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Abstract 
Seasonal heterothermy—an orchestrated set of extreme physiological 

responses—is directly responsible for the over-winter survival of many mammalian 

groups living in seasonal environments. Historically, it was thought that the use of 

seasonal heterothermy (i.e. daily torpor and hibernation) was restricted to cold-adapted 

species; it is now known that such thermoregulatory strategies are used by more species 

than previously appreciated, including many tropical species. The dwarf and mouse 

lemurs (family Cheirogaleidae) are among the few primates known to use seasonal 

heterothermy to avoid Madagascar’s harsh and unpredictable environments. These 

primates provide an ideal study system for investigating a common mechanism of 

mammalian seasonal heterothermy. The overarching theme of this dissertation is to 

understand both the intrinsic and extrinsic drivers of heterothermy in three species of 

the family Cheirogaleidae. By using transcriptome sequencing to characterize gene 

expression in both captive and natural settings, we identify unique patterns of 

differential gene expression that are correlated with extreme changes in physiology in 

two species of dwarf lemurs: C. medius under captive conditions at the Duke Lemur 

Center and C. crossleyi studied under field conditions in Madagascar. Genes that are 

differentially expressed appear to be critical for maintaining the health of these animals 

when they undergo prolonged periods of metabolic depression concurrent with the 

hibernation phenotype. Further, a comparative analysis of previously studied 
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mammalian heterotherms identifies shared genetic mechanisms underlying the 

hibernation phenotype across the phylogeny of mammals. Lastly, conducting a diet 

manipulation study with a captive colony of mouse lemurs (Microcebus murinus) at the 

Duke Lemur Center, we investigated the degree to which dietary effects influence torpor 

patterns. We find that tropical primate heterotherms may be exempt from the traditional 

paradigms governing cold-adapted heterothermy, having evolved different dietary 

strategies to tolerate circadian changes in body temperature.  
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1. Introduction 
Many species exhibit remarkable phenotypic plasticity in the face of 

environmental heterogeneity. One of the most extreme manifestations of this flexibility 

is seasonal mammalian heterothermy (Boyer and Barnes 1999; Ruf and Geiser 2014; van 

Breukelen and Martin 2015). Mammals, typically thought of as masters of physiological 

homeostasis, can abandon constancy in favor of temporally fluctuating body 

temperatures and depressed metabolism when energetic demands from the 

environment pose a threat to survival (Carey et al. 2003; Geiser 2004; van Breukelen and 

Martin 2015). Mammalian heterothermy is expressed in many forms with variations in 

the degree and length of the response. Additionally, the expression of this phenotype is 

highly variable both within (Ortmann et al. 1997; Wilz and Heldmaier 2000; Kart Gür et 

al. 2008; Russell et al. 2010; Rojas et al. 2014) and between species (Geiser and Ruf 1995; 

McKechnie and Mzilikazi 2011). Despite this variation, however, the commonality 

among mammalian heterotherms is a constellation of physiological modifications that 

comprise a phenotype known as torpor. Torpor occurs from a lowering of the 

thermoregulatory set point in mammals, with some species experiencing set points that 

allow core body temperatures to drop below freezing (Barnes 1989), while some display 

more shallow reductions (i.e. a few degrees below euthermic levels as in American black 

bears; Toien et al. 2011). This lowering of body temperature—however shallow or 
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extreme—is driven by a controlled and reversible metabolic depression which amounts 

to substantial energetic savings (Heldmaier et al. 2004; Geiser 2004).  

1.1 The capacity for heterothermy is likely a plesiomorphic trait 
in mammals 

Heterothermic responses exist along a continuum, with daily torpor defined as 

metabolic depression lasting less than 24 hours and multi-day torpor, prolonged torpor, 

or hibernation distinguished by torpor bouts that persist longer than 24 hours but are 

punctuated by periods of rewarming to euthermic levels known as interbout arousals 

(IBAs; Geiser and Ruf 1995) (Figure 1). The operational definition of hibernation, then, 

refers to the seasonal collection of torpor bouts and IBAs, while the term torpor is used 

to distinguish a distinct physiological state. 

 

Figure 1: Body temperature profiles of seasonal heterotherms  

Panel (A) represents a daily heterotherm, and panel (B) depicts a hibernator. 
Solid blue lines indicate body temperature (Tb), while dotted lines represent ambient 

temperature (Ta).  Figure modified from van Breukelen and Martin 2015 
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Until recently, daily torpor and hibernation were considered to be restricted to 

temperate and arctic mammalian species solely as an avoidant response to frigid winter 

temperatures. However, over the last few decades, with the development of increasingly 

smaller temperature loggers and more mobile transmitters, the field of hibernation 

research has experienced an explosion of studies investigating small mammals in their 

natural environments. Together, these studies have revealed a surprising view of 

mammalian heterothermy: that is, hibernation and daily torpor are far more 

taxonomically widespread and are used in a much greater variety of ecological 

circumstances than previously thought. Some of the most compelling and exciting 

findings arise from the fact that numerous tropical and subtropical species have now 

been documented to display the same heterothermic responses of cold-adapted animals 

(Boyer and Barnes 1999; McKechnie and Mzilikazi 2011; see also Appendix A). In 

response to these findings, a paradigm shift has occurred: daily torpor and hibernation 

are not behaviors that function exclusively to avoid energetic costs from cold 

environmental temperatures, but they are more likely deployed as a response to limited 

resources that present energetic bottlenecks for small-bodied species (Heldmaier et al. 

2004; Dausmann et al. 2005; Geiser 2013). 

A deeper understanding of mammalian heterothermy has far-reaching 

implications for understanding important life history traits in extant mammals, as well 

as appreciating important transitions, such as the appearance of endothermy during 
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mammalian evolution. Accumulating evidence suggests that the capacity for 

heterothermy is a plesiomorphic trait in mammals, rather than a recent adaptation to 

specific environmental conditions (Geiser 1998; Grigg et al. 2004; Lovegrove 2012a; 

Lovegrove 2012b). This view is strongly supported by distinct lines of investigation. The 

first, and most difficult to test, is the notion that the ancestral placental mammal 

survived the global devastation at the Cretaceous-Palaeogene (K-Pg) boundary by 

burrowing in underground refuges (Robertson et al. 2004; Kikuchi and Vanneste 2010). 

There is evidence to suggest that no large-sized, non-marine reptile, bird, or mammal 

survived the K-Pg boundary extinction event (Robertson et al. 2004; Luo 2007; 

Lovegrove 2012b). In other words, vertebrate species that were too large to seek refuge 

underground, underwater, or in tree holes or caves, may have been at the mercy of the 

devastating short-term effects of the meteorite impact, such as increased infrared 

radiation, global wildfires, and acid rain. If true, those that survived the initial impact 

then needed to withstand the subsequent long-term consequences, such as persistent 

cold and lack of photosynthesis-dependent resources. This has led some authorities to 

suggest that mammals survived the continual effects of the impact by exploiting flexible 

metabolic responses (Robertson et al. 2004; Kikuchi and Vanneste 2010; Lovegrove 

2012b). 

Today, heterothermic responses are seen in phylogenetically old mammalian 

clades such as marsupials, monotremes, and afrotherians (Lovegrove 2012a) (Figure 2). 
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To assume that the entire suite of genetic and associated phenotypic characteristics that 

demarcate torpor arose entirely independently is less parsimonious than an 

interpretation in which the capacity to express these traits is considered to be retained 

from a common mammalian ancestor.  

 

Figure 2: Phylogenetic tree of mammalian heterotherms 

This tree demonstrates the remarkable diversity of species that use seasonal 
heterothermy. Species names in different colors indicate different orders. Colored 
blocks next to species names represent the continuum of heterothermic response: 

daily torpor (red) and hibernation (blue). Figure from Ruf and Geiser 2015  

Groups that inhabit regions where climates have been comparatively stable since 

the late Cretaceous and where selection pressures associated with island-dwelling might 
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have led to the retention of ancestral physiological traits are ideal candidates to uncover 

answers to questions regarding the evolution of seasonal heterothermy (Lovegrove et al. 

2014). Additionally, examining a wider range of phylogenetically-widespread mammals 

that use daily torpor and hibernation holds promise for revealing insights into how 

these responses may have evolved from early heterothermic responses in ancestral 

mammals, yielding a richer understanding of how they are regulated in extant groups. 

A group of heterothermic primates on the island Madagascar is an ideal model system 

for such investigations. 

1.2 Madagascar’s primate heterotherms hold clues 

The family Cheirogaleidae is comprised of five genera of small-bodied nocturnal 

species, which exhibit varying degrees of thermoregulatory strategies (Dausmann 2014; 

Petter 1962; Petter et al., 1977) (Figure 3). 
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Figure 3: Phylogeny of extant lemurs. Blue box indicates the family 
Cheirogaleidae which comprises the only heterothermic species of all lemurs 

 The best studied of these species are the mouse lemurs (Microcebus spp.; 35-100 

g) and dwarf lemurs (Cheirogaleus spp.; 150-500 g). Mouse and dwarf lemurs differ in the 

sense that mouse lemurs are typically thought to use torpor opportunistically, which can 

range from daily to multi-day (Carey et al. 2003; Geiser 2004; Schmid and Ganzhorn 

2009; Kobbe and Dausmann 2009). Dwarf lemurs, on the other hand, are obligate 

hibernators and engage in hibernation for up to 7 months in certain regions (Dausmann 

et al. 2004; Dausmann et al. 2005; Dausmann et al. 2009).  

Both, however, are unique in that they can abandon an active defense of Tb and 

switch to a poikilothermic state where Tb thermoconforms to ambient temperature when 

hibernating in poorly insulated hibernacula (Schmid 2001; Dausmann et al. 2004; 
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Dausmann et al. 2005; Schmid and Speakman 2009; Kobbe and Dausmann 2009) (Figure 

4). This is in contrast to every other known hibernating species. Presumably the ability 

to thermoconform under poorly insulated conditions allows these tropical primates to 

engage in hibernation, even at elevated and widely fluctuating Ta (i.e. oscillations of 

more than 30 degrees in a single day; Dausmann et al. 2005; Dausmann et al. 2009). 

 

Figure 4: Temperature profile over a period of ten days of a free-ranging C. 
medius occupying a poorly-insulated tree hole. 

Solid black line indicates skin temperature (Tsk), solid gray line is tree hole 
temperature, while dotted gray line represents ambient temperature (Ta). Vertical 

lines correspond to midnight; black bars are the dark phase. Figure modified from 
Blanco et al. 2013  

Due to the extremely complex nature of these behaviors, our understanding of 

both intrinsic and extrinsic factors modulating hibernation and torpor remains largely 

unknown. This dissertation presents, for the first time, studies concerning the genetic 

and environmental factors that influence thermoregulatory strategies in the 

Cheirogaleidae. Using a combination of captive and field studies, molecular biology, 



 

9 

and comparative genomics, I further delve into questions regarding seasonal 

heterothermy in the Malagasy primates.  

Chapters 2 and 3 present novel information regarding the genetic architecture 

that underlies the hibernation phenotype in dwarf lemurs. Specifically, Chapter 2 

investigates patterns of gene expression that are correlated with hibernation-associated 

physiological changes in a captive colony of fat-tailed dwarf lemurs (Cheirogaleus medius) 

at the Duke Lemur Center, while Chapter 3 investigates this phenomenon further by 

detailing a complimentary field investigation of a different species of free-ranging dwarf 

lemur (C. crossleyi). The study design allows for both comparisons of interspecific 

differences and similarities fundamental to primate heterothermy, as well as allowing 

for further inquiry into factors that differentiate captive hibernation physiology from 

wild hibernation physiology. Chapter 4 presents an investigation concerning how 

environmental factors influence torpor patterns. Under carefully controlled conditions, 

this study investigated how pre-torpor diets impact thermoregulatory strategies in a 

captive colony of gray mouse lemurs (Microcebus murinus).  

As a comprehensive whole, this work contributes a detailed understanding of 

primate heterothermy from the molecular to organismal level, in addition to addressing 

issues regarding the evolution of seasonal heterothermy across the mammalian 

phylogeny. By tapping into the power of comparative physiological studies operating 
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under an evolutionary framework, this dissertation adds new and unique knowledge to 

the field of hibernation biology. 
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2. Gene expression profiling in the hibernating primate 
Cheirogaleus medius: A captive study1  

2.1 Background 

To survive in highly seasonal environments, mammals employ a range of 

phenotypic and behavioral tactics to cope with fluctuating energetic demands. 

Hibernation is among the most extreme of these strategies. This seasonally expressed 

period of heterothermy represents a radical deviation from mammalian homeostasis, 

involving complex physiological and behavioral changes that conserve up to 90% of the 

energy required to remain euthermic during the winter (Geiser and Heldmaier 1995; 

Morin and Storey 2009). The remarkably widespread phylogenetic diversity of 

hibernation among mammalian lineages raises the question: "Are there fundamental 

similarities in the molecular architecture underlying the hibernation phenotype?" (Srere 

et al. 1992; Carey et al. 2003; Villanueva-Canas et al. 2014). Hibernators are found in 

fourteen orders of mammals that range from arctic, temperate, and tropical regions and 

represent all three of the deepest branches of the Class Mammalia: Monotremata, 

Marsupialia, and Placentalia (Srere et al. 1992; Carey et al. 2003; Andrews 2007) (Figure 

5). 

                                                        

1 The contents of this chapter have been submitted to Genome Biology & Evolution: 
Faherty SL, Villanueva-Cañas JL, Klopfer PH, Albà MA, and Yoder AD. Gene expression 
profiling in the hibernating primate Cheirogaleus medius. 
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Figure 5: The patchwork distribution of heterothermic species within the 
mammalian phylogeny demonstrates that hibernation is likely a retained ancestral 
trait 

Orange box denotes Monotremata, yellow box indicates Marsupialia, and 
green box defines Placentalia. Families in blue text indicate the inclusion of at least 
one family that is heterothermic. Representative heterothermic species are pictured on 
the right. No distinction was made between summer heterothermy and winter 
heterothermy. Phylogeny modified from dos Reis et al. 2012 
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 The current understanding is that the hibernation phenotype arises due to the 

selective expression of genes that are correlated with orchestrating physiological 

changes that allow a hibernator to experience recurrent torpor bouts during the winter 

(Srere et al. 1992; Wilson et al. 1992; Mominoki 1998; Bauer et al. 2001; Buck et al. 2002; 

Epperson and Martin 2002; Eddy 2004; Mominoki et al. 2005; Williams 2005; Yan 2006; 

Eddy et al. 2006; Suozzi et al. 2009; Epperson et al. 2010; Shao et al. 2010; Fedorov et al. 

2011; Hampton et al. 2011; Seim et al. 2013; Schwartz et al. 2013; Chow et al. 2013; 

Hampton et al. 2013; Emirbekov and Pashaeva 2014; Lei et al. 2014; Vermillion et al. 

2015; Grabek et al. 2015). However, it is unknown if distantly related species use the 

same key pathways for activating and maintaining the hibernation phenotype. Our 

study contributes to a broader sampling across the mammalian phylogeny by 

incorporating a group of primate hibernators, the dwarf lemurs of Madagascar (genus 

Cheirogaleus), and thus has the potential to provide unique insight into the question of a 

universal genetic regulatory pathway of hibernation.  

Dwarf lemurs belong to one of the two clades within the primate lineage to 

manifest depressed metabolic rates via torpor. Mouse lemurs, the sister lineage to dwarf 

lemurs, are capable of torpor (Ortmann et al. 1997; Schmid 2001), although these are 

typically shorter than 24 hours. The other primate clade to express torpor is the 

Lorisiformes. The Asian pygmy slow loris was most recently documented to 

demonstrate bouts of sustained metabolic suppression under semi-captive conditions 
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(Ruf et al. 2015), while anecdotal reports of torpor have also been reported for their sister 

lineage, the bushbabies, under extreme energetic demands (e.g. Nowack et al. 2010). In 

the western regions of Madagascar, fat-tailed dwarf lemurs (Cheirogaleus medius) engage 

in hibernation for up to 7 months wherein body temperature approximates ambient 

temperature (Dausmann et al. 2004; Dausmann et al. 2005; Dausmann et al. 2009). 

Madagascar is highly seasonal, with severe shortages of rain and associated resources 

during the winter. In response, fat-tailed dwarf lemurs enter hibernation to reduce 

energetic costs when dry spells occur (Dausmann et al. 2004; Dausmann et al. 2005; 

Dausmann et al. 2009).  

Dwarf lemurs can more than double their body weight by building up reserves 

of white adipose tissue (WAT) preceding hibernation and then use these stores as an 

energy reservoir during the prolonged period of physical inertia (Fietz and Dausmann 

2006). In captivity, even in the absence of environmental triggers such as food scarcity 

and lowered temperatures, fat-tailed dwarf lemurs nonetheless exhibit seasonal body 

mass cycles. This seasonal response, irrespective of environmental conditions, strongly 

suggests that underlying clock-like molecular mechanisms are responsible for seasonal 

fat deposition (Perret et al. 1998; Perret and Aujard 2001; Dark 2005). 

WAT is an especially informative organ for study in the context of the 

hibernation phenotype given that fat deposition and metabolism are critical aspects of 

survival during hibernation. Fat-storing hibernators switch their metabolic economy 
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from carbohydrates during the active season to lipids during the hibernation season as a 

means to conserve energy (Boyer and Barnes 1999; Buck et al. 2002; Carey et al. 2003). 

