut was around 600 in all seasons (Figure 1(D)). 
The highest Aanat1 expression in the gut was displayed during the daytime of preparatory and post-
spawning phases and lowest during the spawning phase (F-ratio = 10.5, p-value < 0.01; Figure 1(D)). 
Except the spawning phase, a day–night variation was observed in the expression of gut Aanat1 in 

Figure 1. Seasonal and light–dark phase changes in the expression level of (A) Tph1 in Brain, (B) Tph1 
in Gut and (C) Aanat1 in Brain, (D) Aanat1 in Gut were compared by taking the mean value of three 
time points during the light phase (represented by empty circle) and the dark phase 
(represented by filled circle).

Notes: Statistical analysis for brain Tph1 expression was done by Kruskal–Wallis Test followed by 
Bonferroni. One-way ANOVA followed by Tukey’s test were used to analyze gut Tph1, brain Aanat1, 
and gut Aanat1. Bar in the graph indicates mean ± S.E.M. Group sharing common letters has no 
statistical difference. All statistical analyses were conducted at 0.05 level of significance.
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all phases (Figure 1(D)). A significant rhythmic expression of gut Aanat1 was observed in preparatory 
and post-spawning phases (Figure 4). There was an increase in the percentage of rhythm in the ex-
pression of gut Aanat1 from spawning to preparatory phases and decreased at the pre-spawning 
phase (Figure 4).

3.3. Expression of Aanat2 in brain and gut
Brain Aanat2 transcripts, on an average in four seasons, were about 300 (Figure 2(A)). There was no 
significant variation observed in the expression of brain Aanat2 between light and dark in prepara-
tory (highest) and spawning phases (lowest) (Figure 2(A)). The other two phases exhibited a day–
night variation (F-ratio = 39.4, p-value < 0.01; Figure 2(A)). A significant rhythm during pre-spawning 
and post-spawning phases (highest) (Figure 5) was found. Except preparatory, the acrophase of 
brain Aanat2 was found in dark (Figure 5).

Highest Aanat2 expression in the gut was observed during the preparatory phase while lowest was 
during spawning (F-ratio = 13, p-value < 0.01; Figure 2(B)) and its overall average transcripts in four 
seasons were approximately 1,415 (Figure 2(B)). Except the preparatory phase, there was a signifi-
cant difference in the expression of gut Aanat2 in other three phases, amongst which pre-spawning 
and spawning phases were giving the highest value in dark (Figure 2(B)). The rhythm percentage of 
Aanat2 in gut gradually increased from spawning to preparatory and ultimately became signifi-
cantly rhythmic in pre-spawning phases (Figure 5). Expression of Aanat1 and Aanat2 in both organs 
was negatively related to the environmental photo-thermal conditions (Tables 1 and 3).

It has also been revealed that any one of the isoforms of Aanat was rhythmic in their expression 
in a particular season and in a particular organ, except in the spawning season in the gut (Figures 4 and 5) 

Figure 2. Seasonal and light–dark phase changes in the expression level of (A) Aanat2 in Brain, (B) 
Aanat2 in Gut and (C) Hiomt in Brain, (D) Hiomt in Gut were compared by taking the mean value of 
three time points during the light phase (represented by empty circle) and the dark phase 
(represented by filled circle).

Notes: Statistical analysis was done by one-way ANOVA followed by Tukey’s test. Bar in the graph 
indicates mean ± S.E.M. Group sharing common letters has no statistical difference. All statistical 
analyses were conducted at 0.05 level of significance.
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where both isoforms were arrhythmic in their expression. Moreover, except the post-spawning 
phase, there was almost an identical acrophase of Aanat1 and Aanat2 in both brain and gut  
(Figures 4 and 5) in all the phases.

Figure 3. Changes in the expression of Tph1 in six different time points (8, 12, 16, 20, 24, and 4 h) in 
different seasons (n = 3) were fitted to nonlinear regression curve using the formula “Y = Mesor +
Amplitude Cos (Frequency X + Acrophase)”.

Notes: Cosinor analysis was performed to obtain the rhythm parameters and the existence of 
rhythm.  p-value < 0.05 is considered as significant.
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3.4. Expression of Hiomt in the brain and gut
The average transcripts of Hiomt mRNA in the brain were around 160 (Figure 2(C)). The level of ex-
pression was highest in the preparatory phase and the light phase of pre-spawning was with the 
lowest value (Figure 2(C)). There was no significant difference in the expression of brain Hiomt in all 
phases except pre-spawning (F-ratio = 9.3, p-value < 0.01; Figure 2(C)). The highest rhythm was ob-
served only in the pre-spawning phase (Figure 6).

