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Summary

We examined the effect of diet on pre-hibernation fattening and the gut microbiota of captive 

arctic ground squirrels (Urocitellus parryii). We measured body composition across time and gut 

microbiota density, diversity, and function prior to and after five-weeks on control, high-fat, low-

fat (18%, 40%, and 10% energy from fat, respectively), or restricted calorie (50% of control) diets. 

Squirrels fattened at the same rate and to the same degree on all diets. Additionally, we found no 

differences in gut microbiota diversity or short chain fatty acid production across time or with diet. 

Analysis of the gut microbial transcriptome indicated differences in community function among 

diet groups, but not across time, and revealed shifts in the relative contribution of function at a 

taxonomic level. Our results demonstrate that pre-hibernation fattening of arctic ground squirrels 

is robust to changes in diet and is accomplished by more than increased food intake. Although our 

analyses did not uncover a definitive link between host fattening and the gut microbiota, and 

suggest the squirrels may possess a gut microbial community structure that is unresponsive to 

dietary changes, studies manipulating diet earlier in the active season may yet uncover a 

relationship between host diet, fattening and gut microbiota.

Introduction

Seasonal environments that encompass annual cycles of temperature, precipitation, and 

resource availability have served as selective forces shaping the evolution of molecular, 

physiological, and behavioral adaptations in indigenous species. Arguably, one of the most 

extreme examples of this is mammalian hibernation, an adaptation to survive unfavorable 

conditions characterized by a state of low activity, metabolic rate and body temperature (Tb; 

Lyman 1982). Obligate seasonal hibernators, such as ground squirrels, annually undergo 

profound endogenously programmed physiological and behavioral changes to conserve 

energy during hibernation and to increase endogenous energy reserves in preparation for 

hibernation (Williams et al., 2014; Dark, 2005). Although a great deal is known about the 

physiological, metabolic and molecular changes that occur during hibernation (reviewed in 
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Carey et al., 2003; Geiser, 2004; Dark, 2005; van Breukelen and Martin 2015; Williams et 

al., 2011), few studies have investigated the physiological and behavioral changes of free-

living animals that occur across the active season in preparation for hibernation (Buck and 

Barnes, 1999a; Sheriff et al., 2013; Williams et al., 2014).

For many species, hibernation is fueled principally by endogenous energy reserves, 

primarily in the form of fat. In these animals, the majority of fat mass is gained late in the 

active season (Dark, 2005), accumulating over a discrete period following reproduction 

known as “pre-hibernation fattening” (Körtner and Heidmaier, 1994; Kunz et al., 1998; 

Sheriff et al., 2013). During this period, animals often double their body mass, and can 

increase their lipid stores as much as seven-fold (Mrosovsky, 1976; Kunz et al., 1998; Buck 

and Barnes, 1999a). While the mechanisms involved in such robust fattening are not well 

understood, seasonal fat-storing hibernators facilitate lipid accumulation through shifts in 

energy utilization (Sheriff et al., 2012; 2013).

In non-hibernating mammals, fat accumulation and storage has been linked to the gut 

microbiota. For example, germ-free mice maintain a lower percentage of body fat than 

conventional mice (Smith et al., 2007) despite consuming equal or greater amounts of food. 

Additionally, the obese phenotype is transmitted to germ-free (gf) mice through introduction 

of “obese” gut microbes; a result that is not achieved by the transfer of “lean” gut microbes 

to gf mice (Ridaura et al., 2013). In some studies, obesity in humans, mice, and rats 

correlates with reduced gut microbial diversity and a characteristic shift in relative 

abundance of core gut microbial community members (increased relative abundance of the 

phyla Firmicutesto Bacteroidetes) compared to lean individuals (Ley et al., 2005; Turnbaugh 

and Gordon, 2009; Ley et al., 2010); although in others, a different relationship or no 

relationship between the Firmicutesto Bacteroidetesratio and obesity has been reported 

(Duncan et al., 2007; Duncan et al., 2008; Murphy et al., 2010; Schwiertz et al., 2010). The 

“lean” gut microbial metatranscriptome is enriched in transcripts encoding enzymes that 

participate in carbohydrate metabolism and protein degradation (Riduara et al., 2013), and 

co-housing obese mice with lean mice prevents additional fattening and transforms their gut 

microbial metatranscriptome to a lean-like state as a consequence of invasion of lean 

microbiota (Riduara et al., 2013). Germ-free mice are also able to resist diet-induced obesity 

when fed a high-fat, sucrose rich “Westernized” diet (Bäckhead et al., 2007; Ridaura et al., 

2013). Interestingly, microbial-linked obesity in mice can be rescued with the introduction of 

“lean” gut microbiota; however, rescue is diet-dependent and occurs in mice maintained on a 

diet low in fat and rich in dietary fiber, but not on the “Westernized” diet (Ridaura et al., 

2013).