Investigations of how annual body mass cycles are governed by underlying molecular 

mechanisms in WAT have been conducted using candidate gene approaches (Wilson et 

al. 1992; Herminghuysen et al. 1995; Boyer et al. 1998; Bauer et al. 2001; Demas et al. 

2002; Buck et al. 2002; Eddy 2004; Kabine et al. 2004; Eddy et al. 2005) and, recently, 

using next-generation sequencing (Hampton et al. 2011) in a subset of mammalian 

model hibernators. These studies have laid the groundwork for establishing the 

paradigm that differential gene expression is correlated with physiological changes 

throughout the year. Though one previous study employed a longitudinal approach to 

investigate protein levels in the blood serum of black bears (Chow et al. 2013), this is the 

first to examine levels of gene expression in biological tissues (i.e., WAT) from the same 

animals at multiple time points during the year. This approach is distinctly powerful for 

controlling for inter-individual variation, which otherwise has the potential to confound 

differential gene expression analyses. 

It is currently unknown how seasonal body mass cycles are regulated in dwarf 

lemurs and if dwarf lemurs conform to the conventional paradigm that changes in 

metabolic economy occur in conjunction with variations in gene expression throughout 

the course of the circannual cycle. Therefore, in the present study, we use gene 

expression data generated from an RNA-Seq experiment, sampled longitudinally in 
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multiple animals, to examine the genetic controls behind the metabolic switch from 

carbohydrate to lipid metabolism in dwarf lemurs. We compare our results to 

previously published data from model mammalian species to provide further insight 

into the question of whether the hibernation phenotype in distantly related mammalian 

hibernators is controlled by the same regulatory pathways (Villanueva-Canas et al. 

2014). Further, we use maximum likelihood methods to investigate evolutionary rates 

acting on genes that are shown to be differentially expressed in the context of the 

hibernation phenotype. 

2.2 Materials and methods  

2.2.1 Animals and animal care regimen 

All animals examined in this study were captive born and have been maintained 

under captive conditions throughout their lifespan. The fat-tailed dwarf lemur colony 

maintained at the Duke Lemur Center (DLC) offers a unique resource for systematically 

sampling key biological tissues under carefully controlled conditions using a 

longitudinal sampling approach. A total of four (2 male and 2 female) fat-tailed dwarf 

lemurs were used throughout this study with ages ranging from 8-13 years old. At the 

beginning of the hibernation season at the DLC (November), dwarf lemurs were moved 

into a specially constructed hibernaculum, which allowed independent control of 

photoperiod and temperature. Animals were caged separately but allowed visual and 

auditory access to other individuals. Individuals were provided water ad libitum and a 
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standard DLC diet of Purina primate chow, fruits/vegetables, and mealworms. Under 

captive conditions, dwarf lemurs are provided multiple nesting tubes to mimic their 

natural habitat, where they hibernate in tree holes, and are therefore still exposed to 

photoperiodic triggers. Study animals are exposed to simulated natural conditions, 

including a 66% reduction in caloric input preceding torpor to simulate reduced food 

resources, shortened daylight hours, and lowered ambient temperature, to induce 

seasonal torpor during the months of January-February.  

2.2.2 Experimental collection points 

Three experimental time points were used: October (Active 1), December (Active 

2), and February (Torpor) to represent a wide range of physiological changes that 

coincide with changes in seasonality (Figure 6). The physiological state at each collection 

point was verified by rectal Tb and body mass was recorded at the time of sampling 

(Table 1). 
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Figure 6: Schematic representation of timeline for experimental design 

Solid black line indicates cyclic body weight changes during the year. Dotted 
red line depicts ambient temperatures used during study period. Circles along the x-

axis indicate photoperiodic changes that occurred during the study period, mimicking 
the switch from autumn to winter day lengths 

 

Table 1: Collection points and corresponding states of activity, mean body 
mass (±SD), mean body temperature (rectal Tb; ±SD), ambient temperature (Ta), and 

photoperiod during sample collection 

Collection 
Point 

Physiological 
state 

Body mass 
(g) 

Tb (°C) Ta (°C) Photoperiod 

October 
2012 

Active 1 238.7 ± 32.1 
 

33.9 ± 0.1 25 LD 11.5:12.5 

December 
2012 

Active 2 237.3 ± 29.3 
 

35.3 ± 1.8 25 LD 9.5:14.5 

February 
2013 

Torpor 196.0 ± 57.2 19.8 ± 4.1 15 LD 10.5:13.5 
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The only difference between October and December was a gradual decrease in 

daylight hours from 11.5 to 9.5 hours, simulating the transition from summer into fall. 

Our initial goal was to compare three distinct physiological states, including a period of 

extreme fattening during December (Active 2). Due to federally mandated standards, 

however, animals included in our study were not allowed to feed ad libitum during the 

fall months which, in wild populations, is crucial for maximum fat accumulation 

preceding the hibernation season. This restriction in protocol may therefore have had 

important consequences for the comparison of the Active 1 to Active 2 collection points.  

During a torpor bout, dwarf lemurs exhibit decreases in Tb to as low as 15°C, 

reductions in heart rate to 3-5 beats per minute, and episodes of irregular and infrequent 

breathing (Dausmann et al. 2004; Krystal et al. 2013). We sampled WAT from animals 

when they were 2-3 days into a torpor bout as determined by an absence of feeding. We 

note that this sampling strategy makes it impossible to tease apart the effects of cold 

exposure vs. torpor usage. Per recommendations by DLC veterinarians and the Duke 

University IACUC, we were only able to sample tissues at intervals that allowed for 

complete healing of the sampling site prior to the next sampling time point. Therefore, 

we were precluded from sampling during an arousal period, which would have 

occurred a few days after the Torpor time point.  
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2.2.3 Tissue collection 

We successfully used minimally invasive sampling techniques to acquire tissue 

samples of WAT. Animal handling was carried out in strict accordance with the 

approval of Duke University’s Institutional Animal Care and Use Committee (IACUC 

protocol #A274-10-10). Animals were anesthetized using Ketamine (10 mg/kg; Ketaject, 

Bioniche Teoranta; Galway, Ireland) and Midazolam (0.25 mg/kg; Bedford Laboratories; 

Bedford, OH) by a DLC veterinarian. Sampling procedures took place at a similar time 

of day (between 9:00-10:00 am) to account for any circadian fluctuations influencing 

gene expression profiles. Tissue samples of WAT were obtained from the section of the 

tail where fat storage was most concentrated using needle biopsy (Fietz et al. 2003). 

Briefly, the area to be sampled was shaved, and the skin was cleaned with chlorhexidine 

solution followed by alcohol, three alternating times. The skin was held taught, and a 16-

gauge tru-cut biopsy needle (Jorgenson Laboratories; Loveland, CO) was inserted in the 

target area. Biopsy was removed and tissue sample was expelled directly into RNA 

stabilization solution (Qiagen; Valencia, CA). Samples were placed at 4°C overnight, and 

the next morning moved to storage in -20°C until further processing. The 4°C incubation 

prior to freezing was done to allow cross-comparisons with samples collected from wild 

individuals for a future investigation (Chapter 3). 
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2.2.4 RNA purification and whole transcriptome amplification 

The entire tissue sample (15-20 mg) was used for the RNA isolation procedure. 

All RNA extractions were done on the same day after tissue sampling to minimize inter-

sample variability. Total RNA was purified from WAT using an optimized TRIzol 

protocol in conjunction with the Microarray Tissue Kit (Qiagen; Valencia, CA). Briefly, 

frozen tissues were homogenized in 500 µl TRI Reagent (Ambion; Grand Island, NY) 

using a hand-held rotor-stator homogenizer to provide efficient disruption and 

homogenization of samples. BCP (1-bromo-3-chloropropane) extraction was performed 

using 50 µl of BCP, followed by centrifugation at 12,000 x g for 15 min at 4° C. The 

aqueous layer containing total RNA was transferred to a fresh 1.5 ml centrifuge tube, 

and one volume of 70% EtOH was added. The entire sample volume was loaded onto 

Qiagen RNeasy filter columns, and the kit protocol was followed according to the 

manufacturer’s instructions, including an on-column DNase step to remove any residual 

contaminating DNA. RNA integrity and concentration were assessed using the Agilent 

2100 Bioanalyzer (Santa Clara, CA) at Duke University’s Institute for Genome Science 

and Policy’s Microarray Facility. RIN values for our total RNA extractions ranged from 

3.5-6.7, and total RNA concentrations ranged from 2-24 ng/µl.  WAT has a high lipid 

content to nuclear content ratio, making it difficult to extract sufficient total RNA for 

downstream RNA sequencing. To that end, we completed a whole transcriptome 

amplification step on all total RNA extractions prior to Illumina sequencing. 
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To account for the wide range in extracted RNA concentrations, purified RNA 

was diluted to 2 ng/µl in a 5 µl total volume and then subjected to whole transcriptome 

amplification using NuGEN’s Ovation RNA-Seq V2 kit (San Carlos, CA) according to 

the manufacturer’s instructions. This kit provides a rapid method for preparing 

amplified cDNA from total RNA for downstream RNA-Seq applications. It employs a 

single primer isothermal amplification (SPIA) method to amplify total RNA into double 

stranded cDNA and depletes rRNA without preselecting mRNA. Amplified cDNA 

samples were then purified using the MinElute Reaction Cleanup Kit (Qiagen; Valencia, 

CA) according to the manufacturer’s protocol. cDNA concentrations post-amplification 

ranged from 347-461 ng/µl. In a preliminary analysis using unamplified vs. amplified 

RNA extracted from rat WAT, we have confirmed that whole transcriptome 

amplification does not introduce significant bias in relative mRNA frequencies (Faherty 

et al. 2015). Amplified cDNA samples from dwarf lemurs were then sent to Duke 

University’s Genome Sequencing Shared Resource for library preparation and 

sequencing.  

2.2.5 Library preparation and Illumina sequencing 

Previously amplified cDNA libraries were prepared for sequencing using 

Illumina’s TruSeq DNA Sample Preparation Kit. Final library size distribution was 

determined using Agilent Bioanalyzer 2100 and insert size ranged from 206-246 base 

pairs (bp). Libraries were pooled and sequenced on two lanes of the Illumina HiSeq2000 
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platform (San Diego, CA) using the rapid-run mode with 150 bp paired-end reads. To 

avoid lane-related batch effects, the content of each library was divided in half and each 

half sequenced on one of the two lanes. The RNA-Seq data are summarized in Table 2. 

Table 2: Summary of RNA-Seq data 

Lane 1 and Lane 2 show the number of reads per sample in each lane. Number 
transcripts: number of assembled transcripts with sequence similarity to human 

genes (>70%) that were expressed in each sample (≥10 reads mapped)  

 

 

 

 

 

 

 

 

 

2.2.6 Quality control and filtering of sequencing reads 

A schematic of the computational pipeline for assembling C. medius transcripts 

from raw sequencing reads, calculating expression levels, and determining differentially 

expressed genes between conditions is shown in Figure 7.  

State Sample Sex RIN Lane 1 
(L+R) 

Lane 2 
(L+R) 

Total 
Reads 

Number 
transcripts 

Active 
1 

CM19 M 3.8 16408522 16307492 32716014 7,956 
CM20 F 5.7 14305516 14226562 28532078 12,262 
CM21 M 5.1 15344940 15237626 30582566 11,957 
CM22 F 4.5 16337996 16235598 32573594 6,929 

Active 
2 

CM23 M 3.5 15925304 15818828 31744132 12,955 
CM24 F 5.0 16794522 16692630 33487152 12,124 
CM25 M 5.3 16648070 16542166 33190236 11,700 
CM26 F 6.5 16448262 16332394 32780656 15,011 

Torpor CM27 F 6.1 12582552 12488076 25070628 11,921 
CM28 F 6.4 13478392 13402956 26881348 14,299 
CM29 M 6.7 14971026 14876856 29847882 14,373 
CM30 M 5.0 12193754 12131916 24325670 10,386 
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Figure 7: Overview of bioinformatics pipeline used in this study 

Quality control processing of the RNA-Seq data was completed using FastQC 

software developed by Babraham Bioinformatics (Andrews 2010). This software 

calculates global statistics based on Phred scores and nucleotide composition, including 

plots of positional Phred scores across the length of all reads, positional nucleotide 

composition, and relative k-mer enrichment over read length, which was used to define 

parameters for downstream filtering using the software Trimmomatic (Bolger et al. 

2014). We removed the Illumina adaptor sequences and trimmed the ends of the reads 

by checking the first and last three bases and retaining reads with a Phred score >30, 

with a required minimum length of 100 bp. The median trimmed length for the forward 



 

25 

strand was 151 ± 13.34 nucleotides, while the reverse strand had a median trimmed 

length of 151 ± 9.50 nucleotides.  

2.2.7 De novo transcriptome assembly 

We constructed a reference de novo assembly by pooling the RNA-Seq reads from 

all samples and using the bioinformatic pipeline Trinity (version: 20130814 ; Haas et al. 

2013) on a computing cluster with 48 cores and 512Gb RAM. We used the following 

command line: Trinity.pl --seqType fq --JM 90G --left all_1.fastq --right all_2.fastq --

output assembly_output --CPU 22. We obtained 1,295,606 putative transcripts 

corresponding to 776,170 gene models with an N50 of 981 nucleotides The number of 

initially assembled transcripts was very high, owing to the inclusion of any assembled 

transcripts longer than 200 nucleotides, which are typically discarded downstream. 

Subsequently, we used the program CD-HIT-EST (Fu et al. 2012) to filter out putative 

artifacts due to polymorphisms and/or sequencing errors. By employing a 95% similarity 

threshold, the number of transcripts decreased to 1,206,443. Although the majority of 

transcripts were quite short, we were able to reconstruct a large number of long 

transcripts (225,744 transcripts > 1 Kb).  

Next, we aligned all the reads to the assembly using Bowtie2 (Langmead and 

Salzberg 2012) and visualized the data using the Integrated Genome Viewer (IGV; 

Thorvaldsdottir et al. 2013). Finally, we performed sequence similarity searches of the 

reconstructed transcripts against the human proteome (Ensembl v.73) with BLASTx 
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2.2.28+ (Camacho et al. 2009). Using an e-value < 10-4, we found 158,276 transcripts in C. 

medius with a detectable homologous protein in human. After eliminating redundant 

hits we detected 9,540 transcripts with detectable homology to human proteins (>70% of 

the protein length).  

2.2.8 Investigating the influence of RNA quality on transcriptome 
assembly 

As it is currently unclear how RIN scores impact gene expression profiling 

experiments (Gallego Romero et al. 2014), we took advantage of the wide range of RIN 

scores in our sample preparations to investigate how RIN scores affected the number of 

assembled transcripts and coverage at the 5’and 3’ transcript ends. We focused on 

transcripts with homology to human genes, concomitantly covering at least 70% of the 

human protein. As expected, the number of reconstructed transcripts was positively 

correlated with the RIN score (Figure 8). However, we also noted that even in samples 

with very low RIN scores (≤5), the number of transcripts recovered was quite large (on 

average, 67.08% of the number recovered in the best sample).  
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Figure 8: Effect of the RIN score on transcript assembly 

Number of transcripts in relation to the RIN score (y axis, p-value = 0.02). 
Transcripts supported by at least 10 reads and with detectable homology to human 

proteins (≥70%) length are reported 

Using an in-house python script, we clustered together all the reads mapping to 

each transcript and classified them as 5’ if they were located in the first 10% of the 

transcript and 3’ if they were located in the last 10% of the transcript. When comparing 

the degree of enrichment or depletion of sequencing reads in either the 5’ or 3’ regions, 

we detected a statistically significant impoverishment in the 3’ region in all samples (one 

sample Wilcoxon test, mu = 0.1). The number of reads in the 3’ region was approximately 

half the number expected if the reads were homogeneously distributed. Surprisingly, 

however, we found no correlation between the level of 3’ read depletion and the RIN 

score, suggesting that this bias is intrinsic to the RNA-Seq or whole transcriptome 

amplification technique and largely independent of sample quality (Figure 9). 
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Figure 9: Mean percentage of reads for each sample mapping to the 5’ and 3’ 
regions in relation to the RIN score 

Random distribution of reads along the transcript is expected. Defining the 3’ 
region as the last 10% of the transcript, expected percentage of reads to fall within that 

region is 10% 

2.2.9 Identification of human genes expressed in adipose tissue using 
GTEx data 

We downloaded gene expression data for the two RNA-Seq human adipose 

tissue samples available from the GTEx Consortium (GTEX-N7MS-0326-SM-4E3K2 and 

GTEX-NFK9-0326-SM-3MJGV; Lonsdale et al. 2013). We determined that 11,875 protein-

coding genes were expressed at FPKM > 0.5 in both samples, 8,682 of which 

corresponded to dwarf lemur assembled genes. 

2.2.10 Estimating transcript abundance and differential gene 
expression 

To estimate transcript abundance, we used the software package RSEM (Li and 

Dewey 2011). We generated a matrix of normalized counts comprising of the number of 
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reads for each sample (columns) mapping to each reconstructed transcript (rows). To 

identify differentially expressed (DE) transcripts, we used the edgeR Bioconductor 

package (Robinson et al. 2009). edgeR is based on an over-dispersed Poisson model that 

accounts for technical and biological variability. We discarded any genes in which the 

sum of all samples used in each pairwise comparison had fewer than 100 reads using the 

edgeR parameter --in_rowSum_counts (the default parameter is 10). This was done to 

remove the effect of poorly supported transcripts. We identified DE genes for each 

sample collection point by analyzing data from three individuals (Tanager, Quetzal, and 

Osprey). One individual was removed (Towhee) because she lost a significant amount of 

weight prior to entering torpor, likely as a consequence of the food-restriction guidelines 

described in the "Experimental collection points” section above. Our analyses were 

performed using pairwise comparisons, as we were focused on detecting differences 

between physiological states. The individual samples were used to assess the biological 

variability within each condition.  