In all four seasons, the average gut Hiomt mRNA transcripts were approximately 2,000 (Figure 
2(D)). The expressivity of gut Hiomt was almost similar in all seasons with no or very less signifi-
cant differences between light and dark phases, but at the post-spawning phase, suddenly, the 
overall expression was elevated (F-ratio = 9.4, p-value < 0.01; Figure 2(D)). Like the brain, the ex-
pression of Hiomt gave a significant rhythm only during the pre-spawning phase (Figure 6). This 
was also following a negative trend of relation with environmental photo-thermal conditions 
(Tables 1 and 3).

3.5. Correlation between water temperature and melatonin synthesizing enzyme genes
A significant negative correlation was found between the expression of melatonin synthesizing en-
zyme genes and water temperature from the correlation co-efficient analysis (Table 3) in all four 
seasons in both brain and gut, except for Aanat1 (brain) and Hiomt (gut). In brain, the expression of 
Tph1 in the preparatory phase did not reveal a negative relationship with the water temperature 
(Table 3).

3.6. Measurement of melatonin in vivo and in vitro
The brain melatonin level was found to have significant differences between the light and dark phas-
es as well as between in vivo and in vitro as revealed by two-way ANOVA (in vivo/in vitro F-ratio = 8.6, 
p-value = 0.03; light/dark F-ratio = 16.5, p-value < 0.01). In vitro melatonin level was found to be 
more as compared to in vivo in both light and dark conditions (Figure 7(A)).

The gut melatonin level does not show any significant variation between light and dark phases in 
both in vivo and in vitro but the in vitro level was found to be higher than in vivo (in vivo/in vitro F-
ratio  =  41.5, p-value  <  0.01; light/dark F-ratio  =  0.1, p-value  =  0.67; Figure 7(B)). Moreover, a 
considerable amount of melatonin was also detected during the light phase in both the tissues 
(Figures 7(A) and (B)).

Table 3. Correlations study between water temperature and expression level

*p-value < 0.05 is considered as significant.

Tissue Gene Correlations coefficient p-value
Brain Tph1 −0.682* 0.005 (except preparatory phase)

Aanat1 −0.315 0.130

Aanat2 −0.943* 0.000

Hiomt −0.608* 0.004

Gut Tph1 −0.533* 0.011

Aanat1 −0.716* 0.001

Aanat2 −0.633* 0.003

Hiomt −0.237 0.256
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Figure 4. Changes in the expression of Aanat1 in six different time points (8, 12, 16, 20, 24, and 4 h) 
in different seasons (n = 3) were fitted to nonlinear regression curve using the formula “Y = Mesor +
Amplitude Cos (Frequency X + Acrophase)”.

Notes: Cosinor analysis was performed to obtain the rhythm parameters and the existence of 
rhythm.  p-value < 0.05 is considered as significant.
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Figure 5. Changes in the expression of Aanat2 in six different time points (8, 12, 16, 20, 24, and 
4 h) in different seasons (n = 3) were fitted to nonlinear regression curve using the formula 
“Y = Mesor + Amplitude Cos (Frequency X + Acrophase)”.

Notes: Cosinor analysis was performed to obtain the rhythm parameters and the existence of 
rhythm.  p-value < 0.05 is considered as significant.
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Figure 6. Changes in the expression of Hiomt in six different time points (8, 12, 16, 20, 24, and 4 h) in 
different seasons (n = 3) were fitted to nonlinear regression curve using the formula “Y = Mesor +
Amplitude Cos (Frequency X + Acrophase)”.

Notes: Cosinor analysis was performed to obtain the rhythm parameters and the existence of 
rhythm. p-value < 0.05 is considered as significant.
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4. Discussion
The present communication demonstrates the presence of melatonin bio-synthesizing machinery 
both in adult brain and gut of any tropical carp with a daily and seasonal variation at the transcript 
level. Our data also validate the production of this indole amine both in vivo and in vitro cultures in 
these two organs. The variation in the mRNA of melatonin-synthesizing genes according to the en-
vironmental cues indicates the importance of brain and gut melatonin in the maintenance of annual 
physiology of this tropical carp.