Arctic ground squirrels (Urocitellus parryii) serve as an excellent model for studying the 

effects of diet and gut microbiota in hibernators. As the northernmost hibernating mammal, 

they have evolved the most extreme annual cycle of physiology and behavior in response to 

the severity of the arctic environment (Mayer and Roche, 1954; Hock, 1960). The active 

season lasts a brief three to five months, depending on sex and age (Buck et al., 2008), 

during which squirrels must compete for mates (males only; Buck and Barnes, 2003; Richter 

et al. 2017), complete gestation and lactation, and fatten to survive the upcoming hibernation 

season (both sexes; Buck and Barnes, 1999a). During hibernation, arctic ground squirrels 
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regulate Tbat -2.9°C, reduce metabolic rate to as low as 1% of basal, and are capable of 

defending a thermal gradient between core Tband ambient temperature of at least 23°C 

during deep torpor (Barnes, 1989; Buck and Barnes, 2000; Richter et al., 2015). Torpor 

bouts last for ∼20 days on average while sequestered in their subfreezing hibernacula (Buck 

and Barnes, 1999b; Buck et al., 2008).

Impressively, arctic ground squirrels can acquire sufficient fat stores to enter hibernation in 

as little as three-weeks (Buck & Barnes, 1999a). To facilitate fattening, arctic ground 

squirrels are known to minimize energy expenditure through reduced daily activity, 

decreased metabolic rate, and lowered Tb(Sheriff et al., 2012; Sheriff et al., 2013). It has also 

been suggested that shifts in food preference, or availability, toward more energy dense 

forage such as seeds, berries and mushrooms, may result in an overall increase in energy 

intake (Batzli and Sobaski, 1980; Mclean, 1984; Gillis et al., 2005; Zazula et al., 2005). 

While some observational data exists to describe the diet of arctic ground squirrels, the 

effect of diet on fattening in hibernators remains speculative, and even less is known about 

the effect of diet on their gut microbial communities. However, given the link between the 

gut microbial community and obesity, it stands to reason that hibernating mammals may 

possess a gut microbiota that promotes fattening, and evidence exists to suggest this may be 

the case. For example, the active season gut microbiota of the arctic ground squirrel is 

characterized by a high ratio of Firmicutesto Bacteroidetes(Stevenson et al., 2014a) as 

compared to hibernating squirrels (Stevenson et al., 2014b); a profile that favors fattening in 

non-hibernating mammals (Ley et al., 2006; Turnbaugh and Gordon, 2009). Additionally, 

the colonization of germ-free mice with gut microbiota from free-living brown bears 

effectively transfers metabolic features to the mice, including an increased propensity to 

fatten (Sommer et al., 2016). To date, no study has explored the influence of diet and the gut 

microbiota on fattening of a hibernating species.

In this study, we set out to determine if changes in dietary fat content and caloric intake 

affect the rate and degree of pre-hibernation fattening in wild-caught arctic ground squirrels. 

Additionally, we sought to uncover the relationship between fattening, diet and the gut 

microbial community, by characterizing the gut microbial diversity, density, metabolic 

activity, and metatranscriptome in response to dietary manipulation. We hypothesized that 

squirrels fed diets higher in fat content or calories would have higher rates and degrees of 

fattening. Also, given the effect of diet on the gut microbial community of non-hibernators, 

we postulated that diet composition would impact the gut microbiota of arctic ground 

squirrels, with high fat diet consumption leading to lower total bacterial diversity and an 

increase in the relative abundance of Firmicutescompared to Bacteroidetes. Furthermore, we 

predicted that diet manipulation would alter gut microbial gene expression in a way that 

reflects the predicted changes in gut microbial community structure (i.e., increased gene 

transcripts attributable to Firmicutescompared to Bacteroidetesin squirrels consuming either 

high fat or high calorie diets).
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Results

Body Composition

The mean body mass within groups (HF, LF, RD, SD) at T0(5-weeks post-hibernation) did 

not differ from the mean body mass at 10-weeks post-hibernation. Body mass did not differ 

among diet treatments (SD, HF, LF, RD; Figure 1A); average mass of animals across diet 

treatments was 700.8 ± 126.0 g at 10 weeks post-hibernation. The mean percent fat mass 

within groups (HF, LF, RD, SD) was higher at 10-weeks post-hibernation as compared to 

T0(p-value < 0.05; Figure 1B). Percent fat mass increased from 23.1 ± 8.9 to 33.0 ± 10.0 in 

HF (p = 0.037), 23.2 ± 3.6 to 27.8 ± 5.8 in LF (p = 0.005), 25.8 ± 7.0 to 29.3 ± 7.4 in RD (p 

= 0.037), 23.3 ± 13.4 to 30.1 ± 7.7 in the control (SD; p = 0.037) from T0to 10-weeks post-

hibernation (p<0.001; Figure 1B). No significant differences in percent body fat existed 

among diet treatments.