We corrected p-values for multiple comparisons using the Benjamini-Hochberg 

method (Benjamini and Hochberg 1995) providing a p-value cut-off for significance 

which controlled the false discovery rate (FDR) at 0.05. We also calculated the average 

number of DE genes that we would expect to recover if samples from Active 1 and 

Active 2 belonged to the same physiological state by generating the lists of all possible 
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three vs. three combinations. The average number of DE genes calculated using all 

possible combinations was 19.8.  

Finally, we used BLAST to further annotate the differentially expressed 

transcripts to known proteins in other species. We ran BLASTx 2.2.28+ (Camacho et al. 

2009) against the NR database (10/23/2013) using an e-value threshold of 10-20, retaining 

the best hit. The DE genes with a significant hit against the human proteome (Ensembl 

v.73) using an e-value threshold of 10-4 were then used to perform a functional 

annotation clustering analysis using the Database for Annotation, Visualization, 

and Integrated Discovery (DAVID v.6.7; Huang et al. 2007).  

2.2.11 Evolutionary rates in hibernating species 

We extracted the protein sequence from the Trinity reconstructed transcripts in 

dwarf lemurs with the best BLASTx match against the human proteome. Using the 

human gene as reference, we gathered a one-to-one set of orthologous genes in 10 

species from Ensembl (v.82), 3 of which are capable of hibernation (marked with an 

asterisk): Homo sapiens, Bos taurus, Cavia porcellus, Mus musculus, Myotis lucifugus*, 

Pteropus vampyrus, Oryctolagus cuniculus, Otolemur garnettii, Spermophilus 

tridecemlineatus*, and Cheirogaleus medius*. 

We generated multiple sequence alignments with the software Prank+F using the 

algorithm PALO for the selection of the most appropriate protein for each gene rather 

than the longest one. This methodology has been shown to reduce false positives in the 
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calculation of dN/dS and the search for signatures of natural selection using the package 

CodeML (Fletcher and Yang 2010; Villanueva-Canas et al. 2013). The alignments were 

manually trimmed afterwards. We compared two different models using the CodeML 

package (Yang 2007). The tree with branch distances for CodeML input was modified 

from Meredith et al. (2011). In the first model, leaves of hibernating species and non-

hibernating species were allowed different ω. In the second model, all leaves had the 

same ω value. The likelihood ratio between the two models was obtained with LR = 

2*(lnL1-lnL2) with one degree of freedom. 

2.3 Results 

2.3.1 De novo transcriptome assembly 

We performed de novo transcript assembly using Trinity by concatenating the 

reads from all twelve samples collected (Table 2). Sequence similarity searches with 

BLASTx revealed that 158,276 transcripts had a detectable homolog in humans. Of these, 

some of the transcripts were partially reconstructed and mapped to a redundant human 

protein. After clustering redundant hits, we detected 9,540 unique C. medius genes with 

sequence similarity to human proteins. A substantial majority of them (8,682; ~91%) 

were expressed in the two available human GTEX samples from adipose tissue. 
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2.3.2 Investigating the influence of RNA quality on transcriptome 
assembly  

The preservation of RNA in biological samples is especially challenging in 

studies performed in the wild or when samples are problematic to acquire, such as 

biopsied tissue (Gallego Romero et al. 2014). To investigate the effect of the RIN scores 

on transcript assembly, we compared the number of detected transcripts in each sample 

to the range of RIN values. Although there was some effect across samples, even for 

samples with very low RIN values we reconstructed a high number of transcripts with 

human homologues. The number of reads falling onto the 5’ and 3’ ends of transcripts 

appeared to be independent of the RIN value (Figure 9), which suggests the effects are 

small. Importantly, we observed no association between time points and RIN values and 

find that the same suite of expressed genes is consistent across biological replicates, 

regardless of RIN score.  

2.3.3 Identification of differentially expressed genes   

We estimated gene expression levels by mapping back the reads of each 

individual sample to the dwarf lemur transcript. Subsequently, we performed 

differential gene expression analysis between pairs of conditions with edgeR. Table 3 

shows a summary of the number of differentially expressed genes uncovered (FDR < 

0.05). Only 11 genes were differentially expressed in the Active 1 vs. Active 2 

comparison (Table 3).  
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Table 3: Total number of genes assessed for differential expression and 
differentially expressed genes (DE) at different physiological conditions 

 
Pairwise Comparison 

Genes 
surveyed 

for DE 

DE 
genes 

Human 
homologs 
(e-value < 

10-4) 

NR 
homologs 
(e-value < 

10-20) 
Active 1 vs. Torpor 15,169 333 216 177 

Active 2 vs. Torpor 17,647 246 95 101 

Active 1 + Active 2 vs. Torpor -- 102 52 54 

Active 1 vs. Active 2 14,820 11 5 5 

 

This number is in the range of the average number of differentially expressed 

genes obtained by performing group permutations of the three Active 1 and three Active 

2 individual samples, which implies that the differences in gene expression profiles 

between Active 1 and Active 2 are likely not related to pre-hibernation physiology but 

are more likely from other sources of biological variability. In contrast, several hundred 

genes were differentially expressed in the Active 1 vs. Torpor and Active 2 vs. Torpor 

pairwise comparisons, showing an overlap of 40%. This corresponds to 102 differentially 

expressed genes that consistently change expression patterns during torpor relative to 

Active states. 

We ran BLAST sequence similarity searches with the newly described dwarf 

lemur genes against the human proteome and the NCBI non-redundant protein (NR) 

database. Roughly one third of the differentially expressed genes are not readily 

identified by their human homologs or homologs in the NR databases, suggesting that 
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they correspond to novel genes or, perhaps more likely, to non-coding genes or partially 

reconstructed genes. For example, from the 333 differentially expressed genes in the 

Active 1 vs. Torpor pairwise comparison, 117 genes showed insufficient sequence 

similarity needed to detect homology (Table 3). As expected, these genes showed lower 

coding potential than genes with human homology using metrics based on hexamer 

frequencies (Sun et al. 2013; Ruiz-Orera et al. 2014) (Figure 10).  

 

Figure 10: Coding score distribution  

Two classes of transcripts are analyzed, those with homology to other proteins 
(Ensembl human proteins or NCBI NR) and those with no detectable homology. 

Dicodon score distributions are significantly different (Mann-Whitney, p-value < 2.2 
e-16) 

2.3.4 Differentially expressed gene functions and pathways 

The functional enrichment analysis performed with DAVID did not show any 

clear enrichment in differentially expressed genes after correcting for multiple testing; 
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however, given the manageable number of differentially expressed genes, we examined 

the function of each gene individually. We highlight genes that show the same pattern of 

differential expression across all individuals when comparing each physiological state. 

Based on body weight and core Tb data, we do not discriminate between Active 1 and 

Active 2 but instead treat them as biological replicates to characterize gene expression 

profiles during an Active physiological state. When comparing Active to Torpor states, 

we find genes involved in metabolic processes, DNA replication and repair, cellular 

adhesion, and blood coagulation/circulation to be differentially expressed in a seasonal 

pattern.  

Our experimental design also allowed us to investigate the influence of 

photoperiod on gene expression profiles. Between Active 1 and Active 2 time points, 

photoperiod was reduced to simulate the transition from summer to fall. We compared 

each Active collection point to our Torpor collection point individually. Genes involved 

in lipid metabolism that displayed up-regulation during Torpor include adipose acyl-

CoA synthase-5 (ACSL5; 1.60-fold over Active 1), HRAS-like suppressor family 2 

(HRASLS2; 1.69-fold over Active 2), and peroxisome proliferator activated receptor 

(PPAR)-γ coactivator-1 (PPARGC1β; 2.28-fold over Active 2) (Figure 11). Conversely, 

UDP-glucose pyrophosphorylase 2 (UGP2), a gene involved in carbohydrate 

metabolism, shows depressed expression during Torpor (decreased 2.17-fold versus 

Active 1). 
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Figure 11: Boxplot graph showing significant expression (BH <0.05) changes 
between physiological states 

Y axis shows the number of reads in log10 scale that map to each reconstructed 
gene, while boxplot whiskers show the range of reads between individuals 

We also find other genes involved in feeding behavior to have seasonal 

expression patterns. We find leptin (LEP) and its receptor, LEPR, to be down-regulated 

during Torpor compared to the Active 1 state (decreased 2.72-fold and 2.07, 

respectively). Genes implicated in the mammalian circadian clock are also differentially 

expressed. During Torpor, two isoforms of nuclear factor, interleukin 3 regulated 

(NFIL3), a transcription factor that regulates Period clock genes (PER1 and PER2), are 

up-regulated 2.62-fold and 2.24-fold over Active 1. PER1 is up-regulated 1.84-fold over 

Active 1. Genes involved in the blood coagulation cascade show variable expression 

patterns throughout the year. When comparing Torpor to the Active 1 state we find that 
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members of the annexin family (ANXA3; 2.27-fold decrease during Torpor; ANXA4; 

1.66-fold decrease during Torpor) and two isoforms of coagulation factor VIII (F8; 2.00-

fold decrease and 2.67-fold decrease during Torpor) display differential gene expression 

(Figure 11).  

2.3.5 Extreme changes in gene expression across collection points 

A number of genes were found to display notable seasonally-dependent changes, 

as determined by the average log fold change between the combined Active 1 and 

Active 2 vs. Torpor pairwise comparison. The most drastic examples include 

haptoglobin (HP; 7.28-fold), desmocollin 3 (DSC3; 7.09-fold), two isoforms of 

desmoplakin (DSP; 6.49-fold and 6.31-fold), an isoform of luteinizing 

hormone/choriogonadotropin receptor (LHCGR; 4.52-fold), and aminoadipate-

semialdehyde synthase (AASS; 4.30-fold).  

2.3.6 Shared genes among mammalian hibernators 

Gene expression profiles generated from our experiment for the combined Active 

1 and Active 2 vs. Torpor comparison were compared with previously published 

datasets from other hibernators. Our aim was to examine common genes identified as 

differentially expressed in conjunction with changes in physiology (Table 4).  
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Table 4: Differentially expressed genes in Active 1 + Active 2 vs. Torpor collection 
point with homolog in another hibernating species 

 

 
 
 

Gene Name Symbol logFC References 

Metabolism and metabolic processes 

 
aminoadipate-
semialdehyde 
synthase 

AASS 4.30 Shao et al., 2010; 
Epperson et al., 2010 

 
acyl-CoA synthetase 
long-chain family 
member 1 

ACSL1 2.25 Yan et al., 2006; Suozzi et 
al., 2009; Hampton et al., 
2011; Hampton et al., 
2013; Vermillion et al., 
2015 

 
carboxymethylenebut
enolidase homolog 

CMBL -1.72 Fedorov et al., 2012 

 
Phosphofructokinase, 
platelet 

PFKP 3.13 Lei et al., 2014 

Basic cellular processes 
 FK506 binding 

protein 5 
FKBP5 1.96 Fedorov et al., 2012 

 phosphodiesterase 
1A, calmodulin-
dependent 

PDE1A -2.71 Schwartz et al., 2013 

 pleckstrin homology-
like domain, family B, 
member 2 

PHLDB2 -1.63 Fedorov et al., 2012 

 proteoglycan 4 PRG4 3.33 Fedorov et al., 2009; 
Fedorov et al., 2011 

 S100 calcium binding 
protein A1 

S100A1 -2.23 Emiberkov and 
Pashaeva, 2014; 
Schwartz et al., 2013; 
Vermillion et al. 2015 Circulation and blood coagulation 

 Haptoglobin HP 7.28 Mominoki et al., 2005; 
Yan et al., 2008; Chow et 
al., 2013; Vermillion et al. 
2015 
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We also tested the hypothesis that hibernating genes evolve faster in hibernating species 

by investigating the evolutionary rates of 22 genes with a homology in at least 10 

mammalian species and find that hibernation-related genes do not evolve under positive 

selection in hibernating species relative to non-hibernators. 

2.4 Discussion 

This study is the first to investigate gene regulation in a hibernating primate and 

also the first to longitudinally sample WAT from the same individuals with collection 

points chosen to correlate with the most drastic changes in physiology throughout the 

circannual cycle. Thus, our study succeeds in providing novel insights into this 

remarkable phenotypic phenomenon. The dynamic nature of the dwarf lemur WAT 

transcriptome provides an expansive view of the molecular mechanisms associated with 

the physiological changes that allow a hibernating primate to withstand long periods of 

physical inertia and a total lack of food intake by relying solely on stored fat as fuel. 

Genes involved in metabolic processes, basic cellular processes (e.g. DNA replication 

and repair, protein trafficking, cell proliferation), cellular adhesion, blood coagulation, 

and immune response were found to show highly variable expression profiles that 

correlate with physiological state (Torpor vs. Active). However, the lack of significant 

enrichment from our functional enrichment analysis suggests our results should be 

interpreted carefully. Based on our stringent cut-offs in determining differential 

expression and, therefore, the relatively few differentially expressed genes, we cannot 
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rule out that other genes in the same functional groupings do not show opposite 

patterns. 

Hibernating mammals switch from carbohydrates to lipids as their primary fuel 

source during the winter hibernation season when seasonal food resources become 

scarce (Boyer and Barnes 1999; Buck et al. 2002; Carey et al. 2003). Consistent with this 

physiological transition, we find significant seasonal changes of metabolic gene 

expression in WAT, including under-expression of glucose metabolism genes and 

overexpression of fatty acid catabolic genes and lipid transport genes during the winter 

fasting period. We find instances of other genes involved in fatty acid oxidation that are 

significantly up-regulated during Torpor relative to the Active state. For example, 

ACSL1 and ACSL5 belong to a family of enzymes that catalyze the esterification of fatty 

acids with CoA. Members of the ACSL gene family may also drive the uptake of long-

chain fatty acids for β-oxidation and be required for cold thermogenesis (Ellis et al. 

2010). Additionally, AASS, a gene product that catalyzes the first two steps in the lysine 

degradation pathway (Sacksteder et al. 2000; Tondo et al. 2013), is up-regulated during 

Torpor in dwarf lemur WAT. This is important as a significant amount of metabolic 

energy can come from amino acid metabolism, especially during starvation conditions, 

as experienced by hibernating animals. Conversely, we uncover expression profiles of 

genes involved in adipogenesis and fatty acid biosynthesis to be significantly down-

regulated during Torpor. ADIRF, a gene that is thought to be solely expressed in adipose 
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tissue, putatively aids in the activation of transcription factors involved in adipogenesis 

and contributes to increased glucose uptake in adipocytes (Ni et al. 2012; Qiu 2013). This 

gene is overexpressed in human obesity patients (Ni et al. 2012; Qiu 2013), though more 

functional studies are needed to determine the exact mechanism for its involvement in 

adipogenesis. 

Our study demonstrates that dwarf lemurs show some differentially expressed 

genes that are also differentially expressed in other hibernating species (Table 4). 

However, that differential expression of specific genes or protein products has 

historically shown little consistency when comparing data from previous studies 

(Villanueva-Canas et al. 2014); indeed, we find opposite patterns in few of the genes we 

identified in dwarf lemurs as differentially expressed when comparing them to 

American black bears and bat species. A closer look taking physiology into account 

shows that some of these results might not be surprising. AASS, involved in lysine 

degradation, show differences in regulation patterns when comparing dwarf lemur 

WAT to the liver of two species of ground squirrel. Liver and WAT have different 

responses to amino acid degradation, so its unsurprising that they would show variable 

gene expression patterns during a torpor bout in different tissues surveyed. We also find 

variable regulatory patterns of PFKP, a gene involved in glycolysis. Lei et al. (2014) 

report this gene to be down-regulated in the brain of torpid bats, in contrast to what we 

find in dwarf lemurs. This can be partly explained by the fact that brain and adipose 
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tissue have unique metabolic profiles, especially during periods of starvation, as in 

torpid animals. Under starvation conditions, the brain switches from using glucose to 

using ketone bodies as fuel, a notion that is supported by Lei et al’s finding. This is not 

the case in WAT, as glucose conservation may be less important. 

These results speak to the challenging nature of studies that examine patterns of 

comparative gene regulation, as well as the need for consistent sampling strategies. 

However, it is well established that genes function through pathways. Previous work 

from our group suggests that by expanding differential gene expression profiles to 

include genes belonging to the same molecular pathway, a higher proportion of genes 

are identified as shared between hibernators (e.g. seeing high concordance among 

datasets in beta-oxidation pathways; Villanueva-Canas et al. 2014). This lends support to 

the hypothesis that hibernating species across mammalian phylogeny have evolved 

similar approaches of gene regulation to combat periods of resource scarcity, although 

further investigations are required to fully elucidate this question. In line with this, we 

also tested the hypothesis that hibernation-related genes could be evolving under a 

model of positive selection in hibernating species in comparison with other mammals. 

We estimated the non-synonymous to synonymous substitution rate ratio (ω) in 

different branches of a tree containing hibernating and non-hibernating species. 

We found that the model with significantly higher ω in hibernating species was 

only supported for 6 out of 22 genes analyzed, which was not significantly different 
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from what would be expected by chance. This is in agreement with previous work 

wherein we specifically tested the hypothesis that hibernation-related genes were 

enriched in signals of positive selection (Villanueva-Canas et al. 2014), finding no 

support for differential signals of positive selection. Both analyses point to gene 

regulation as a key player in the hibernation phenotype rather than the modification of 

existing genes or the appearance of new ones. 