4.1. Expression of Tph1 and Hiomt in brain and gut
Tissue-specific expression of Tph has been reported in zebrafish; Tph1 (a and b) is involved mainly in 
the areas of photoreception, phototransduction, and production of melatonin (Bellipanni, Rink, & 
Bally-Cuif, 2002). The cloning, sequencing, and phylogenetic analyses of Tph and Hiomt from pineal 
gland and retina in C. catla (unpublished data from our group) identified them as Tph1 and Hiomt, 
respectively, unlike goldfish g-Hiomt-1 and g-Hiomt-2 (Velarde, Cerda-Reverter et al., 2010).

The mRNA of Tph1 in both brain and gut is giving a significant negative correlation with the water 
temperature (Table 3) and photoperiod (data not shown) in its expression. It is noteworthy that the 
preparatory phase expression of Tph1 in the brain is not giving the same trend with photo-thermal 
conditions as it is with other genes. On the other hand, the level of expression of Tph1 is very less in 
gut, though it has a negative correlation with the photo-thermal conditions. This low level of Tph1 
and comparatively higher levels of other melatonin synthesizing genes as well as higher melatonin 
content in gut (Figures 1(A), (B) and 7) in comparison to brain may be due to the possible existence 
of another source of serotonin in the gut as gut serotonin is an important signaling molecule that 
helps in regulating the gastrointestinal functions (Gershon & Tack, 2007). More serotonin in the brain 
is required for neurotransmission (Sugden, 2003). The tissue-specific distribution of Tph1 revealed a 
weak and arrhythmic circadian expression in rat brain (Malek, Dardente, Pevet, & Raison, 2005), 
which is in support of the present finding (Figure 1(A)). This pattern of expression is also supporting 
the arrhythmic production of a trace amount of melatonin in the brain, as reported in the rat 
(Jimenez-Jorge et al., 2007). Further, the present study also reveals the presence of melatonin in 
both brain and gut at light phase, signifying a pineal-independent mechanism of expression of this 
gene in both brain and gut as suggested from the AANAT activity in rat brain (Jimenez-Jorge et al., 
2007) and study on carp (Seth & Maitra, 2010).

On the other hand, the level of expression of Hiomt is very less in the brain as compared to gut 
(Figures 2(C) and (D)). The expression of Hiomt in gut portrays an insignificant negative trend of cor-
relation with water temperature, though in the brain it is significant (Table 3). The rich melatonin 
content in fish gut found in this study (Figure 7) is also supportive of previous findings (Mukherjee & 
Maitra, 2015), and may be explained with the ample copy number of Hiomt mRNA, observed in this 
study. A recent study on rainbow trout is also showing a high transcription of Hiomt in gut 

Figure 7. In vivo and in vitro melatonin synthesis in (A) Brain and (B) Gut tissues was analyzed by 
two-way analysis of variance followed by Student–Newman–Keuls.

Notes: The values are represented by circle and the bar in the graph indicates mean ± S.E.M with 
n = 3.  p-value < 0.05 is considered as significant.
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(Muñoz-Pérez et al., 2016). This particular observation may be linked to the notion that Hiomt acts as 
the key regulator in melatonin production (Liu & Borjigin, 2005). A lack of correlation of the expres-
sion of Hiomt in the gut with environmental factors (Table 3) also indicates a non-photo-thermal 
regulation of melatonin production (Mukherjee & Maitra, 2015; Velarde et al., 2009; Velarde, Delgado 
et al., 2010) in gut. Moreover, high expression of Hiomt in brain (Figures 2(C) and 6) during preparatory 
(phase of preparation for reproduction) is a sign of involvement of brain melatonin in the modulation 
of seasonal reproductive parameters through hypothalamo–pituitary–gonadal axis (Chattoraj et al., 
2005; Falcón, Besseau, Sauzet, & Boeuf, 2007). Earlier studies on the same fish also demonstrated the 
role of environmental photo-thermal conditions with the development of gonads through melatonin 
(Bhattacharya et al., 2007; Dey et al., 2005; Maitra, Chattoraj, Mukherjee, & Moniruzzaman, 2013).