The mixed effects model that best described the rate of fattening (change in percent body fat 

from T0) attributed differences in rate of fattening to random variability between individual 

squirrels rather than an effect of diet treatment. This model included both a random effect of 

intercept (ai,d) and slope (bi,d) and had no significant effect of autocorrelation.

Bacterial Density and Viability

Bacterial densities in arctic ground squirrel ceca did not differ across time or among diet 

treatments with a combined average of 1.93 × 1011± 2.38 × 1011cells per gram of cecal 

content (Table 1). We also observed no difference in the percentage of live, dead, and injured 

bacteria among diet treatments. Combining all treatments, cecal bacterial cell viability 

averaged 80.3% live, 15.8% dead, and 3.9% injured (Table 1).

Bacterial Taxonomic Composition

A total of 672,810 16S rRNA gene reads were sequenced from 40 squirrel ceca. No 

individual samples were eliminated from diversity analysis. After quality processing, 

545,548 sequences remained with an average of 14,091 sequences per sample. Additionally, 

8302 OTUs were identified from the processed sequence reads, and rarefaction curve 

analysis indicated that pyrosequencing captured the majority of microbial diversity in our 

samples (Figure S1). Additionally, Good's coverage estimates for all samples were greater 

than 0.95; thus, most of the OTUs present in the samples were detected. We identified 11 

phyla among all sample periods (Figure 3; Table S1). The phyla Firmicutesand 

Bacteroidetescomprised greater than 80% of the gut microbiota identified. The majority of 

the remaining bacterial community members were assigned to the phyla 

Verrucomicrobiaand Proteobacteria.

The majority of Bacteroideteswere assigned to the class Bacteroidiaand order Bacteroidales. 

The families identified included Bacteroidaceae, Prevotellaceae, Rikenellaceae, S24-7, and 

an unclassified family belonging to the order of Bacteroidales. Dominant genera identified 

were Bacteroides, Prevotella, and unclassified genera from the families Rikenellaceaeand 

S24-7.
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The majority of Firmicuteswere assigned to the class Clostridiaand order Clostridiales. The 

families Lachnospiraceaeand Ruminococcaceaedominated the order Clostridiales. Dominant 

genera we found included Coprococcus, Oscillospira, and Ruminococcus. The only genus 

identified that did not belong to Clostridiawas Lactobacillus(belonging to class Bacilli, order 

Lactrobacillales, and family Lactobacillaceae).

All members that matched to the phylum Verrucomicrobiaidentified to the genus 

Akkermansia. While the Proteobacteriawas the fourth most prevalent phylum, not one class 

contributed more than one percent to the overall community.

No differences in the relative abundance of taxa at any level existed between groups sampled 

at T0and those sampled 10-weeks post-hibernation. We also found no differences in the 

relative abundance of taxa at any level among diet treatments and the control diet (Figure 3; 

Table S1).

Microbial Diversity

We found no differences in gut microbial community alpha diversity in animals sampled at 

T0and those sampled at 10-weeks post-hibernation (SD, HF, LF, RD; Figure S1). 

Additionally, the alpha diversity of the gut microbial community did not differ among diet 

treatments (HF, LF, RD) and the control diet (SD).

We found no differences in beta diversity across time (T0and at 10-weeks post-hibernation) 

or among diet groups. The three distance metrics used to determine beta diversity (Bray-

Curtis, weighted and unweighted UniFrac) showed similar trends, and only unweighted 

UniFrac analyses are presented here. Principal coordinates axes (PC1 vs. PC2, PC2 vs. PC3, 

PC1 vs. PC3) revealed no distinct trends or separation among gut microbial communities of 

squirrels sampled at T0and those sampled at 10-weeks post-hibernation, or among diet 

treatments and the control diet (Figure 2). Furthermore, the gut microbiota did not differ in 

diet groups sampled at T0and at 10-weeks post-hibernation or among diet treatments and the 

control diet. Analysis of similarity (ANOSIM) showed that diet groups were not 

significantly different from each other and dispersion of gut microbiota did not differ among 

diet groups.

Gut Microbial Transcriptome

RNA libraries were uploaded to MG-RAST (Meyer et al., 2008) and T0, SD, HF, LF and RD 

contained 1,320,915; 757,580; 1,641,637; 2,148,601 and 1,287,162 sequences with average 

lengths of 373; 374; 375; 374 and 361 base pairs, respectively. After quality control 

processing and removal of rRNA gene sequences, 3,208; 2,898; 8,748; 23, 603 and 23,733 

sequences contained predicted proteins with known functions for T0, SD, HF, LF and RD, 

respectively (0.0% contain predicted sequences with unknown function for all diets). RNA 

sequences were assigned to functional categories using KEGG Orthogonal (KO) annotation. 