2.4.1 Establishing methodological approaches for investigations with 
free-ranging populations 

Captive conditions offer a unique opportunity for systematically collecting tissue 

samples under carefully controlled settings. Though the complete longitudinally-

sampled group is small (n = 4 individuals), the DLC holds the world's only colony of 

captive dwarf lemurs, thus providing an exclusive resource for these studies and the 

means to use a sampling approach that has, to our knowledge, not yet been used for 

transcriptomic-based studies on the hibernation phenotype. The observed duration of 

torpor bouts and reduction in metabolic rates and Tb are not as extreme in captive 

animals as in those found living under natural conditions (Dausmann et al. 2005; 

Dausmann et al. 2009). Numerous studies in other species have suggested that 

hibernation patterns differ between intraspecific captive and free-ranging populations 

(Geiser and Ferguson 2001; Geiser et al. 2007). Although hibernation patterns from 

captive studies are often used to predict models of energetics and survival in wild 
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populations (Bonaccorso and McNab 1997; Bartels et al. 1998; Armitage et al. 2003; 

Geiser et al. 2007; Karpovich et al. 2009), the physiology and behavior of hibernation are 

strongly affected by acclimation to captivity. Nonetheless, captive individuals can be 

induced to enter bouts of torpor during the winter months through photoperiodic and 

temperature alterations, with sampling strategies carefully planned for capturing the 

critical physiological states of interest. Therefore, data from captive studies should be 

extrapolated to free-ranging populations with caution. 

Replicate studies of free-ranging populations in their natural habitat will be 

crucial for fully understanding the underling genetic mechanisms of primate 

hibernation. Additionally, leveraging comparative studies of gene expression data from 

several mammalian hibernators can provide important clues to identifying the specific 

genetic controls associated with the hibernation phenotype, in addition to providing 

insight into questions associated with the evolution of the hibernation phenotype within 

the Class Mammalia. 
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3. Transcriptomics in the wild: Hibernation physiology in 
a free-ranging population of Crossley’s dwarf lemurs (C. 
crossleyi) 

3.1 Background 

The island of Madagascar harbors one of the few groups of primates known to 

hibernate—the dwarf lemurs of the genus Cheirogaleus (Dausmann et al. 2004; Blanco 

and Rahalinarivo 2010; Blanco et al. 2013). In a recent field study, Blanco et al. (2013) 

documented for the first time the hibernation patterns in two central-eastern dwarf 

lemur species (C. crossleyi and C. sibreei). Both species exclusively use underground 

hibernacula, in contrast to the western C. medius, which hibernates solely in tree holes 

(Dausmann et al. 2004). The temperature in these underground hibernacula is relatively 

constant, buffered from the varying ambient temperature (Ta) by a layer of soil. Tb 

approximates the temperature of the hibernacula at continuously low levels, reminiscent 

of cold-adapted hibernators. However, unlike cold-adapted hibernating species, which 

have the capability to display Tb as low as -2.9°C during torpor bouts (Barnes 1989), 

eastern dwarf lemur species generally experience higher body temperatures during 

torpor (~12-15°C; Blanco and Rahalinarivo 2010; Blanco et al. 2013). It remains unknown 

how hibernating at relatively higher Tb might impact cellular function, such as 

transcription and translation; and further, how modifications at the cellular level impact 

whole-body metabolism in hibernating mammals.  
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Variations in metabolic physiology allow dwarf lemurs to achieve long stretches 

of dormancy: between 3-5 months in C. crossleyi, 5-7 months in C. sibreei, and 6-8 months 

in C. medius. Extreme fattening is a necessary precondition for prolonged hibernation. It 

is hypothesized that dwarf lemurs rely primarily on white adipose tissue (WAT) 

accumulated in the tail during an intense fattening stage to fuel endogenous energy 

needs during periods of torpor (Fietz and Ganzhorn 1999; Fietz and Dausmann 2007) 

(Chapter 2). The impacts of changes in gene expression in WAT on metabolic profiles 

throughout the circannual cycle have been investigated in very few different model 

mammalian species, and always under laboratory conditions (Wilson et al. 1992; 

Herminghuysen et al. 1995; Boyer et al. 1998; Bauer et al. 2001; Demas et al. 2002; Buck et 

al. 2002; Eddy 2004; Kabine et al. 2004; Eddy et al. 2005; Hampton et al. 2011), including 

a captive colony of C. medius (Chapter 2). However, no studies on the longitudinal 

transcriptomic changes that drive hibernation physiology have been completed in free-

ranging animals under natural conditions, especially in primate heterotherms.  

We present here a novel investigation of dynamic alterations in gene expression 

that are correlated with the hibernation phenotype in dwarf lemurs tracked for seven 

months in the high-altitude rainforests of central-eastern Madagascar. Using samples 

collected from the same animals during three distinct physiological states, RNA-Seq was 

used to characterize gene expression patterns that contribute to how dwarf lemurs are 

able to withstand prolonged periods dormancy and fasting. We focus on pathway 



 

47 

analysis by identifying functional groups of co-regulated genes, in addition to the 

expression of individual genes to assess the biological significance of transcriptional 

changes in dwarf lemur WAT. Modifications at the transcriptome level are discussed 

under an evolutionary framework by comparing and contrasting what is known in other 

model hibernating species.  

3.2 Materials and methods 

3.2.1 Overview 

We conducted three field seasons during 2013 that coincided with distinct 

physiological states dwarf lemurs experience during their circannual cycle: March 

(Fattening), July (Torpor), and September (Emergence, within 1-2 days of exiting 

hibernacula) (Figure 12). During a torpor bout, dwarf lemurs at Tsinjoarivo exhibit 

lowered Tb and metabolic rate, reductions in heart rate to 3-5 beats per minute, and 

episodes of irregular and infrequent breathing (Blanco and Rahalinarivo 2010; Blanco et 

al. 2013). 
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Figure 12: Body temperature profile of a representative animal collected 
during the seven-month study period recovered from temperature-sensitive radio-

collars  

In March, the animal is demonstrating shallow heterothermy (known as “test 
drops”) before the hibernation season begins in late April. Sampling collection points 

are denoted by arrows 

3.2.2 Study area 

Animals used during this study were captured at Andasivodihazo, a forest 

fragment in Tsinjoarivo Forest (~225 ha; 19° 41’15” S, 47° 46’ 25” E). This forest is one of 

the last remaining high-altitude rainforests (1600-1700 m) in central-eastern Madagascar 

(Figure 13; study area circled).  
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Figure 13: Distribution and phylogenetic relationship of dwarf lemur species 
mentioned in this study and previous studies (Chapter 2).  

Circled area points out Tsinjoarivo Forest where study was conducted. Map of 
distributions modified from Lei et al. 2014b 

Climate in Tsinjoarivo is one of the coldest environments in Madagascar and is 

characterized by a distinct rainy season (December-March) followed by a dry season 

(April-November), with average annual rainfall recorded at 2000 mm (Blanco and 

Rahalinarivo 2010). At Tsinjoarivo, highest Ta are recorded during the austral summer 

(December-January), but due to high elevation, temperatures never exceed 30°C (Blanco 
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and Rahalinarivo 2010; Blanco et al. 2013). Maximum Ta during the midpoint of the 

hibernation season (June/July) averages 19°C, but consistently dips to around 5°C 

overnight, with below freezing temperatures on rare occasions.  

3.2.3 Study animals 

A total of six Crossley’s dwarf lemurs (C. crossleyi; 4 females and 2 males) were 

used throughout this study. All animal procedures were completed in the field under 

natural conditions. The study was done in accordance with the current laws of 

Madagascar using permits issued under the Ministère de l’Environnement et des Forêts. 

Animal protocols complied with those of Duke University’s Institutional Animal Care 

and Use Committee (IACUC #A017-15-01). 

3.2.4 Capture/mark/re-capture techniques 

Animals were live-trapped using Tomahawk traps (5" x 5" x 16"), baited with 

fermented banana and set between 4-10 m high at established trapping locations in 

known home ranges. Captured individuals were sexed, measured, weighed, and 

individually marked with microchips (AVID Identification Systems, Inc., CA, USA). 

In March, six animals were equipped with external radio transmitters (radio-

collars) to assist in locating and recapturing them during the study period. Collars were 

placed on the animals when they were about to enter hibernation, and were thus are at 

their heaviest (i.e. thickest neck circumference), and were removed shortly after the 
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animals emerged from hibernation in September. In July, animals were re-captured and 

the fit of the collars was checked to ensure safety. 

Transmitters’ signals were checked daily in March and September to determine 

locations of sleeping sites, and weekly in July to localize underground hibernacula using 

telemetry equipment (Receiver R410, Advance Telemetry System, Isanti, MN) and a 3-

element Yagi antenna. During the hibernation season, collared dwarf lemurs were found 

underground, between 10-40 cm deep. Individuals were removed from their natural 

hibernacula for tissue sampling and morphometric measurements and were released to 

the same locations after dark, while they were alert. They were checked daily, post-

release, to ensure they returned to hibernation.  

3.2.5 Temperature measurements 

Radio-collars were equipped with a sensor to record skin temperature every 60 

minutes for the entire study period (ARC 400, 10 g, Advanced Telemetry Systems, Isanti, 

MN; Figure 12). The collar size/body mass ratio was <4%, well within the accepted range 

for mammals. Previous studies have demonstrated that skin temperature recorded from 

temperature-sensitive collars accurately reflects body temperature when individuals are 

curled up during hibernation (Dausmann 2005; Munro et al. 2005). Hibernacula 

temperatures (Thib) were recorded by data loggers (Maxim DS1922 iButton, Maxim 

Integrated Products, Inc., San Jose, CA) placed in the soil near the animal, about 5 cm 

under the surface. A logger placed in a shady area in the forest recorded Ta hourly. 
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3.2.6 Tissue collection 

Physiological state at each collection point was verified by rectal Tb and 

confirmed using data recovered from collars (Table 5; Figure 12). We used minimally 

invasive sampling techniques to acquire tissue samples of WAT via biopsy, as 

previously described in Chapter 2. Tissue samples of WAT were obtained from the base 

of the tail where fat storage was most concentrated, in contrast to the western C. medius 

where fat reserves are concentrated in mid-tail. Biopsy was removed and tissue sample 

was expelled directly into RNA stabilization solution (Qiagen; Valencia, CA). Samples 

were stored at Ta until importation into the U.S. 

Table 5: Physiological and environmental parameters during sample collection 

Tb = Body temperature at time of sampling. Euthermic Tb of Crossley’s dwarf 
lemurs is ~36°C. Ta = ambient temperature. Number was calculated from all hourly 
recordings for the month of sampling, as procedures took place on different days.  

 

 

3.2.7 RNA purification and whole transcriptome amplification 

The entire tissue sample (15-20 mg) was used for RNA isolation procedure. RIN 

values for our total RNA extractions ranged from 1.0-7.6 and total RNA concentrations 

Field 
Season 

Physiological 
state 

Body mass 
(± SD; g) 

Tb (± SD; 
°C) 

Ta (± SD; 
°C) 

March 
2013 

Fattening 410.0 ± 79.1 euthermic 18.9 ± 2.5 

July  
2013 

Torpor 380.3 ± 50.6 15.9 ± 2.0 12.5 ± 2.9 

September 
2013 

Emergence 265.5 ± 42.2 euthermic 14.8 ± 4.1 
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ranged from 0.2-42.3 ng/µl.  As previously described, we completed a whole 

transcriptome amplification step on all total RNA extractions prior to Illumina 

sequencing. Full details concerning methodology can be found in Chapter 2. After whole 

transcriptome amplification procedure, cDNA concentrations ranged from 206-638 

ng/µl. Amplified cDNA samples were sent to Duke University’s Sequencing and 

Genomic Technologies Shared Resource for library preparation and sequencing.  

3.2.8 Library preparation and Illumina sequencing 

Previously amplified cDNA libraries were prepared for sequencing using 

Illumina’s TruSeq DNA Sample Preparation Kit. Final library size distribution was 

determined using Agilent Bioanalyzer 2100 and insert sizes were 300 base pairs (bp), as 

per standard library prep. Libraries were pooled and sequenced on two lanes of the 

Illumina HiSeq2000 platform (San Diego, CA) using the rapid-run mode with 150 bp 

paired-end reads. The content of each library was divided by half and each half 

sequenced on one of the two lanes. This was done to avoid lane-related batch effects. 

3.2.9 Quality control and filtering of sequencing reads 

Quality control inspection of raw sequence data was done using FastQC and 

filtering was completed using the software Trimmomatic (Bolger et al. 2014). 

Trimmomatic removed the Illumina adaptor sequences and trimmed the ends of the 

reads by checking the first and last three bases and retaining reads with a Phred score 

>30, with a required minimum length of 100 bp.  
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3.2.10 De novo transcriptome assembly 

De novo assembly of the WAT reference transcriptome was performed using the 

software Trinity (v.2.1.0; Haas et al. 2013), pooling together reads from all samples (n = 

17). We used in silico read normalization and required a minimum length of 400 

nucleotides to minimize artifactual transcripts. Trinity was run on a machine with 48 

cores and 512 Gb of RAM. To measure the quality of the assembly we used the Transrate 

software (Smith-Unna et al. 2015). This software uses features such as consistent and 

accurate read mapping, and homology against proteins from a related species (H. 

sapiens) to generate a global score for a given assembly. It also generates a reliability 

score for each transcript. We kept only transcripts with a Transrate score above 0.36. To 

annotate our assemblies, we ran sequence similarity searches using BLASTx against the 

UniProt database (release date: 2015-03) and against the human proteome database 

(Ensembl v.83). 

3.2.11 Quantification of transcript abundance, differential expression, 
and functional enrichment analysis 

Only transcripts with homology to the human genome were used for 

downstream analyses. When several transcripts mapped to the same human protein, the 

one that reconstructed a larger portion in relation to the human protein length was kept. 

The software Salmon (v.0.5; Patro et al. 2015) was used to quantify the expression levels 

of transcripts in each sample from the common reference transcriptome using 
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lightweight alignments. This strategy calculates the potential loci of origin along the 

reference transcriptome and uses less computational resources than traditional read 

mapping. We used a bootstrap value of 10 to measure technical variance in the 

abundance estimates. The quantification and bootstrap values were fed into Sleuth 

(http://pachterlab.github.io/sleuth) through the package Wasabi to generate lists of 

differentially expressed genes in each pair-wise comparison. Prior to differential gene 

expression analysis, we discarded one sample due to poor quality. We only tested for 

differential expression transcripts with at least 5 reads in half of the samples (n = 20,054 

transcripts). The model used for differential expression took into account both the 

condition and the individual variability (~condition + individual). Functional 

enrichment clustering of the differentially expressed transcripts was conducted using 

the Database for Annotation, Visualization, and Integrated Discovery (DAVID; Huang et 

al. 2007), using a kappa similarity value of 0.75 as a more conservative estimate, with 

default settings otherwise.  

3.3 Results 

During three field seasons at Tsinjoarivo Forest, Madagascar we sampled tail 

white adipose tissue from six individuals during three time points: Fattening, Torpor, 

and Emergence. RNA extracted from WAT was subjected to RNA-Seq to identify gene 

expression profiles that are correlated with changes in physiology. A total of 17 libraries 
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were sequenced (6 animals x 3 time points for each, with the exception of individual 

“AN” who was missing a sample collected from the Emergence time point).  

3.3.1 De novo transcriptome assembly 

Using Trinity, we generated a reference de novo transcriptome assembly for C. 

crossleyi WAT. After using Transrate to evaluate them, we recovered 994,248 well-

supported transcripts. Most of these transcripts were fragments of proteins belonging to 

the same gene. We used BLASTx (e-value <10-4) to determine the number of proteins 

with homology to human. We identified 15,744 unique proteins with sequence similarity 

to human that had at least 70% of the human version length. 

3.3.2 Differential gene expression in C. crossleyi 

We did pairwise comparisons between the different conditions to test for 

differential gene expression. We find that 1,158 genes are differentially expressed when 

comparing Fattening vs. Torpor, 84 genes are differentially expressed during the Torpor 

vs. Emergence comparison, and 134 genes show differential expression when comparing 

Fattening vs. Emergence (Table 6). 
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Table 6: Differentially expressed (DE) genes identified during each sample 
collection point using Sleuth. The number of up-regulated and down-regulated genes 

are referring to the first physiological state listed in the pair-wise comparison 

 

We also find that there is little overlap between genes that are called as 

differentially expressed in each of the comparisons (Figure 14). Further, only four 

differentially expressed genes are shared among all conditions (ACACA, PLPP1, RPS10, 

and SPARCL1). 

Pair-wise comparison Number 
of DE 
genes 

Up-regulated 
genes 

Down-regulated 
genes 

Torpor vs. Fattening 
 

1,158 706 (61%) 452 (39%) 

Torpor vs. Emergence 
 

84 47 (56%) 37 (44%) 

Fattening vs. Emergence 134 94 (70%) 40 (30%) 
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Figure 14: Venn diagram showing overlap of differentially expressed genes in 
C. crossleyi during pairwise comparisons of the three physiological states detailed in 

this study. Figure was created using Venny 2.1 (Oliveros 2015) 

Overall, differentially expressed genes are more likely to be up-regulated during 

Torpor, relative to Fattening or Emergence. For example, considering the 1,158 genes 

that show differential expression between Fattening vs. Torpor, 706 genes (61%) are up-

regulated during the Torpor time point, while 452 (39%) are suppressed during torpor 

(Table 6). Given that the majority of genes that are differentially expressed are in the 
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Fattening vs. Torpor time point, our focus for the remainder of the discussion will center 

on this pair-wise comparison.   