4.2. Expression of Aanat1 and Aanat2 in brain and gut
This is the first evidence for the presence of both isoforms of Aanat transcripts (Aanat1 and Aanat2) 
in brain and gut in any tropical fish. Study on rainbow trout recently showed the transcription of 
Aanat1 and Aanat2 in gut (Muñoz-Pérez et al., 2016). The expression of Aanat mRNA has been dem-
onstrated in various parts of the rat brain (Uz et al., 2002). The present study denotes an inverse re-
lationship of the expression of Aanat1 and Aanat2 in both brain and gut with the environmental 
photo-thermal conditions in all phases, though in brain, Aanat1 gave an insignificant value (Table 3). 
Involvement of environmental cues in the regulation of these enzymes is valid for both brain and gut 
in fish as evidenced from previous studies (Falcón et al., 2010). In both tissues, the expressivity of 
Aanat2 is more than Aanat1, signifying the importance of Aanat2 in the regulation of melatonin syn-
thesis in carp (Figures 1(C) and (D), 2(A) and (B)). Presence of Val115 and Val161 is important for the 
temperature-dependent activity of AANAT2 (Cazamea-Catalan et al., 2013). This indicates AANAT2 
might play a role in temperature regulation of melatonin bio-synthesis. Higher expression of Aanat2 
in the gut is also proportionate to the copy number of Hiomt and higher content of melatonin in the 
same tissue (Figures 2(B) and (D); Figure 7). Interestingly, in the brain, in every season, any one of the 
isoforms is rhythmic in their expression, but during the spawning phase, Aanat expression became 
arrhythmic (Figures 4 and 5). Similar kinds of observations are available in pike, where Aanat1 is giv-
ing a peak at light in retina and Aanat2 in dark in pineal (Coon, Begay, Deurloo, Falcon, & Klein, 1999), 
which may be explained through the proteasomal proteolysis of AANAT by light at the downstream 
of the clock (Gastel, Roseboom, Rinaldi, Weller, & Klein, 1998). The current finding demonstrates the 
alternation (season wise) of Aanat1 and Aanat2 rhythmicity and this further explains the probable 
reasons to have two isoforms of Aanat in fish. Both isoforms cannot remain rhythmic in same photo-
thermal conditions in both brain and gut, except in the pre-spawning of the brain (Figures 4 and 5) 
which might be due to the difference in their optimum photo-thermal conditions. This mechanism 
may help the system react immediately to the length of photoperiod which cannot be anticipated by 
the endogenous clock (Coon et al., 1999). Insignificant variation of melatonin content between light 
and dark phases (Figure 7) suggests more involvement of endogenous cues in the regulation of mela-
tonin synthesis in gut. The regulation of expression of Aanat through external cues (Table 3) supports 
the hypothesis of its chronobiological importance in the central nervous system (Uz et al., 2002). 
Study on the melatonin synthesizing machinery in the gut of rainbow trout also indicated a control 
by environmental light cycle and is likely to be under circadian regulation (Muñoz-Pérez et al., 2016).

Moreover, findings on goldfish (Velarde et al., 2009; Velarde, Cerda-Reverter et al., 2010) and 
mammals (Konturek, Brzozowski, & Konturek, 2011) suggest that the rhythm of Aanat2 and Hiomt 
expression and melatonin production can be regulated by peripheral clocks entrained by non-photic 
cues (Liu & Borjigin, 2005). On the contrary, very recent studies indicate the synchronization of physi-
ological rhythm in various parts of the body or even in the microbial population of the gut (Paulose, 
Wright, Patel, & Cassone, 2016) may be harmonized by melatonin. Further, these physiological pro-
cesses of entrainment and/or synchronization are influenced by seasonal changes (Falcón et al., 
2010; Maitra et al., 2013).
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The recent study from our group has demonstrated that the synchronization of melatonin synthe-
sizing genes and clock-associated genes in central (brain) and peripheral organs (ovary) of zebra fish 
is dependent on environmental photic conditions (Khan et al., 2016), supporting the “orchestra” 
model (Richards & Gumz, 2012). It was demonstrated earlier that the self-sustaining circadian oscil-
lators exist in several peripheral organs in fish (Whitmore, Foulkes, Strahle, & Sassone-Corsi, 1998). 
The present work indicates a seasonal and diurnal variation of four major melatonin synthesizing 
enzyme genes in an annual cycle of a tropical carp in brain and gut. It is evident from the statistical 
analysis that the rhythm of transcription of all these genes is mostly insignificant in daily basis, but 
an overall variation can be seen depending on the photo-thermal conditions. Future study involving 
alteration of photo-thermal setting and pattern of expression of clock-associated genes will clarify 
the synchronization of melatonin synthesizing machinery in brain (central) and gut (peripheral) in 
this tropical carp.
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