KEGG pathways were assigned for 381, 321, 1901, 5465, 6494 annotated proteins for T0, 

SD, HF, LF and RD treatments, respectively. The highest abundance of mRNA transcripts 

matched to the metabolism functional category (KO level 1 subsystem) across all pooled 

samples.
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Taxonomic classification of the transcriptome indicated that the majority of mRNA 

functional transcripts in all pooled samples were derived from the phyla Firmicutes, 

Bacteroidetes and Proteobacteria(Figure 3). The Firmicutes-associated transcripts were 

further assigned to the classes Bacilliand Clostridiawith the majority of Bacilli-associated 

transcripts identified to the genus Lactobacillus(order Lactobacillalesand family 

Lactobacillaceae) and the majority of Clostridia-associated transcripts identified to the genus 

Clostridium(order Clostridialesand family Clostridiaceae), Eubacterium(order 

Clostridialesand family Eubacteriaceae) and Blautia(order Clostridialesand family 

Lachnospiraceae). Bacteroidetes-associated transcripts were assigned to the order 

Bacteroidiawith the majority being further assigned to the genus Bacteroides(order 

Bacteroidalesand family Bacteroidaceae) and Alistipes(order Bacteroidalesand family 

Rikenellaceae). Comparing the classification of transcripts by taxonomic group with the 

microbial community composition determined from 16S rDNA sequencing, it appears that 

relative abundance of mRNA by taxonomic groups is not a function of the group's relative 

abundance within the gut microbial community.

Statistical analyses of the pooled samples using STAMP revealed differences in the 

contribution of mRNA at every taxonomic level among gut microbiota prior to and after 

treatment with any diet (Table S4). After 5-weeks on the SD diet, the relative abundance of 

mRNA transcripts associated with Firmicuteswas decreased and that of Proteobacteria-

associated transcripts was increased compared to cecal mRNA at T0(Table S2). The gut 

microbial metatranscriptome of squirrels on LF and RD diets for 5-weeks was decreased in 

relative abundance of Firmicutes- and Proteobacteria-associated transcripts and increased 

relative proportion of Bacteroidetes- and Verrucomicrobia-associated transcripts as 

compared to HF squirrels. HF squirrels contained a greater relative abundance of Firmicutes-

associated mRNA and lower relative abundance of Verrucomirobia-associated mRNA in 

their gut than all squirrels fed any other diet (Table S2).

The relative abundances of transcripts were compared among treatments using STAMP, and 

several KEGG functional categories of mRNAs were differentially abundant among gut 

microbial communities sampled prior to and after 5-weeks on any diet and among diet 

treatments and the control diet (Table S4). Within these functional categories, the majority of 

transcripts were attributable to genera within the Firmicutes (Figure 4). Transcripts 

associated with cell motility, specifically related to flagellar assembly genes (flgE and fliC; 

Table S4), were in higher relative abundance in RD compared to T0and HF and LF diet 

treatments. In the RD group, the majority of flgE transcripts derived from the phylum 

Firmicutesand class Clostridiaand fliC transcripts were linked to the phylum Firmicutes, 

classes Bacilliand Clostridia, as well as organisms classified to the phylum Proteobacteria.

Additionally, LF and RD diet treatment resulted in lower abundances of carbohydrate 

metabolism-associated transcripts (KO level 2 subsystems; Table S4), in particular those 

involved in pyruvate metabolism (KO level 3 subsystem; Table S4) as compared to T0and 

the HF diet treatment. Of the transcripts that were attributable to pyruvate-metabolism and 

differed among treatments, the majority were functionally categorized to formate C-

acetyltranserase (pflD; Table S4). The pflD-attributable transcripts were primarily associated 

with the phylum Firmicutesand genera Lactobacillusand Clostridium. The transcriptome of 
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HF squirrels had greater relative abundance of transcripts associated with translation (KO 

level 2), specifically ribosome proteins (KO level 3 subsystem; Table S4) and the majority of 

those transcripts were attributable to the phylum Firmicutesand genera Clostridium, 

Lactobacillusand Eubacteria.

Short Chain Fatty Acid Concentrations and Percent Composition

Acetate was the most abundant SCFA, comprising >65% of all SCFAs measured, followed 

by butyrate (10.9-17.7%) and propionate (10.6-14.0%). The relative proportions of branched 

SCFAs (iso-butyrate, valerate, and iso-valerate) were lower than acetate, butyrate, and 

propionate (Table S3).

Neither cecal SCFA concentration, nor composition or pH differed across time, but 

differences in SCFA concentrations (but not pH) were apparent among cecal contents 

sampled from squirrels on different diets (Table S3). Although an inverse relationship 

between the pH of cecal contents and total SCFA concentrations was observed, the pH did 

not vary among groups sampled at T0and at 10-weeks post-hibernation or among diet groups 

(Table 1). Squirrels on the HF diet had a higher total SCFA concentration than those in the 

RD group (Table S3; p = 0.021). No other differences in SCFA concentrations among diet 

treatments were observed.