3.3.3 Functional enrichment in C. crossleyi 

Genes that were significantly differentially expressed were clustered into 

functional related gene groups using DAVID. We focused on groups that were 

categorized by biological processes and molecular function. Using a conservative cut-off 

threshold enrichment score of >1.5 (Huang et al. 2009), our analysis revealed a highly 

significant enrichment of 8 clusters that are enriched during Torpor (kappa similarity = 

0.75; Figure 15). These include pathways involved in protein biosynthesis (e.g. 

translational elongation (GO:0006414) and translation (GO:0006412), ribosome 

biogenesis (GO:0042254)), proteolysis (GO:0006508), protein catabolic process 

(GO:0030163), and regulation of protein modification process (GO:0031399), as well as 

functional enrichment in apoptosis (GO:0006915), and antioxidant and peroxidase 

activity (GO:0016209 and GO:000460, respectively). In contrast, 6 functionally enriched 

clusters suppressed during Torpor relative to Fattening included pathways involved in 

cellular carbohydrate catabolic process (GO:0044275), glycolysis (GO:0006096), blood 

vessel development (GO:0001568), and cell migration (GO:0016477) (Enriched clusters 

can be found in Figure 15).  
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Figure 15: Circannual cycle of free-ranging Crossleyi’s dwarf lemurs with 
functionally enriched clusters 

Functional annotation clusters were generated using DAVID bioinformatics 
database with kappa similarity of 0.75 (default settings, otherwise). All significantly 

enriched clusters in Torpor and Fattening (>1.5) are listed. Clusters are broadly 
described by the GO term with the widest biological relevance, and mean pathway 

fold enrichment for all annotations is reported for each respective cluster 
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3.4 Discussion 

Our study investigated changes in transcriptomic profiles during three distinct 

physiological states in order to identify biological processes that are important for 

maintaining functioning during physiological extremes associated with torpor in free-

ranging Crossley’s dwarf lemurs. Our collection points were selected to capture 

dramatic changes in physiology; as hypothesized, we expected see concomitant changes 

in gene expression correlated with circannual modifications in physiology. Dwarf 

lemurs sampled during autumnal Fattening were engaged in an intense period of 

nightly feeding in preparation for the winter fast, while animals sampled in the Torpor 

time point had been engaged in at least 2.5 months of continuous hibernation. Lastly, all 

study animals we re-captured within 1-2 days of emerging from hibernation in spring, 

thus we should expect normal feeding and cellular function to have fully resumed 

(Boyer and Barnes 1999; Carey et al. 2003). 

3.4.1 Protein biosynthesis genes are up-regulated in hibernating 
dwarf lemurs 

It was previously assumed that hibernators depress biosynthetic activities during 

a torpor bout due to limited energy availability (Frerichs et al. 1998; van Breukelen and 

Martin 2001; van Breukelen and Martin 2002). Furthermore, depressed rates of cellular 

processes, such as transcription and translation, should be expected at low Tb simply by 

virtue of Q10  temperature effects (Snyder and Nestler 1990; Boyer and Barnes 1999; van 
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Breukelen and Martin 2001; Carey et al. 2003). However, in contrast to conventional 

understanding regarding temperature effects on cellular functioning, we find elevated 

expression of multiple pathways involved in protein turnover, including genes involved 

in translation/translation elongation, RNA binding, and ribosomal small subunit 

biogenesis, proteolysis, and protein modification dominating the transcriptomic 

landscape of hibernating dwarf lemurs (Figure 15). An up-regulation of pathways 

involved in protein biosynthesis—an energetically expensive process—is generally 

surprising as during the hibernation season, dwarf lemurs cease feeding for up to five 

months and display whole-body metabolic suppression to conserve the limited energy 

stores in tail fat (Blanco and Rahalinarivo 2010; Blanco et al. 2013; Chapter 2). However, 

the energy cost associated with increased protein biogenesis in WAT may be an 

important trade-off to allow dwarf lemurs to maintain body condition throughout the 

hibernation season, thus promoting positive effects on survival through enhanced 

means to reproduce, support offspring via lactation, and avoid predators after 

emergence. 

Additionally, results from our study suggest that dwarf lemurs are in a state of 

protein balance during torpor as both protein anabolism and catabolism genes are up-

regulated, while amino acid breakdown is suppressed. Amino acids liberated from 

catabolized proteins are recycled for synthesis of other proteins or they are oxidized—

either directly via the citric acid cycle, or indirectly by gluconeogenesis (Munro 1970). 
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Although we do not find significantly enriched pathways involved in amino acid 

catabolism during Torpor, we do find instances of specific amino acid catabolic genes to 

be down-regulated relative to the Fattening state (e.g. BCKDK, GOT1, MCCC1, ACAD8, 

DDAH1, AUH). This implies redistribution of amino acids from catabolic pathways to 

protein biosynthesis pathways, ensuring preservation of essential amino acids during 

the five-month hibernation season. In concert, we also find pathways associated with 

cellular protein catabolic processes and proteolysis to be over-expressed in Torpor 

relative to Fattening.  

3.4.2 Other model hibernating species are using similar mechanisms 
for protein turnover 

Similar to dwarf lemurs, it has been shown that the coordinated up-regulation of 

protein biosynthesis genes are a distinctive feature of the transcriptome profile in heart, 

liver, and skeletal muscle in hibernating American black bears (Urus americanus; 

(Fedorov et al. 2009; Fedorov et al. 2011; Fedorov et al. 2014), but not in bone tissue 

(Fedorov et al. 2012). The authors of these studies hypothesize that up-regulation of 

protein anabolism pathways contributes to the ability to reduce muscle atrophy over 

prolonged periods of immobility during hibernation (Fedorov et al. 2009). 

In contrast, the literature is replete with instances of conflicting reports regarding 

patterns of protein anabolism and catabolism during hibernation in ground squirrel 

species—another group of model mammalian hibernators (Spermophilus spp.). Results 
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from transcriptomic and proteomic screens in several tissues reveals both an up-

regulation of protein synthesis (Epperson et al. 2004; Epperson et al. 2010; Schwartz et al. 

2013; Fedorov et al. 2014), and a down-regulation of protein synthesis (Yan et al. 2006; 

Schwartz et al. 2013) during torpor. Further, additional studies involving hibernating 

greater horseshoe bats (Rhinolophus ferrumequinum) suggest that protein biosynthesis is 

suppressed in brain tissue (Lei et al. 2014a), and in liver and muscle of big brown bats 

(Eptesicus fuscus; Yacoe 1983). This ambiguous relationship is likely due to the 

inconsistent sampling strategies and experimental methodology across studies. 

Sampling time points ranged from deep torpor, to entrance into torpor, to just preceding 

an IBA. van Breukelen and Martin (2001) find that initiation of protein synthesis is 

suppressed at 18°C—a result indicative of both temperature-dependent function, as well 

as an active suppression, and this has been confirmed by others (Gulevsky et al. 1992; 

Chen et al. 2001). (However, these previous studies also note that polypeptide 

elongation continues, albeit slowly, during torpor bouts (van Breukelen and Martin 

2001; van Breukelen and Martin 2002)). Their finding, in combination with inconsistent 

results from multiple ground squirrel and bat species, suggest that protein biosynthesis 

pathways are indeed dependent on Tb at time of sampling. American black bears, for 

example, hibernate at relatively high Tb (i.e. lowered only 5-8°C from euthermic levels). 

Additionally, bears do not experience IBAs as do other hibernating species (Harlow et 

al. 2004; Toien et al. 2011). In this group, it might be expected to observe increased rates 
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of protein biogenesis during torpor based on temperature alone. Similarly, in our study, 

animals are experiencing Tb around 15°C at the time of sampling (Table 5). Tb 

established by rectal recordings when the animals are uncovered from their 

underground burrows, and confirmed with data recovered from collars, suggests that 

the animals are, indeed, engaged in torpor. In the absence of measurements of oxygen 

consumption, however, it is impossible to confirm that the animals are hypometabolic, 

or are not resuming metabolic rate to normal levels at the time of sampling. Although 

tissue collection was done within 10 minutes post-removal from underground burials, 

we do not rule out the possibility that our results are indicating increased protein 

synthesis due to the rewarming process back to euthermic levels. Many previous studies 

have show a burst in protein biosynthesis during arousals, after having been suppressed 

during torpor (Whitten and Klain 1968; Frerichs et al. 1998; van Breukelen and Martin 

2001).  

The same trend of increased gene expression of protein turnover genes during 

torpor is seen in a captive study in a sister lineage to Crossley’s dwarf lemurs—fat-tailed 

dwarf lemurs (C. medius)—housed at Duke Lemur Center (Chapter 2). Limitations in 

sample sizes provided little power to call differentially expressed genes and, 

subsequently with small sets of differentially expressed genes, no pathways were 

identified as enriched via DAVID analysis. Despite these shortcomings, however, we do 

identify significantly differentially expressed genes—up-regulated in Torpor relative to 
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the Active state—which are involved in protein complex biogenesis (GO:0070271; AASS, 

SOD2, ANGPTL4, C1QTNF1, PFKP), positive regulation of macromolecule biosynthetic 

process (GO:0010557; HNRNPAB, THBS1, F2R, AFF1), and proteolysis (GO:0006508; 

MYLIP, USP11, KRT1, PGC, ZBTB16, EDEM, SPSB1), supporting findings from our field 

study here. It should be noted, however, that the captive conditions under which 

Chapter 2 was conducted may bias results and therefore results should be interpreted 

with caution. For example, while animals were in a fasted state at time of sampling 

during torpor, animal regulatory boards require that captive animals be fed throughout 

the hibernation season, despite an obvious deviation from the normal life history traits 

of these animals. Therefore, our results might not indicate the true biology concerning 

alterations in metabolic physiology in preparation for, and during torpor, in captive 

animals. 

We also find some overlap in genes that are differentially expressed. When 

comparing C. crossleyi (Torpor vs. Fattening) to C. medius (Torpor vs. Active), we find an 

overlap of only 36 genes (Figure 16). 
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Figure 16: Venn diagram depicting the shared genes in C. crossleyi and C. 
medius (Chapter 2) that are differentially expressed in pairwise comparisons (Torpor 
vs. Fattening in C. crossleyi and Torpor vs. Active in C. medius). Figure was created 

using Venny 2.1 (Oliveros 2015) 

Of these 36 genes, many are involved in the switch from carbohydrate to lipid 

metabolism (e.g. PDK4, PRG4, ACSL1). Upon manual inspection of the datasets, we find 

that there are many more gene families, in contrast to specific genes, which are shared 

between the two species. This suggests that the two sister lineages are recruiting similar 

pathways to transition into torpor from the active state. 

3.4.3 Dwarf lemurs demonstrate functional enrichment for other 
biologically-relevant pathways during torpor 

Our results also indicate a prominent signature of enriched pathways for 

depressed carbohydrate catabolism and glycolysis during Torpor relative to Fattening, a 

result we expected to find. In other hibernating species, and certainly in captive C. 



 

68 

medius at DLC, a suite of genes correlated with a fuel shift are differentially expressed 

during the transition into torpor (Carey et al. 2003; Hampton et al. 2011; Chapter 2). Our 

results indicate carbohydrate metabolism is halted during Torpor, and conversely we 

should expect to find genes involved in lipid metabolism to be over-expressed during 

Torpor. However, we were surprised to find no functional enrichment for pathways 

involved in lipid metabolism in hibernating C. crossleyi. Instead, we find instances of 

differential expression of specific genes corroborating a theorized fuel switch from 

carbohydrate to lipid stores. For example, we find genes in fatty acid metabolic 

processes (GO:0006631) are up-regulated in Torpor, while genes in acetyl-CoA metabolic 

process (GO:0006084), regulation of lipid storage (GO:0010883), and the tricarboxylic 

acid cycle (GO:0006099) are suppressed during Torpor relative to Fattening. 

Interestingly, we also find pathways involved in antioxidant defense and 

peroxidase activity to be enriched during Torpor, suggesting that torpid dwarf lemurs 

might be using these gene products to combat reactive oxygen species that are generated 

during the stressful conditions of a torpor bout. Specifically, we find up-regulation of 

superoxide dismutase (SOD2), which acts as an antioxidant to destroy the harmful 

superoxide radicals in the body. Differential expression of antioxidant pathways has 

also been seen in the brown adipose tissue of artic ground squirrels (S. parryii; Yan 2006) 

and European ground squirrels (S. citellus; Buzadzic et al. 1990), but the opposite pattern 

was seen in a subsequent study of multiple tissues of arctic ground squirrels (Yan et al. 
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2007). We also find contradictory results concerning apoptosis (i.e. programmed cell 

death) as both anti-apoptotic pathways and pro-apoptotic pathways were up-regulated 

in Torpor. Although studies concerning the link between apoptosis and hibernation are 

rare, other groups have found similar results. For example, in the intestinal mucosa of 

13-lined ground squirrels, Fleck and Carey find both anti- and pro-apoptotic genes 

increased during torpor, but their results suggest a balance in favor of anti-apoptotic 

signaling (Fleck and Carey 2005). Rouble et al. also find contradictory results and further 

suggest that recruitment of apoptotic pathways in response to torpor is likely highly 

tissue-specific (Rouble et al. 2013). Clearly more work is needed to fully understand the 

dynamics of programmed cell death during torpor. 

3.4.4 Most genes are up-regulated during Torpor relative to Fattening 

The high proportion of overexpressed genes (61%) in the WAT of torpid dwarf 

lemurs suggests the importance of regulatory changes at the transcriptional level.  Up-

regulation of these specific transcripts suggest that they are important for maintaining 

critical biological processes during torpor. Other studies find similar tendencies in a 

greater proportion of over-expressed genes in torpor relative to other physiological 

states (Epperson et al. 2004; Yan et al. 2006; Fedorov et al. 2009; Fedorov et al. 2011; Lei et 

al. 2014a; Fedorov et al. 2014), although this appears to be species-specific, as well as 

tissue-specific (see Epperson et al. 2010; Fedorov et al. 2012). However, given that it has 

been shown in species hibernating at both low Tb (~0°C; e.g. multiple ground squirrel 
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spp.) and high Tb (~30-36°C; e.g. American black bears), together with our findings, 

suggest that transcription appears to be regulated independently of Tb during torpor 

bouts. Further, these results indicate that WAT plays a central role in metabolic 

homeostasis in hibernating Crossley’s dwarf lemurs. 

3.5 Conclusion 

This study was the first to analyze differential gene expression in the field under 

entirely natural conditions. Further we compare results to multiple evolutionarily-

distant species in effort to identify common gene expression profiles underlying the 

hibernation phenotype. This study uncovers an orchestrated protein turnover response 

during torpor in a natural population of Crossley’s dwarf lemurs. Our findings 

concerning the energetically expensive process of protein synthesis during torpor are 

corroborated by studies conducted in American black bears and the majority of studies 

done in ground squirrels. Therefore, it appears that transcriptomic adaptations to 

facilitate protein balance are a more general feature of hibernating mammals than 

previously appreciated. The comparative transcriptome analyses reported here generate 

future studies that include validation of transcriptomic changes of genes involved in 

protein turnover, antioxidant defense, apoptosis, and carbohydrate metabolism using 

proteomic approaches. Further, follow-up studies—including sampling from different 

time points throughout the hibernation season (e.g. entrance into torpor, early and late 
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torpor)—would allow us to fully capture the metabolic heterogeneity that occurs during 

seasonal heterothermy in free-ranging dwarf lemurs.  
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4. The effect of dietary fatty acids on the physiology of 
torpor in a Malagasy primate (Microcebus murinus)1 

4.1 Background 

For animals that use prolonged torpor or hibernation, it is well known that large 

amounts of stored fat reserves are important for successful hibernation to occur. 

Accumulating evidence suggests that not only the quantity but also the quality of fat 

accrued has indirect energetic advantages (Florant 1998; Dark 2005). Studies involving 

multiple hibernating rodent species and a hibernating marsupial species have concluded 

that a diet enriched with high levels of polyunsaturated fatty acids (PUFAs) has a 

positive effect on torpor patterns (Geiser and Kenagy 1987; Geiser 1990; Frank 1991; 

Frank 1992; Geiser et al. 1992; Florant et al. 1993; Geiser et al. 1994; Thorp et al. 1994; 

Harlow and Frank 2001; Corn 1997; Frank and Storey, 1996; but see Bartness et al. 1991; 

Contreras et al. 2014). These studies indicate that animals fed a diet rich in PUFAs had 

longer bouts of torpor and maintained lower body temperatures than animals fed a 

control diet. PUFAs, which cannot be synthesized by mammals, and must be ingested 

via diet, are incorporated into fat reserves and cellular membranes. Due to a higher 

unsaturation index, fat reserves containing greater amounts of PUFAs melt at 

                                                        

1 The contents of this chapter have been submitted to the Journal of Comparative 
Physiology B: Faherty SL, Hilbig SA, and Yoder AD. The effect of dietary fatty acids on 
the physiology of torpor in a Malagasy primate (Microcebus murinus). 
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correspondingly lower temperatures relative to typical mammalian fat (~30°C; Florant 

1998; Gunstone et al. 1986) making them more readily available for energy conversion. 

For hibernating species, this is especially important because body temperatures are 

lowered significantly during torpor bouts, and fat reserves, as the sole fuel source 

available during hibernation, must remain fluid to be accessible to fuel metabolism 

(Florant 1998). Additionally, the cellular and subcellular membranes of adipocytes and 

other cells must also remain fluid during torpor in order to allow for the normal activity 

of transmembrane proteins (Munro and Thomas 2004).  

Hibernating species can extend torpor bouts for up to two weeks at a time, 

making the necessity of increasing lipid fluidity through PUFAs apparent in these 

species. For animals that express daily torpor, however, the temporal pattern of torpor 

bouts can be varied. In contrast to hibernators, daily heterotherms experience euthermia 

for at least part of the day (Geiser and Ruf 1995) and therefore require optimal 

physiological functioning at both high and low body temperatures in a 24-hour period. 

To determine if the same relationship holds true to those observed in hibernators, 

several studies have attempted to clarify the relationship between dietary fatty acids and 

thermoregulation in daily heterotherms. For example, studies done on rodent and 

marsupial species [deer mouse (Geiser 1991), Djungarian hamster (Geiser and 

Heldmaier 1995; Hiebert et al. 2000; Diedrich et al. 2014) stripe-faced dunnart 
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(Sminthopsis macroura; Withers et al. 1996)] also suggest that PUFA-rich diets have a 

positive influence on torpor patterns in daily heterotherms. 

The grey mouse lemur (Microcebus murinus) endemic to Madagascar, another 

heterothermic mammal, belongs to one of the few groups of primates that employ torpor 

as an energy saving strategy (Ortmann et al. 1997; Schmid 2001). These small (50-95 g), 

nocturnal tropical primates display torpor behavior during the austral winter during 

intense periods of resource scarcity (Ortmann et al. 1997). In response, mouse lemurs in 

natural populations enter periods of inactivity which can range from a few hours to 

multi-day torpor bouts (i.e. hibernation or prolonged torpor; Ortmann et al. 1997; 

Schülke and Ostner 2007; Schmid and Ganzhorn 2009). In captivity, however, mouse 

lemurs have a tendency to restrict torpor bouts to less than 24 hours (Genin et al. 2003). 

Although there is convincing evidence that dietary PUFAs affect 

thermoregulation, more research on phylogenetically-diverse species is warranted to 

ascertain whether there are general effects or considerable species-dependent 

differences. To our knowledge, diet manipulation studies investigating the physiology 

of torpor in mouse lemurs and other tropical heterotherms have not been previously 

conducted. Thus, insights gained from this study have the potential to shed light on the 

shared proximate mechanism of nutritional ecology and its role in mammalian 

thermoregulation. Using a captive colony of mouse lemurs housed at the Duke Lemur 

Center (DLC, Durham, USA), the present study aims to answer the following questions: 
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Do dietary fatty acids influence the frequency and duration of torpor bouts? And if not 

diet, what factor is most likely to contribute to the variation seen in thermoregulatory 

strategies among captive mouse lemurs? 

4.2 Materials and methods 

4.2.1 Study animals 

All procedures performed in studies involving animals were in accordance with 

the ethical standards of the institution at which the studies were conducted. Animal 

handling was carried out with the approval of Duke University’s Institutional Animal 

Care and Use Committee (IACUC protocol #A146-12-05). Ten adult (2-4 years old) male 

grey mouse lemurs (Microcebus murinus), born to the breeding colony at DLC, were used 

in this study. The study was conducted from September to December in 2013 and 2014 

(hereafter referred to as year one and year two, respectively). In order to minimize social 

influences and allow accurate determination of the amount of diet consumed during the 

study, animals were caged separately in a climate-controlled “hibernaculum” but 

allowed visual and auditory access to other individuals. Cage location within the 

hibernaculum and relative humidity were kept constant for the duration of the study, 

and animals were maintained under North Carolina photoperiods that were reduced 

every two weeks to mimic the transition from fall to winter (Figure 17).  
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Figure 17: Experimental timeline of study detailing the environmental 
parameters during the Fattening Phase and the Torpor Phase 

Circles along x-axis depict changes in photoperiod during study timeline with 
the white portion showing number of daylight hours and the black depicting number 

of night hours 

To aid in animal care, which occurs during the morning hours, light cycles are 

reversed so that lights go off at 1200 hours daily, with the time of lights on modified 

every two weeks to achieve the desired light-dark (LD) cycles (between 2130-0230).  

4.2.2 Fattening phase 

Mouse lemurs in natural populations exhibit seasonal fattening in the tail and 

hind legs in preparation for periods of resource scarcity (Ortmann et al. 1997; Atsalis 

1999; Schmid 1999; Kobbe et al. 2010) and use those fat reserves when food resources 

become scarce. This cyclic weight gain and loss is governed by an endogenous rhythm 
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which is, in turn, entrained by photoperiod (Perret et al. 1998; Aujard et al. 1998; Seguy 

and Perret 2004). Consequently, we can replicate body mass changes in captivity using a 

regulated photoperiodic regimen.  

During the 2-month period before torpor behavior typically begins (mid-

September to mid-November), animals were divided into two groups and fed an 

“autumn” diet; in year one, group one was fed an experimental diet containing chow 

enriched with 10% linoleic acid (safflower oil, rich in PUFAs) and group 2 received a 

diet with an isocaloric control chow. These two types of chow varied only in fatty acid 

composition and were custom-formulated by the TestDiets division of Purina Mills 

(Table 8). 

 Table 7: Nutritional composition of experimental diets 

 

Diets were supplemented with a fruit and vegetable mix that remained constant 

across individuals and years.  Animals were fed their assigned diets for 8 weeks to allow 

fatty acids to be incorporated into depot fats, ensuring any effect on torpor would be 

 PUFA Diet Control Diet 
 

Total Fat (%) 13.0 13.0 
-Linoleic Acid (%) 10.0 2.34 
-Total Polyunsaturated Fatty Acids (%) 9.62 1.97 
-Total Monounsaturated Fatty Acids (%) 1.83 5.53 
-Total Saturated Fatty Acids (%) 1.51 5.03 
Protein (%) 15.6 15.6 
Fiber (%) 4.8 4.8 
Energy (kcal/g) 3.87 3.87 
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seen. During year two, each group received the opposite diet from the previous year, so 

that each animal served as its own control. The quantity of diet items fed was based on 

each individual’s body weight at the beginning of the study, and water was provided ad 

libitum throughout the study period. Throughout the entire fattening phase, ambient 

temperature (Ta) was maintained at 25°C.  

4.2.3 Torpor phase 

In mid-November, we reduced caloric intake by 20% to simulate a natural 

reduction in food resources (“winter” diet). Day length was reduced to LD10:14, and 

ambient temperatures were lowered to 20°C to induce torpor behavior. It is well 

documented in the literature that this is an appropriate photoperiod and ambient 

temperature at which torpor can occur in captive M. murinus (Aujard et al. 1998; Genin 

and Perret 2000; Giroud et al. 2008). Indeed, in their native environments, wild mouse 

lemurs experience winter temperatures ranging from 6°C to 20°C and enter torpor 

throughout this range (Ortmann et al. 1997). Historically, mouse lemurs at the DLC have 

displayed torpor behavior after experiencing reduced day length, even in the absence of 

temperature reduction. However, lowered Ta and reduced caloric intake amplify torpor 

behavior in mouse lemurs (Giroud et al. 2008; DLC staff; pers. comm.). 

Animals were fitted with temperature-sensitive collars to monitor skin 

temperature (Tsk) at hourly intervals throughout the duration of the torpor period. Tsk is 

routinely used as a proxy for core body temperature, and using external temperature-
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sensitive collars is a non-invasive alternative to implanted transmitters (Dausmann 2005; 

Geiser et al. 2007). Temperature-sensitive transmitters placed in contact with the skin 

have been shown to provide a reliable index of core body temperature with an accuracy 

typically around 2°C (Munro et al. 2005). Our collars were modified iButton data loggers 

attached to wire collars coated with plastic tubing and weighed less than 1g. A torpor 

bout was defined as Tsk <33°C for at least 6 hours and with a depth of at least 30°C for a 

minimum of 2 consecutive hours. The threshold of 33°C was based on the bimodal 

distribution of minimum body temperature values recorded for mouse lemurs (Ortmann 

et al. 1997; Genin and Perret 2003) and the observation that in the active state, mouse 

lemurs never show Tsk lower than 33°C at the DLC (unpublished data). While testing for 

collar safety in June of 2012, we determined average euthermic Tsk for an active mouse 

lemur during a two-week trial. At a Ta of 25.5 ± 0.76°C, average Tsk is  35.6 ± 0.81°C, 

which is comparable to the euthermic Tsk recorded from free-ranging mouse lemurs in 

western Madagascar (36.3°C; Schmid 2001). These data were not included in our study, 

as we only tested the collar on one individual during the active season. 

4.2.4 Tsk profiles during the torpor phase 

All Tsk data were analyzed using a program written in-house that extracted 

torpor bout information from the logged time and Tsk recordings. Figure 18 shows a 

representative body temperature recording logged during the study period in both year 

one, while the animal was receiving a PUFA diet (panel a), and year two while on a 
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control diet (panel b). Two collars failed to record during year two, resulting in a total of 

18 body temperature recordings from years 1 (n = 10) and 2 (n = 8) for data analysis.  

 

Figure 18: Tsk recording traces from one representative animal on (a) PUFA diet 
in year one and (b) control diet in year two  

Arrow on the left indicates a decrease in Tsk that would not be counted as a 
torpor bout, as Tsk does not reach below 30°C for 2 consecutive hours. Arrow on the 

right marks a clear torpor bout, as defined by our study parameters 

In order to merge the data collected in year one and year two, the dates were 

transformed from the calendar date to the number of days after Ta was lowered to 20°C 

to initiate torpor, which was defined as day zero. We extracted the total number of 

torpor bouts (i.e. frequency) and the duration of each torpor bout during the study 

period. The mean frequency and duration of torpor bouts for each individual was 

calculated from all recorded torpor bouts, and the percentage of time that animals spent 

in torpor was calculated by dividing the total time spent in torpor by the entire length of 

Tsk recordings. These metrics were used as measures of the degree of expression of 

torpor and allowed for comparisons between diet groups, as well as between years 
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when appropriate. Additionally, we report the shortest and longest torpor bouts and the 

minimum Tsk recorded in any individual during our study. Our program also allowed 

us to extract information regarding the timing of daily entrance into torpor to test if 

entrance into torpor showed a clear circadian rhythm. 

4.2.5 Body weight changes and food intake measurements 

Animals were weighed weekly during the entire study period for both years, and 

food intake was recorded daily to determine the total daily consumption of each food 

type and to test whether animals showed a preference for diet type. 

4.2.6 Data analysis 

All statistical analyses were done in R (version 3.2.3; R Core Team, 2015). 

Differences in the occurrence frequency and duration of torpor bouts between 

experimental groups were assessed using paired t-tests after a manual trimming of data 

to normalize the length of recording. (The recording periods for year one and year two 

differed by 3 days). We also used a binomial family generalized linear mixed model, 

which modeled the data at the level of individual days, where days were used as 

repeated measurements within an observation period. To determine how covariates 

impacted frequency of torpor bouts, the data were coded so that a torpor bout occurring 

on a given day was a binary event (0 = no and 1 = yes). We also used a linear mixed 

model to assess study factors’ impacts on torpor bout duration. Circadian rhythmicity of 

torpor bouts was evaluated using the circular statistical package in R (CircStats, version 
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0.2-4). Specifically, the Rayleigh test was used to assess the uniformity of time at first 

entrance of torpor for each torpor bout occurrence. A significant p-value (<0.05) indicates 

that the entrance times were not uniformly distributed throughout the 24-hour day (i.e. 

animals tended not to enter torpor at specific times). Food intake values were 

normalized using the percentage of food consumed daily; percentage values were 

arcsine-transformed before testing for differences in consumption using a paired t-test. 

Numerical values are expressed as means ± standard deviation (SD).  

4.3 Results 

4.3.1 Tsk profiles during the torpor phase 

All individuals across both diet groups and both years experienced at least one 

torpor bout during the torpor phase when Ta was lowered to 20°C, the photoperiod was 

reduced to LD10:14, and calories were restricted. The mean frequency of torpor bouts for 

all individuals across both years was 10.3 ± 6.5 occurrences (n = 18). The highest number 

of torpor bouts recorded was 27, while the lowest was observed in one individual that 

only entered torpor once in year one. Our results suggest that animals preferentially 

display numbers of torpor bouts at the extreme ends of the spectrum. In other words, 

while some individuals are prone to readily and frequently enter torpor, others are 

torpor-averse (Figure 19).  
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Figure 19: Frequency distribution showing trends in torpor usage during the 
study. Number of bouts were tallied from total Tsk recordings for both years (n = 18) 

The mean torpor bout duration was 8.69 ± 3.0 hours for all individual recordings 

combined. The longest bout was 22 hours and the shortest was 6 hours. In year one of 

the study, our hibernaculum experienced a malfunctioning heating system that resulted 

in Ta dropping to as low as 12°C for 36 hours. This incident allowed us to record the 

lowest Tsk observed. While the majority of the individuals continued to defend Tsk at 

near euthermic levels, one animal had a recorded Tsk of 14.5°C during that time frame.   

4.3.2 Diet does not influence mean torpor bout frequency or mean 
torpor bout duration 

There were no significant differences in either mean duration or mean frequency 

of torpor bouts between animals fed PUFA-rich diets and animals receiving a control 

diet. This is due to extreme variation and lack of consistency in torpor patterns between 

diet groups, as well as between years (Figure 20).  
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Figure 20: Torpor bout frequency and duration of bouts in captive grey mouse 
lemurs by treatment and year 

(a) Frequency of torpor bouts between diets; (b) Duration of torpor bouts 
between diets; (c) Frequency of torpor bouts between years; (d) Duration of 

torpor between years. Medians are indicated by black lines, and data outliers 
are indicated by open circles. All p = values = n.s. 

We also observed large variations in torpor depth and duration within the same 

animal throughout the study period, with neither metric correlating to diet or year 

effects (an example can be seen in Figure 18; panel b). After removing the two 

individuals that had collar failures in year two and conducting paired t-tests on the 

remaining 8 animals, we found that the mean frequency of torpor bouts was not 

significantly different between animals on PUFA-rich diets (n = 8) and those on the 
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control diet (n = 8; p = 0.39; t-test; Figure 20, panel a). Similarly, the mean duration of 

torpor bouts observed was not significantly different between the two diet groups (p = 

0.79; t-test; Figure 20, panel b). There was no significant difference between groups in 

total hours spent in torpor (p = 0.37; t-test) or total percentage of time spent in torpor (p = 

0.38; t-test). Finally, there was no significant difference in mean frequency of torpor 

bouts or mean torpor bout duration observed between years (Figure 20; panels c 

(frequency; p = 0.18; t-test) and d (duration; p = 0.09; t-test)). 

4.3.3 Torpor patterns are likely influenced by differences in body 
mass 

Because of the extreme variation in torpor bout frequency and duration that 

cannot be explained by diet or year, binomial family generalized linear mixed models 

(for frequency of torpor bouts) and linear mixed models (for duration of torpor bouts) 

were used to fit the data with added study factors allowing us to consider the impact of 

variables such as body mass, rate of weight loss, average daily ambient temperature (Ta), 

and hibernaculum location. Additionally, many traces show a gradual increase in torpor 

usage after the beginning of the torpor phase. In other words, they tend to enter torpor 

more frequently towards the end of the recording period (see Figure 18, panel b). This is 

characteristic of the torpor patterns documented in many heterothermic mammals 

(Geiser et al. 1990; Heldmaier et al. 2004). Therefore, we used R package lme4 (Bates et al. 

2015) to investigate the relationship between torpor bout frequency and study factors, 
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with day as a random effect (i.e. each day was included as a repeated effect). An 

additional intercept was included for animal ID. Fixed effects were entered for diet, 

year, Ta, hibernaculum location, weight, and daily weight fluctuation (i.e. rate of weight 

loss in most cases, although two animals did gain a slight amount of weight during one 

week of the torpor phase). Daily weight was extrapolated from the rate of weekly 

change so that this variable matched the other variables in terms of time units measured. 

Our extrapolation assumed that weight loss occurred at a steady rate over the 7-day 

period in between weighings. We ran our models with interaction terms for diet and 

weight (weight*diet) and without the interaction term, and compared the models using 

a likelihood ratio test. There was no interaction between diet and weight (𝑥#(2) = 4.31, p 

= 0.12), so these were included as distinct effects. Visual inspection of residual plots did 

not reveal any obvious deviations from homoscedasticity or normality. Overall, these 

statistical models confirmed that diet does not influence torpor bout frequency or torpor 

bout duration in captive mouse lemurs, as results from our paired t-tests indicated. 

However, we do find a significant interaction of weight on torpor usage. P-values were 

obtained using likelihood ratio tests of the full model containing the effect in question 

(body mass or rate of weight loss) against the model without the effect in question. 

Body mass significantly affected both torpor bout frequency (𝑥#(1) = 7.98, p = 

0.005) and torpor bout duration (𝑥#(1) = 7.03, p = 0.008), with greater body mass 

positively associated with frequency and length of torpor bout. We also investigated the 
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effect of the rate of weight loss on torpor bout frequency and duration. The rate of 

weight change significantly impacted torpor bout frequency (𝑥#(1) = 10.63, p = 0.001) and 

torpor bout duration (𝑥#(1) = 6.01, p = 0.01). Animals that lost more weight also had less 

frequent torpor bouts and for a shorter amount of time. 