SCFA molar concentrations correlated with relative abundance of several taxa by treatment 

(Figure 5). The molar concentration of iso-butyrate and iso-valerate correlated to the genus 

Prevotellaat T0and to Coprococcusand an unclassified family and genus of the order 

Clostridiain LF squirrels (Figure 5). The genera Oscillospiraand Ruminococcuscorrelated 

with the concentrations of propionic acid and iso-valerate and iso-valerate, respectively, in 

SD squirrels. An unclassified genus of the family Lachnospiraceaepositively correlated with 

the concentration of acetate and negatively correlated with the concentration of valerate in 

HF squirrels, while the concentration of valerate was positively correlated with an 

unclassified genus of the family Ruminococcaceaein RD squirrels. Additional correlations 

were found within treatments between the concentration or relative proportion of specific 

SCFAs and minor taxa (not shown).

Discussion

We set out to determine the influence of diet on fattening and the gut microbial community 

of arctic ground squirrels late in their active season. Body composition (measured across the 

active season), gut microbial community diversity and function, and cecal SCFA 

concentrations (characterized before and after treatment) were compared across time (T0vs. 

SD) and among diet groups (HF, LF, RD, and SD) to correlate changes in fattening and gut 

microbiota with changes in diet. Surprisingly, we found that during the pre-hibernation 

fattening period, arctic ground squirrels increased in adiposity at similar rates and to similar 

degrees irrespective of calories consumed or the macronutrient composition of the diet. 

Furthermore, we found that differences in diet did not influence microbial community 

structure or diversity, or relative SCFA concentrations in the cecum, but were associated 

with differences in the total SCFA concentration and gut microbial metatranscriptome. 

Additionally, several bacterial taxa correlated with specific SCFA concentrations and these 
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correlations were unique across time and among diet groups. That arctic ground squirrels 

fatten at similar rates and to similar extents despite differences in calorie and macronutrient 

content of their diets suggests that pre-hibernation fat accumulation can be accomplished 

through decreased energy demand in the absence of changes in food intake.

The Effect of Diet on Pre-hibernation Fattening

Diet is a primary environmental factor contributing to obesity in non-hibernating mammals. 

At the most basic level, excess food intake leads to increased adiposity. Even without the 

consumption of excess calories, a diet high in fat also leads to weight gain in non-

hibernators (Townsend et al., 2008). While excessive energy intake and HF diet leads to 

increased adiposity, restricting calorie intake or consuming a LF diet leads to decreased 

adiposity (Wadden et al., 1993; Vieira et al., 2009). Because of the strong influence of diet 

on adiposity in non-hibernators, it is important, in a comparative sense, to consider dietary 

influence on fattening in hibernating mammals and especially those species known to have 

an endogenously driven annual cycle of metabolism, body mass and body composition 

(Williams et al., 2014).

Free-living arctic ground squirrels exhibit extreme seasonal fluctuations in body fat, 

punctuated by a rapid (<3 weeks) increase from 5% to 45% body fat during the pre-

hibernation fattening period (Buck and Barnes, 1999a). Increased energy uptake may be 

accomplished through either increased duration or intensity of foraging, selection of higher 

energy foods, or some combination of these factors. In our study of captive adult squirrels, 

diet manipulation in the latter half of the active season resulted in no differences in either the 

rate or degree of fat accumulation. LF and SD groups increased in fat mass as effectively as 

the HF treatment, despite squirrels receiving 75% to 50% less energy from fat, respectively. 

Additionally, squirrels maintained on RD showed no difference in accumulated fat mass as 

compared to the SD treatment squirrels. That the rate and degree of fat accumulation in 

arctic ground squirrels was not affected by macronutrient content supports the assertion by 

Sherriff et al. (2013) that the positive energy balance required for fattening is influenced to a 

greater degree by reduced energy utilization (via decreased metabolic rate, Tband activity) 

rather than increased food intake.

While the interpretation of our results corroborates the findings of Sheriff et al. (2013), 

discrepancies exist between our results and those found in studies of non-hibernating 

species. These differences may be explained by different life histories and physiologies of 

hibernators and non-hibernators. Alternatively, the lipid composition of the chow we used in 

our study could have reduced the obesogenic influence of the HF diet. Mice, humans and 

rats on a Westernized diet containing high saturated fatty acids become obese, gaining more 

fat than humans and rats consuming a high-fat diet rich in monounsaturated fatty acids 

(Harlan-Teklad TD96132; Posey et al., 2009; Fleisser et al., 2010; Turnbaugh et al., 2010; 

Daniel et al., 2014; Jakobsdottir et al., 2015; Piers et al., 2003; de Wit et al., 2012). The fat 

content in our HF diet was elevated as compared to the SD and LF diets through the addition 

of soybean oil, a source low in saturated fatty acids, rich in unsaturated fatty acids, and 

likely more similar to the predominantly plant-based diet naturally consumed by arctic 

ground squirrels (Frank et al., 2008). Consequently, our HF diet may not have triggered the 
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high-fat, diet-inducible adipose accumulation seen in other studies and model systems. It is 

also possible that high individual variation in fattening rate among squirrels explains the lack 

of difference among diet treatments.

Gut Microbial Community Structure

Another important factor that could influence fattening is a diet-induced shift in the 

microbial community (composition or function) that promotes increased energy uptake. 

While we did not measure energy uptake in our squirrels and therefore cannot make 

inferences from this study about the role of gut microbiota on pre-hibernation fattening, we 

did investigate the effect of a high-fat diet on the arctic ground squirrel gut microbial 

community. The introduction of a high-fat diet is associated with changes in gut microbial 

community structure and bacterial diversity in mice and humans (Hildebrandt et al., 2009; 

Turnbaugh et al., 2010; Serino et al., 2012; Daniel et al., 2014), and some studies show an 

increase in the relative abundance of Firmicutesto Bacteroidetes(Ley et al., 2005; Ley et al., 

2006; Turnbaugh and Gordon, 2009) regardless of host phenotype (obese vs. lean; 

Hildebrandt et al., 2009; de La Serre et al., 2010).

We found that increased dietary fat content had no significant effect on the gut microbial 

diversity or community structure of arctic ground squirrels. Although our findings are novel 

and could indicate a gut microbiota robust to changes in diet, it has been shown that the gut 

microbial community in mice is responsive to dietary lipid composition—mice on diets high 

in polyunsaturated fats host a microbiota that significantly differs from the microbiota of 

mice on a diet rich in saturated fatty acids (de Wit et al., 2012; Huang et al., 2013; Patterson 

et al., 2014). de Wit and colleagues (2012) found that the gut microbial community of mice 

maintained on HF diets (45% energy from fat) with increased polyunsaturated fat-to-

saturated fat ratios (P/S) did not differ from those maintained on LF diets (10% energy from 

fat), while the gut microbial community of mice maintained on a high-fat, low P/S diet 

responded in a manner consistent with the studies mentioned above: i.e., reduced diversity, 

decreased Bacteroidetes, and increased Firmicutes. However, this response is not universal, 

and other studies have found that the gut microbial community in mice maintained on high 

P/S, low P/S and LF diets were all significantly different than one another (Patterson et al., 

2014; Huang et al., 2013). Furthermore, Deol et al. (2015) found that mice on a diet enriched 

in soybean oil (40% energy from fat) exhibited greater weight gain and higher adiposity than 

mice on a standard diet (13.5% energy from fat) or a diet high in saturated fat (coconut oil; 

40% energy from fat). Administration of the LF and RD diet also resulted in no change in 

arctic ground squirrel gut microbiota from standard diet, results that are consistent with 

some studies reported in mice (Henderson et al., 1998).

In addition to the impact of fatty acid type, our results may have been influenced 

significantly by the timing of our diet manipulations and the “vulnerability” of the arctic 

ground squirrel gut microbiota to change. During hibernation the gut microbiota of ground 

squirrels is reduced in diversity and density, and the relative abundances of bacterial taxa 

known to degrade host derived substrates increases (Carey et al., 2013; Stevenson et al., 

2014b). These alterations due to hibernation persist immediately following the terminal 

arousal from hibernation (prior to feeding; Stevenson et al., 2014b), and subsequent shifts 
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toward the active season microbial community are likely influenced by the reintroduction of 

dietary substrates. For example, in 13-lined ground squirrels that have completed at least one 

hibernation season, gut microbiotas of squirrels sampled after two weeks of feeding 

following hibernation cluster with mid-active season microbiotas, and there are few 

differences in their taxonomic compositions (Carey et al., 2013), suggesting that the “active-

season” gut microbiota stabilizes quickly after reintroduction of food. While no studies have 

explicitly investigated the influence of diet on restructuring of the gut community after 

hibernation, it may be that had we begun the diet manipulation immediately after 

terminating hibernation, we would have observed differences in the gut microbiota and/or 

host fattening among diet treatments; this possibility warrants further investigation.

Because diet and other environmental factors are known to influence a host's gut microbiota, 

it is important to consider the squirrels' life history prior to capture and the effect of 

translocation to captivity from the wild. The early gut microbial community is shaped by 

maternal influences which have a profound impact on gut microbial diversity that persists 

into the adulthood (Benson et al., 2010; Dominguez-Bello et al., 2010). Once weaned, the 

gut microbiota transitions to an adult community and stabilizes within 2-3 weeks post-

weaning (Palmer et al., 2007; Koenig et al., 2011; Schloss et al., 2012). We have observed a 

strong litter effect in arctic ground squirrels born in captivity to wild-caught mothers across 

their first active season (Stevenson et al., 2014a), indicating a strong maternal influence 

shaping their gut microbiota. Kohl and Dearing (2014) showed that wild-caught rodents 

maintain much of their gut microbial community when relocated to captivity and fed 

commercially available rodent chow. All squirrels in this study were either wild-caught 

within the same area or birthed from mothers trapped in that same area. While we cannot 

rule out the influence of maternal effects and early wild-diet exposure on the results of our 

study, and we do not know if (and to what degree) maternal influences persist beyond the 

first hibernation season, we did attempt to lessen the confounding effects of age class and 

prior dietary exposure: all squirrels had a) consumed a rodent chow diet for at least 2 months 

prior to entering hibernation and b) completed at least one hibernation cycle in captivity 

before entering the study (all were at least yearling adults).