Comparing body weights between diet groups and between years shows that 

body weight was not significantly different between diet groups at the beginning of the 

fattening phase (p = 0.73; t-test) or at the beginning of the torpor phase (p = 0.74; t-test; 

Figure 21). Body weight was not significantly different between year one and year two 

at the beginning of the fattening phase (p = 0.11; t-test), but it was significantly different 

between years at the beginning of the torpor phase (p < 0.001; t-test), with animals in 

year one on average weighing more at the start of the torpor phase than those in year 

two. 
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Figure 21: Average body weight vs. week  

Line graphs depict weight change over the study periods between diets (a), 
and between years (b). Asterisk indicates mean body weights are significantly 

different at the start of torpor in year two 

We did not observe significant differences in food preferences between PUFA 

and control diets (p = 0.35; t-test). However, we did find that animals ate significantly 

more in year two than they did in year one (p = 0.001; t-test), which is surprising given 

that, overall, animals gained less weight in year two. 

Additionally, our animals do not show uniform circadian rhythmicity in 

entrance into torpor bouts (Rayleigh uniformity p < 0.001) The timing of reductions in 
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core body temperatures as determined from Tsk recordings suggests that animals start a 

bout of torpor preferentially during the simulated night, with the majority of torpor 

bouts initiated at 1400 hours, shortly after the lights in the hibernaculum are turned off, 

corresponding to the animals’ active period (Figure 22). However, we also find our 

study animals have the capacity to enter torpor at all hours of the day.  

 

Figure 22: Distribution of entrance times on a 24-hour clock 

Entrance times are not uniform (Rayleigh uniformity p < 0.001). Torpor bouts 
do not appear to be limited to the diurnal resting phase but instead occur throughout 

the 24-hour cycle 

4.4 Discussion 

This is the first detailed study to investigate the effects of diet manipulation on 

torpor patterns in a heterothermic primate species. Taken as a whole, our results suggest 

that in captive mouse lemurs, PUFAs are not an important predictor for successful 

torpor to occur. This result deviates from the previously accepted pattern seen in cold-

adapted rodent and marsupial species subjected to diet supplementation studies. 
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Fietz et al. (2003) conducted autumnal feeding observations and investigated 

biochemical changes in white adipose tissue stores before and during hibernation in fat-

tailed dwarf lemurs, (Cheirogaleus medius)—the hibernating sister lineage to mouse 

lemurs. They found that preceding hibernation, fat-tailed dwarf lemurs show extremely 

low PUFA concentrations in fat stores and further suggest that monounsaturated fatty 

acids (MUFAs)—synthesized from high-sugar fruits consumed in autumn—were the 

main fuel source in this species during hibernation (Fietz et al. 2003). The authors 

conclude that in C. medius, consuming PUFAs and incorporating them into fat reserves 

as a means to maintain lipid fluidity during hibernation does not appear to be critical for 

hibernation. This is likely due to the relatively high body temperatures in these animals 

during hibernation wherein near-freezing levels are never reached (minimum averages 

for C. medius are approximately 18°C (Dausmann et al. 2005). 

Further, a recent study conducted in a captive colony of M. microcebus in Brunoy, 

France found a strikingly similar fatty acid profile in the WAT of their study animals 

(Vuarin et al. 2014). Although the investigators did not subject their animals to diet 

manipulations, results from the study also suggest a positive correlation between the 

depth and duration of shallow torpor bouts and a greater proportion of unsaturated 

fatty acids in WAT. However, they find that the majority of the unsaturation index was 

due to MUFAs, with PUFAs to a lesser degree. 



 

91 

Frank and Dierenfeld (1998) argue that there may be a physiological constraint 

associated with high-PUFA diets—that is, increased peroxidation of lipids in fat 

reserves. Under normal physiological conditions, PUFAs undergo lipid peroxidation 

more readily than saturated fatty acids or MUFAs (Gunstone et al. 1986). High levels of 

lipid peroxidation can lead to hemolysis, muscle degeneration, and nervous system 

damage (Halliwell and Gutteridge 1986; Seppanen et al. 2013; Frankel 1995). 

Heterotherms that increase PUFAs in their fat reserves may, therefore, be particularly 

susceptible to tissue damage by lipid peroxidation. Additionally, as with PUFAs, 

MUFAs can play a role in keeping fat stores fluid at low body temperatures as the 

presence of even one double bond can lead to an increase in fluidity. Further addition of 

double bonds (e.g. as in PUFAs) can have a smaller and sometimes negative effect on the 

resulting fluidity (Hazel and Williams, 1990; Vuarin et al. 2014). As a result, mouse and 

dwarf lemurs seem to have developed means to avoid toxic fatty acid peroxides by 

consuming low-PUFA diets preceding torpor and instead relying on MUFAs in their fat 

stores to keep fat reserves fluid at body temperatures below euthermia. 

The results of our study suggest that tropical primate heterotherms might be 

exempt from the traditional paradigms governing cold-adapted heterothermy, having 

evolved different strategies to tolerate temporal changes in body temperature. PUFAs 

may not be as crucial to the expression of lower body temperatures, in general, as has 

previously been suggested. The response of the interaction between dietary factors and 
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how they impact torpor is set by the ecological context in which species evolve. It is 

perhaps not surprising that species without ready access to PUFAs in their habitats may 

not show identical responses to species that have high accessibility to PUFAs in their 

natural food resources. While herbivorous species that thrive on high-PUFA plants, 

nuts, and seeds have evolved a physiological dependence on high-PUFA intake, highly 

insectivorous (e.g. mouse lemurs) and carnivorous (e.g. bears) heterotherms could be 

expected to have developed alternative approaches, such as a reliance on MUFAs. 

Although mouse lemurs in their natural settings likely do not rely on PUFAs for 

thermoregulatory strategies, this study nonetheless holds general implications for 

uncovering a common mechanism for how PUFAs act on membrane and storage lipids 

in mammalian tissues. The current understanding is that PUFAs would act the same 

way in any mammal, but our results suggest otherwise. More conclusive studies should 

be done with, for example, room temperatures that are lowered below the threshold of 

20°C imposed by this study. 

4.4.1 Why is there so much variation in torpor patterns? 

Based on previous studies on mouse lemurs in natural populations, it is well 

established that individuals display remarkable flexibility in their torpor usage. 

Considerable variation in patterns of heterothermy was observed, with some individuals 

using daily torpor exclusively, while others used prolonged heterothermy, and still 

others remained euthermic (Schmid and Ganzhorn 2009; Kobbe et al. 2010). Previous 
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field studies document that torpor episodes vary in intensity, duration, and frequency 

between populations and even among individuals of the same population (Ortmann et 

al. 1997; Schülke and Ostner 2007; Schmid and Ganzhorn 2009; Kobbe et al. 2010). 

Presumably, this flexibility allows mouse lemurs to 1.) adapt quickly to the extremely 

unpredictable environments of Madagascar; 2.) cope with large variations in food 

availability and subsequent variations in body conditions; and 3.) incorporate breeding 

status, or lack thereof, into torporing strategies for over-winter survival. 

Extreme variation in torpor patterns and study covariates allowed us to tease 

apart the factors that might influence thermoregulatory strategies in captive mouse 

lemurs. We find that the amount of fat stored is an important predictor for increased 

torpor use, as animals that gained more weight relative to starting body mass used 

torpor more frequently and for longer duration than animals that did not gain as much 

weight. This same effect is seen in wild populations of grey mouse lemurs (Schmid 

2001). We also find that animals that lose weight at a faster rate during the torpor phase 

spend less time in torpor. This is presumably due to the higher costs associated with 

maintaining euthermic body temperatures at lowered ambient temperatures, although it 

remains unclear why an animal would remain euthermic—thereby more quickly 

burning through their fat stores—if torpor were an option. A similar situation has been 

documented by Nowack et al. (2010; 2013). Their studies on the African lesser bushbaby 

(Galago moholi) have shown that torpor is physiologically possible during the cold, dry 
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season in this species though this behavior is only employed under life-threatening 

circumstances (Nowack et al. 2010). The authors suggest that these animals have 

evolved alternative strategies, such as behavioral thermoregulation (i.e. huddling, 

opting for better insulated sleeping sites, and/or reducing locomotion), to survive 

periods of energetic constraints (Nowack et al. 2013). In our study, huddling behavior 

can be ruled out as a means of behavioral thermoregulation because the animals were 

caged separately though individuals were provided with blankets and multiple types of 

nesting material (e.g. PVC piping, Kleenex boxes, and pockets cut from jeans) in keeping 

with IACUC protocols. It is therefore possible that those animals that remained 

euthermic had chosen better insulated sleeping/resting sites. Alternatively, as we did not 

track locomotion throughout the study, we cannot rule out the possibility that certain 

euthermic animals had instead reduced their locomotion to save energy stores rather 

than employ torpor.  

4.4.2 Timing of entrance into torpor is also variable 

In general, daily torpor is restricted to an animal’s period of inactivity, which, in 

the DLC colony, is between 0200 and 1200 hours (the simulated day on a reverse light 

cycle). The majority of torpor bout entrances occur at the transition between lights on 

and lights off, with about 35 instances taking place in the hour before the lights turn on. 

This is an interesting, but perhaps not surprising, result. Ortmann et al. (2007) found that 

torpor onset varies from day to day in a wild population of mouse lemurs. In those 
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animals, torpor is, instead, terminated on a strict circadian rhythm; however, torpor bout 

duration—which varied greatly in their study animals—did so due to timing of entrance 

into torpor. 

4.5 Conclusion 

Our study demonstrates that in captive mouse lemurs, PUFAs do not have 

positive effects on torpor bout frequency and duration, suggesting that mammalian 

heterotherms have not developed uniform strategies to prolong torpor use. 

Furthermore, we have shown that body mass has a significant positive correlation with 

both number of torpor bouts and torpor bout duration. This study is the first to 

investigate how nutritional ecology may influence thermoregulatory strategies that 

mouse lemurs use to survive the unpredictable climates in Madagascar. The numerous 

avenues for future research include exploring how diets high in sugar or MUFAs 

influence fat storage and torpor use as well as determining how an animal’s choice of 

sleeping sites or locomotion during the animals’ activity period are correlated with time 

spent in torpor. The maintenance of energy budgets throughout the hibernation season 

is crucial and is a delicate balance of energy intake and expenditure. If energy balance is 

not maintained, the animal faces a depletion of fat stores precisely at the time when food 

resources are gone, with potentially devastating fitness consequences.  
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5. Significance & Perspectives  
Over the last few decades, significant progress has been made in understanding 

hibernation physiology—from its molecular underpinnings, to its proximate causes, to 

its adaptive benefits through substantial energy savings during periods of resource 

scarcity. To date, this work has been primarily focused on heterothermic groups living 

in arctic and temperate environments, with particular attention to the model 

mammalian heterotherms (i.e. sciurid rodents, bats, and bears). These studies have 

pushed the bounds of what is known about how hibernators are able to withstand 

physiological conditions that would be fatal to non-hibernators. These seminal studies 

have been crucial to the work presented in this dissertation by laying the foundation for 

expanding the study of mammalian heterothermy to evolutionarily distant species. 

This body of work is the product of what can only be described as “standing on 

the shoulders of giants” to better understand a group of primate heterotherms for which 

almost nothing was hitherto known: the dwarf and mouse lemurs of Madagascar. 

Chapter 2 details for the first time a longitudinal sampling approach used to identify 

gene expression profiles from a captive colony of fat-tailed dwarf lemurs. Chapter 3 

expands further by describing the first investigation of differential gene expression 

during hibernation under completely natural conditions using capture/mark/recapture 

techniques. Lastly, Chapter 4 is the first examination of the impacts of nutritional 

ecology on torpor patterns in a tropical heterotherm. 
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5.1 Comparative physiology and comparative genomics are 
essential for hibernation research 

Using comparative approaches, as this dissertation has, exploits the diversity of 

intrinsic and extrinsic characteristics to better understand a complex and highly-

regulated phenotype. The research described here has yielded novel results concerning 

the differences between captive and wild hibernation physiology, cold-adapted versus 

tropical heterothermy, comparisons related to daily torpor versus prolonged torpor, as 

well as inter-specific and even inter-order differences and similarities driving the 

hibernation phenotype. As with most research enterprises, these studies have raised 

more questions than they have answered. Delving further into the resultant questions, 

however, has the potential to answer one of the biggest questions in the field of 

hibernation biology: How did the hibernation phenotype evolve? 

Results from Chapters 2 and 3 provide confirmatory support of the hypothesis 

that differential gene expression of common mammalian genes is correlated with 

changes in hibernation physiology. Further, by looking at differential expression of 

specific genes, as well as groups of co-regulated genes through functional enrichment 

analyses, we find striking similarities in transcriptome profiles in a phylogenetically 

diverse groups of mammalian heterotherms. This conservation among mammals is 

significant in that it supports the hypothesis that the common ancestor of mammals was 

capable of flexible metabolic responses, and was likely capable of emergency 
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heterothermy during times of resource scarcity. Furthermore, the results of this study 

suggest that the genetic architecture that is necessary to achieve, sustain, and survive the 

physiological extremes associated with torpor is, in fact, present in the genome of all 

mammals. Highlighted by the studies described both here and elsewhere in the 

literature is the fact that the hibernation phenotype in mammals is achieved by invoking 

patterns of gene expression that are already related to some other aspect of mammalian 

life (e.g. metabolic changes associated with fed/fasted state, modifications of anti-

coagulation pathways, increase antioxidant defenses to combat oxidative stress), not 

through hibernation-specific physiological functions per se. 

5.2 Looking forward: What are the next steps? 

Gene-centric studies are limited in that they remain at least one step removed 

from the functionality that drives the physiological plasticity in seasonal heterotherms. 

Future directions should look toward investigating modifications at the protein and 

metabolite level during the distinct physiological states of summer homeothermy and 

winter heterothermy, and during the torpor-arousal cycles within the hibernation 

season. Proteins and their modifications are the last molecular change before outward 

expression of functionality and can therefore either confirm findings from investigations 

at the transcriptome level, or reveal specific differences that may be contributing to the 

hibernation phenotype. With many recent technological advances, conducting large-
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scale global screens of the proteome or metabolome are now within our reach, even with 

non-model species such as dwarf and mouse lemurs. 

Although the majority of this dissertation (Chapters 2 and 3) used discovery-

driven, rather than hypothesis-driven approaches, information resulting from such 

broad-scale tactics can be used to inform future studies. For example, another group at 

Duke, has devised methods to culture dwarf and mouse lemur fibroblasts. By exposing 

these cells to environmental conditions, such as hypoxia or lowered Ta, this can 

potentially provide further means to investigate the genomic and proteomic changes 

that drive the hibernation phenotype under carefully controlled conditions.  

Complimentary to studies described here, future studies using lemur cell lines could 

examine specific genes and pathways, and their modifications to nutrient deprivation, 

oxidative stress, or low temperatures. Further, as sequencing technologies become more 

sensitive and increasingly portable, field studies such as the one described in Chapter 3, 

will be more easily achieved. This will undeniably unlock the potential to investigate a 

higher proportion of hibernating species that are not suitable for study under laboratory 

conditions (e.g., bears). 