While our results suggest that the gut microbial community of arctic ground squirrels may 

respond to fat composition of diets in a similar fashion to mice fed a high P/S ratio diet, it is 

also possible that our selected diets were not sufficiently different or extreme to elicit a 

response in the gut microbiota of a host that naturally experiences radical fluctuations in 

physiology and food availability annually. For example, after fasting for 7-9 months each 

year, arctic ground squirrels spend 3-5 months consuming a diet of tundra shrubs, seeds, 

mushrooms, and even scavenged animal material (Batzli and Sobaski, 1980; McLean, 1984; 

Gillis et al., 2005; Zazula et al., 2005) that varies in macronutrient content and availability 

across a short active season. Considering the effects of maternal influences, as well as 

captive rodents maintaining core members of the gut community from the wild, it may be 

that the macronutrient content of the diets used in this study fell well within the range that 

arctic ground squirrels naturally experience in the wild, and thus did not elicit a strong 

response in the gut microbial community.
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Gut Microbial Function

Despite the lack of changes in gut microbial composition and diversity, diet treatment 

resulted in alterations in gut microbial function (gene expression and SCFA production) 

among diets but not across time. The gut microbial metatranscriptome and SCFA 

concentrations at the start of diet treatment (T0) did not differ from those observed at the end 

(SD), indicating that alterations in microbial function resulted from a shift in diet, rather 

than progression of time.

Analysis of the metatranscriptome provides a snapshot of the active functional profile of the 

microbiota; however, few studies have characterized the metatranscriptome of gut 

microbiota, fewer still have investigated the effect of host diet or obesity on 

metatranscriptome (effects of dietary milk: McNulty et al., 2011; Donovan et al., 2012; 

effects of obesity: Ridaura et al., 2013), and none have been conducted in a hibernating 

species. In our study, community metatranscriptomics analysis revealed changes in 

microbial function with diet, with notable differences in transcripts related to cell motility, 

carbohydrate metabolism, and translation (Table S3). In humans, surface proteins of the 

intestinal microbiota, such as flagellin, are more abundant in obese versus lean individuals 

(Ferrer et al., 2013), and are considered important because they enable microbes to interact 

with host cells (O'Connel Motherway et al., 2011; Kolmeder et al., 2012) and to better reach 

their food source (Vijay-Kumar et al., 2008). The increase in flagellar assembly genes flgE 

and fliC (Table S3) in the RD group compared to other diet treatments may have enabled 

fattening to the same degree and rate as other treatments by increasing dietary substrate 

accessibility and facilitating host-microbe communication.

The microbial metatranscriptome of HF squirrels was enriched in carbohydrate metabolism 

associated transcripts as compared to LF and RD squirrels. Many of the carbohydrate 

associated transcripts were related to the pyruvate metabolism enzyme pyruvate formate-

lyase (pflD), which catalyzes the reversible conversion of pyruvate and coenzyme A to 

acetyl-CoA and formate in anaerobic fermentation, and replaces pyruvate dehydrogenase 

during anaerobic glucose metabolism in Escherichia, Clostridium, Streptococcusand a 

number of other prokaryotes (Abbe et al., 1982; Schomburg, 1996; Carere et al., 2008). 

Although we did not observe a change in relative abundance of microbes among diet groups, 

the majority of pflD transcripts were attributable to the genera Lactobacillusand Clostridium. 

Pyruvate is an important intermediate in many energy metabolic pathways, and genes 

involved in pyruvate metabolism are increased in mice fed a Westernized diet which 

includes both high saturated fat and high sugar content (Turnbaugh et al., 2008).

Transcripts related to ribosomal proteins were more abundant in HF squirrels than any other 

diet group (Table S4). Microbial genes encoding ribosomal proteins are among the most 

expressed in humans, and upregulation of transcripts relating to ribosomal synthesis are 

indicative of microbes responding to environmental changes by altering growth rate 

(Franzosa et al., 2014). Additionally, alterations in the metatranscriptome can be detected 

prior to alterations in microbial community structure and predict changes prior to their onset 

(Franzosa et al., 2014). The greater relative abundance of ribosome-associated transcripts in 

HF squirrels attributable to the bacteria Clostridium, Eubacteriumand Lactobacillusmay 

indicate that members of the gut microbial community had increased growth rates. Although 
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we did not find increased relative abundance of specific taxa, had we allowed squirrels to 

continue on the HF diet and sampled the gut microbiota after longer exposure, we may have 

captured significant changes in the gut community reflecting the upregulation of ribosomal 

proteins by Clostridium, Eubacteriumand Lactobacillus.