5.3 Hibernation research holds great promise for biomedicine 

No discussion of hibernation research would be complete without mention of its 

extraordinary potential for applications to biomedicine. And, in particular, studies 

concerning the Cheirogaleidae certainly hold a special place as members of this primate 
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family are, of all hibernating mammals, the closest genetic relatives to humans. Thus, 

they represent a unique opportunity to apply findings to a host of clinically relevant 

applications. Identifying the mechanisms that initiate the physiological extremes of 

seasonal heterothermy has the potential to enhance our understanding of how 

heterothermic species survive stresses that would normally be detrimental and even 

fatal to non-hibernating species, such as humans. If successful, such work could have 

profound applications to the field of biomedicine. Given that dwarf lemurs exhibit 

annual periods of obesity and leanness, they represent a natural animal model for the 

study of metabolic pathologies, such as obesity in humans. Continued investigation has 

the potential to contribute to breakthrough medical treatments for improving the human 

condition. For example, understanding the mechanisms by which peripheral tissues 

withstand insufficient blood flow during hibernation might lead to better technologies 

for neuroprotection during stroke or brain trauma. In addition, elucidating the ways in 

which hibernating animals avoid atrophy following muscle disuse during 8-month 

inertia bouts might better the lives of immobilized or bed-ridden humans.  By exploiting 

new innovations in molecular biology, such as transcriptomic-, proteomic-, or 

metabolomic-based approaches, investigations using dwarf and mouse lemurs as model 

systems will undeniably accelerate the application of hibernation-induction strategies to 

the clinic. 
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Appendix A 

List of avian and mammalian seasonal heterotherms. DT = Daily torpor, HIB = 
Hibernation, or prolonged torpor. Modified from Ruf and Geiser 2015 

Taxon Torpor 
type 

References 

AVES   
Coraciiformes   

Dacelo novaeguineae DT Cooper et al. (2008) 
Todus mexicanus DT Merola-Zwartjes & Ligon (2000) 

Coliiformes   
Colius castanotus DT Prinzinger et al. (1981) and Hoffmann & Prinzinger 

(1984) 
Colius colius DT McKechnie & Lovegrove (2001b) 
Colius striatus DT Hoffmann & Prinzinger (1984) and McKechnie & 

Lovegrove (2001) 
Urocolius indicus DT Hoffmann & Prinzinger (1984) 
Urocolius macrourus DT Hoffmann & Prinzinger (1984) and Schaub, 

Prinzinger & Schleucher (1999) 
Apodiformes   

Aeronautes saxatalis DT Bartholomew, Howell & Cade (1957) 
Apus apus DT Koskimies (1948) 
Hirundapus caudacutus DT Pettigrew & Wilson (1985) 

Trochiliformes   
Amazilia versicolor DT Bech et al. (1997) 
Archilochus alexandri DT Lasiewski (1963, 1964) 
Calypte anna DT Lasiewski (1963) 
Calypte costae DT Lasiewski (1963, 1964) 
Chrysuronia oenone DT Krüger, Prinzinger & Schuchmann (1982) 
Clytolaema rubricauda DT Bech et al. (2006) 
Eugenes fulgens DT Wolf & Hainsworth (1972) 
Eulampis jugularis DT Hainsworth & Wolf (1970) 
Eupetomena macroura DT Bech et al. (1997) 
Lampornis clemenciae DT Krüger et al. (1982) 
Melanotrochilus fuscus DT Bech et al. (1997) 
Oreotrochilus estella DT Carpenter (1974) and Krüger et al. (1982) 
Orthorhynchus cristatus DT Krüger et al. (1982) 
Panterpe insignis DT Wolf & Hainsworth (1972) 
Selasphorus platycercus DT Calder & Booser (1973) and Bucher & Chappell 

(1992) 
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Selasphorus rufus DT Lasiewski (1963) and Hiebert (1990, 1993) 
Selasphorus sasin DT Lasiewski (1963) 

Strigiformes   
Otus senegalensis DT Smit & McKechnie (2010) 
Caprimulgiformes   
Aegotheles cristatus DT Brigham et al. (2000) and Doucette et al. (2012) 
Caprimulgus europaeus DT Peiponen (1965) and Schlegel (1969) 
Caprimulgus guttatus 
(argus) 

DT Dawson & Fisher (1969) 

Caprimulgus tristigma DT Smit et al. (2011) and McKechnie & Mzilikazi (2011) 
Caprimulgus vociferus DT Lane, Brigham & Swanson (2004) 
Chordeiles acutipennis DT Marshall (1955) 
Chordeiles minor DT Lasiewski & Dawson (1964) 
Phalaenoptilus nuttallii HIB Withers (1977), Brigham (1992) and Woods & 

Brigham (2004) 
Podargus strigoides DT Körtner et al. (2000) and Körtner, Brigham & Geiser 

(2001) 
Columbiformes   
Drepanoptila holosericea DT Schleucher (2001) 
Scardafella inca DT MacMillen & Trost (1967) 
Passeriformes   
Artamus cyanopterus DT Maddocks & Geiser (2007) 
Delichon urbicum DT Prinzinger & Siedle (1986, 1988) 
Nectarinia famosa DT Downs & Brown (2002) 
Manacus vitellinus DT Bartholomew, Vleck & Bucher (1983) 

MAMMALIA   
Monotremata   

Tachyglossus aculeatus HIB Grigg et al. (1989) and Nicol & Andersen (2002) 
Placentalia   
Rodentia   

Acomys russatus DT Ehrhardt, Heldmaier & Exner (2005) and Levy, 
Dayan & Kronfeld-Schor (2011) 

Aethomys namaquenesis DT Withers, Louw & Henschel (1980) 
Allactaga euphratica HIB Çolak & Yigit (1998) 
Allactaga williamsi HIB Çolak & Yigit (1998) 
Apodemus peninsulae DT Masaki et al. (2005) 
Baiomys taylori DT Hudson (1965) 
Calomys musculinus DT Bozinovic & Rosenmann (1988) 
Calomys venustus DT Caviedes-Vidal et al. (1990) 
Cricetus cricetus HIB Eisentraut (1933), Kayser (1964), Wabmer & Wollnik 

(1997) and Siutz et al. (2012) 
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Cynomys leucurus HIB Bakko & Nahornia (1986) 
Cynomys ludovicianus HIB Lehmer et al. (2001) 
Cynomys parvidens HIB Lehmer & Biggins (2005) 
Eliomys quercinus HIB Kayser (1964) and Pajunen (1984) 
Fukomys damarensis DT Streicher (2010) 
Gerbillus pusillus DT Buffenstein (1985) 
Glirulus japonicus HIB Otsu & Kimura (1993) 
Glis glis HIB Wyss (1932), Kayser (1939, 1961), Pengelley & Fisher 

(1961) and Bieber & Ruf (2009)  
Graphiurus murinus HIB Mzilikazi et al. (2012) 
Graphiurus ocularis HIB Perrin & Ridgard (1999) 
Ictidomys 
tridecemlineatus 

HIB Kisser & Goodwin (2012) 

Jaculus orientalis HIB El Ouezzani et al. (2011) 
Marmota broweri HIB Lee, Barnes, & Buck (2009) 
Marmota flaviventris HIB Florant & Heller (1977), Florant, Hill & Ogilvie 

(2000) and French (1985) 
Marmota marmota HIB Arnold (1993), Ortmann & Heldmaier (2000), Ruf & 

Arnold (2000), Arnold et al. (2011)  
Marmota monax HIB Lyman (1958), Armitage, Woods & Salsbury (2000) 

and Zervanos et al. (2010) 
Mesocricetus auratus HIB Lyman (1948) and Pohl (1961) 
Mesocricetus brandti HIB Goldman (1989) 
Microdipodops pallidus HIB Brown & Bartholomew (1969) and Bartholomew & 

MacMillen (1961) 
Mus musculus DT Hudson & Scott (1979) 
Muscardinus 
avellanarius 

HIB Kayser (1939, 1964), Eisentraut (1956) and Prezlaff & 
Dausmann (2012) 

Perognathus californicus DT Tucker (1962, 1965) 
Perognathus fasciatus DT Wang & Hudson (1970) 
Perognathus 
longimembris 

HIB Bartholomew & Cade (1957) and French (1977) 

Perognathus parvus HIB MacMillen (1983) 
Peromyscus boylii DT Morhardt (1970) 
Peromyscus crinitus DT Morhardt (1970) 
Peromyscus eremicus DT Macmillen (1965) and Morhardt (1970) 
Peromyscus gossypinus DT Tannenbaum & Pivorun (1984) 
Peromyscus hispidus DT Wang & Hudson (1970) 
Peromyscus leucopus DT Hill (1975), Deavers & Hudson (1981) and 

Tannenbaum & Pivorun (1988) 
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Peromyscus maniculatus DT McNab & Morrison (1963), Morhardt (1970) and 
Geiser (1991) 

Petromyscus collinus DT Withers et al. (1980) 
Phodopus sungorus DT Ruf et al. (1993)  
Phyllotis darwini DT Bozinovic & Marquet (1991) 
Reithrodontomys 
megalotis 

DT Thompson (1985) 

Saccostomus campestris DT Mzilikazi & Lovegrove (2002) 
Spermophilus armatus HIB Cranford (1986) 
Spermophilus beecheyi HIB Strumwasser (1960) and Pengelley & Kelley (1966) 
Spermophilus beldingi HIB French (1985) 
Spermophilus citellus HIB Németh, Nyitrai & Altbäcker (2009) 
Spermophilus 
columbianus 

HIB Young (1990) 

Spermophilus dauricus HIB Yang et al. (2011) 
Spermophilus elegans HIB Harlow & Menkens (1986) 
Spermophilus lateralis HIB Hammel et al. (1968) and Healy et al. (2012) 
Spermophilus mexicanus HIB Neumann & Cade (1965) 
Spermophilus parryii HIB Hock (1960), Barnes (1989), Barnes & Ritter (1993), 

Buck & Barnes (2000) and Karpovich et al. (2009) 
Spermophilus 
richardsonii 

HIB Hudson & Deavers (1973) and Wang (1978) 

Spermophilus saturatus HIB Geiser, Hiebert & Kenagy (1990) 
Spermophilus 
tereticaudus 

HIB Pengelley & Kelley (1966) and Bickler (1984) 

Spermophilus variegatus HIB Pengelley (1964) and Pengelley & Kelley (1966) 
Spermophilus 
xanthoprymnus 

HIB Kart Gür, Refinetti & Gür (2009) 

Steatomys pratensis DT Ellison (1995) 
Tamias amoenus HIB Kenagy & Vleck (1982) and Geiser et al. (1990) 
Tamias sibericus HIB Kawamichi (1996) 
Tamias striatus HIB Wang & Hudson (1971), Pivorun (1976) and 

Levesque & Tattersall (2010) 
Zapus hudsonius HIB Muchlinski & Rybak (1978) 
Zapus princeps HIB Cranford (1983) and French (1985) 

Primates   
Cheirogaleus crossleyi HIB Blanco & Rahalinarivo (2010) and Blanco et al. (2013) 
Cheirogaleus medius HIB Dausmann, Ganzhorn & Heldmaier (2000) and 

Dausmann et al. (2004, 2005, 2009) 
Cheirogaleus sibreei HIB Blanco et al. (2013) 
Galago moholi DT Nowack, Mzilikazi & Dausmann (2010) 
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Microcebus griseorufus HIB Dausmann et al. (2012) and Kobbe, Ganzhorn & 
Dausmann (2011) 

Microcebus murinus DT Perret (1998) and Schmid (2000) 
Microcebus myoxinus DT Schmid, Ruf & Heldmaier (2000) 
Microcebus ravelobensis DT Lovegrove et al. (2013) 
Nyctibecus pygmaeus HIB Ruf et al. (2015) 

Carnivora   
Meles meles HIB Fowler & Racey (1988) 
Mephitis mephitis DT Hwang, Lariviére & Messier (2007) 
Proteles cristata DT Anderson (2004) 
Taxidea taxus DT Harlow (1981) 
Ursus americanus HIB Watts et al. (1981) and Tøien et al. (2011) 
Ursus arctos HIB Hissa (1997) 
Ursus arctos horribilis HIB McGee et al. (2008, 2009), Felicetti et al. (2003) 

Chiroptera   
Barbastella barbastellus HIB Pohl (1961) 
Carollia perspicillata DT Audet & Thomas (1997) 
Chalinolobus gouldii HIB Hosken & Withers (1997) 
Corynorhinus rafinesquii HIB Johnson (2012) 
Eptesicus fuscus HIB Kulzer (1965), French (1985) and Willis et al. (2005a) 
Glossophaga soricina DT Kelm & von Helversen (2007) 
Hipposideros terasensis HIB Liu & Karasov (2011, 2012) 
Lasiurus borealis HIB Dunbar & Tomasi (2006) 
Lasiurus cinereus HIB Cryan & Wolf (2003) and Willis, Brigham & Geiser 

(2006) 
Macroglossus minimus DT Bartels, Law & Geiser (1998) 
Megaloglossus 
woermanni 

DT Kulzer & Storf (1980) 

Miniopterus schreibersii HIB Hall (1982) and Brown & Bernard (1994) 
Mops condylurus HIB Vivier & van der Merwe (2011) 
Myotis adversus HIB Kulzer et al. (1970) 
Myotis lucifugus HIB Hock (1951) and Jonasson & Willis (2012) 
Myotis myotis HIB Pohl (1961), Harmata (1987) and Koteja, Jurczyszyn 

& Wołoszyn (2001) 
Myotis nattereri HIB Hope & Jones (2012) 
Myotis velifer HIB Tinkle & Patterson (1965) and Riedesel & Williams 

(1976) 
Nyctalus noctula HIB Ransome (1990) and Arlettaz et al. (2000) 
Nycteris thebaica DT Cory Toussaint & McKechnie (2012) 
Nyctimene albiventer DT Bartholomew, Dawson & Lasiewski (1970) 
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Nyctophilus bifax HIB Stawski, Turbill & Geiser (2009) and Stawski & 
Geiser (2010, 2011) 

Nyctophilus geoffroyi HIB Geiser & Brigham (2000) and Turbill & Geiser (2008) 
Nyctophilus gouldi HIB Geiser & Brigham (2000) and Turbill & Geiser (2008) 
Pipistrellus pipistrellus HIB Kayser (1964) and Kulzer (1965) 
Pipistrellus subflavus HIB Brack & Twente (1985) and French (1985) 
Plecotus auritus HIB Eisentraut (1956) 
Rhinolophus 
ferrumequinum 

HIB Kulzer (1965) and Park, Jones & Ransome (2000) 

Rhinolophus 
hipposideros 

HIB Harmata (1987) 

Rhinopoma 
microphyllum 

HIB Kulzer (1965) and Levin et al. (2010) 

Scotophilus dinganii DT Jacobs et al. (2007) 
Scotophilus mhlanganii DT Jacobs et al. (2007) 
Sturnira lilium DT Audet & Thomas (1997) 
Syconycteris australis DT Coburn & Geiser (1998) 
Tadarida aegyptiaca HIB Cory Toussaint, McKechnie & van der Merwe (2010) 
Tadarida brasiliensis HIB Herreid (1963) and Herreid & Schmidt-Nielsen 

(1966) 
Tadarida teniotis HIB Arlettaz et al. (2000) and Marom et al. (2006) 
Vespadelus vulturnus HIB Willis, Turbill & Geiser (2005b) 

Eulipotyphla   
Atelerix algirus HIB Mouhoub-Sayah et al. (2008) 
Atelerix frontalis HIB Hallam & Mzilikazi (2011) 
Chrysochloris asiatica DT Bennet & Spinks (1995) 
Crocidura flavescens DT Baxter (1996) 
Crocidura leucodon DT Nagel (1985) 
Crocidura russula DT Nagel (1977, 1985) 
Crocidura suaveolens DT Nagel (1985) 
Erinaceus europaeus HIB Kristoffersson & Soivio (1964) and Thäti (1978) 
Notiosorex crawfordi DT Lindstedt (1980) 
Sorex sinuosus DT Newman & Rudd (1978) 
Suncus etruscus DT Vogel (1974) and Frey (1979, 1980) 

Xenarthra   
Zaedyus pichiy HIB Superina & Boily (2007) 

Afrosoricida   
Amblysomus hottentotus HIB Scantlebury et al. (2008) 
Echinops telfairi HIB Dryden, Gębczyński & Douglas (1974) and Scholl 

(1974) 
Geogale aurita DT Stephenson & Racey (1993a) 
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Microgale dobsoni DT Stephenson & Racey (1993b) 
Setifer setosus HIB Kayser (1964), Hildwein (1970) and Lovegrove et al. 

(2013) 
Tenrec ecaudatus HIB Kayser (1964), Hildwein (1970) and Lobban & 

Lovegrove (2012) 
Macroscelidea   

Elephantulus edwardii HIB Geiser & Mzilikazi (2011) 
Elephantulus myurus HIB Lovegrove et al. (2001), Mzilikazi & Lovegrove 

(2004) and McKechnie & Mzilikazi (2011) 
Elephantulus rozeti DT Lovegrove et al. (2001) 
Elephantulus rupestris DT Oelkrug et al. (2012) 
Macroscelides 
proboscideus 

DT Lovegrove, Lawes & Roxburgh (1999) 

Marsupialia   
Diprodontia   

Acrobates pygmaeus HIB Fleming (1985) and Geiser & Ferguson (2001) 
Burramys parvus HIB Geiser & Broome (1991) 
Cercartetus concinnus HIB Geiser (1987) 
Cercartetus lepidus HIB Geiser (1987) 
Cercartetus nanus HIB Geiser (1993), Song et al. (1997) and Turner et al. 

(2012) 
Petaurus breviceps DT Fleming (1980) and Körtner & Geiser (2000b) 
Tarsipes rostratus DT Collins, Wooller & Richardson (1987) and Withers, 

Richardson & Wooller (1990) 
Microbiotheria   

Dromiciops gliroides HIB Grant & Temple-Smith (1987); Bozinovic, Ruiz & 
Rosenmann (2004) and Franco et al. (2012) 

Dasyuromorphia   
Antechinomys laniger DT Geiser (1986) 
Antechinus flavipes DT Geiser (1988) 
Antechinus stuartii DT Geiser (1988) 
Dasycercus 
cristicauda/blythi 

DT MacMillen & Nelson (1969), Geiser & Masters (1994) 
and Körtner, Pavey & Geiser (2008) 

Dasykaluta rosamondae DT Körtner, Rojas & Geiser (2010) 
Dasyuroides byrnei DT Geiser & Baudinette (1987) 
Dasyurus geoffroii DT Arnold (1976) 
Dasyurus hallucatus DT Cooper & Withers (2010) 
Dasyurus viverrinus DT Moyle in Reardon (1999) 
Myrmecobius fasciatus DT Cooper & Withers (2004) 
Ningaui yvonnae DT Geiser & Baudinette (1988) 
Planigale gilesi DT Geiser & Baudinette (1988) 
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Planigale ingrami DT Dawson & Wolfers (1978) 
Planigale maculata DT Morton & Lee (1978) 
Planigale tenuirostris DT Dawson & Wolfers (1978) 
Pseudantechinus 
macdonnellensis 

DT Geiser & Pavey (2007) 

Sminthopsis 
crassicaudata 

DT Geiser & Baudinette (1987) and Warnecke, Turner & 
Geiser (2008) 

Sminthopsis douglasi DT Muller (1996) 
Sminthopsis macroura DT Geiser & Baudinette (1987) and Körtner & Geiser 

(2009) 
Sminthopsis murina DT Geiser et al. (1984) 
Sminthopsis ooldea DT Tomlinson, Withers & Maloney (2012) 

Didelpimorphia   
Gracilinanus agilis DT Cooper, Withers & Cruz-Neto (2009) 
Marmosa microtarsus DT Morrison & McNab (1962) 
Thylamys elegans DT Opazo, Nespolo & Bozinovic (1999) and Silva-Duran 

& Bozinovic (1999) 
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