The abundances of metabolism- and cell motility- associated microbial transcripts are lower 

at T0and for SD diet treatment than for all other treatment groups, and the decrease in 

abundance of microbial transcripts is concomitant with a decrease in diversity of microbial 

taxa to which transcripts were assigned at both a phylum and genus level. For many of the 

functional categories that differed among diet treatments (Table S2) the majority of 

transcripts were attributable to Firmicutes(Figure 4). The metabolism associated transcripts 

in LF or RD treatment were enriched in Bacteroidetesattributable mRNA, a profile that is 

consistent with the increased representation of Bacteroidetesin low-fat diets relative to the 

Westernized diet in mice and humans (Ley et al., 2006; Turnbaugh et al., 2009). However, 

the LF diet, which also contained a higher carbohydrate content compared to the HF diet, 

resulted in a decrease in the relative abundance of Eubacterium-attributable and Roseburia-

attributable transcripts, taxa that have been previously shown to decrease in relative 

abundance within the gut community of mice consuming a low-carbohydrate diet (Duncan et 

al., 2007).

We found profound differences in the gene expression of microbial taxonomic groups across 

time and among diet groups (Figure 3, Table S2). The shift in transcriptome parallels the 

changes in gut microbial diversity associated with consumption of HF diet and fattening in 

mice and humans; the relative abundance of Firmicutes-associated transcripts increased and 

relative abundance of Bacteroidetes-associated transcripts decreased in squirrels fed a HF 

diet compared to a LF diet. The relative abundance of transcripts attributed to the genus 

Akkermansiawere lower at T0and under SD and HF diets. Of the transcripts associated with 

Akkermansia, all were further assigned to the species Akkermansia muciniphila, a known 

mucin-degrading bacteria that resides in the mucous layer of the healthy mammalian gut 

(Derrien et al., 2004). A.muciniphilais lower in relative abundance in the gut microbial 

community of obese mice and humans (Everard et al., 2013; Parks et al., 2013), and fewer 

A. muciniphilaassociated transcripts in squirrels could facilitate fattening.

Short chain fatty acid concentrations in the gut can also provide insight into the host-gut 

microbe relationship; however, we did not measure the rate of SCFA flux and therefore 

cannot infer their effect on host energy balance. The molar concentrations of specific SCFAs 

are correlated to the taxonomic families Ruminococcaceae, Prevotellaceae, and 

Lachnospiraceaeand numerous minor taxa, which may indicate they are key players in SCFA 

production in the squirrels. Because we did not observe changes in the relative abundance of 

these taxa among diet groups, we did not uncover connections between specific microbiota, 

relative SCFA concentrations, and diet. That we were unable to make these connections does 

not point to their absence, but rather indicates that these relationships are complex and may 

not be revealed within the snapshot of time that our sampling occurred or were obscured by 

high individual variation among squirrels.
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Conclusion

In this study, we tested whether changes in diet would affect arctic ground squirrel fattening 

and shift the gut microbial community to one that facilitates fattening. We found that 

animals fatten at similar rates and to similar extents irrespective of calories consumed or the 

macronutrient composition of their diet. Furthermore, we found that diet did not alter gut 

microbial community composition and that despite changes in gut microbial function 

(determined by metatranscriptome analysis), SCFA production of the squirrels remained the 

same. While our results are derived from captive animals on controlled diets that are not 

representative of wild squirrels, they support the findings of Sheriff et al. (2012, 2013) in 

which free-living arctic ground squirrels gain fat by minimizing energy expenditure through 

physiological changes (i.e., reductions in metabolic rate and decreased body temperature) 

rather than increased food uptake. The Arctic is characterized by a brief but intense season 

of primary production and has likely selected for an arctic ground squirrel phenotype that 

readily and rapidly fattens in preparation for hibernation: failure to fatten sufficiently 

independent of changes in macronutrient composition of forage and caloric intake would 

most certainly compromise arctic ground squirrel overwinter survivorship.

Methods

Study Species

Free-living juvenile and adult female arctic ground squirrels (Urocitellus parryii) were 

trapped between 2010 and 2013 in the northern foothills of the Brooks Range, Alaska near 

the Atigun River (68° 38′ N; 149° 38′ W) and transferred to the University of Alaska 

Anchorage (UAA) animal holding facility. Squirrels were housed individually in hanging 

wire cages (46 × 30 × 30 cm) at 20°C with a 12:12 light:dark cycle and provided Mazuri 

rodent chow (Brentwood, MO, USA) and water ad libitumuntil hibernation. Prior to 

hibernation, squirrels were transferred to environmental chambers maintained at 2.0°C 

± 1.0°C with a reduced food ration and no light. Once squirrels became torpid, as indicated 

by a Tb≤30°C (Buck et al., 2008), they were transferred to plastic tubs (Nalgene, Rochester, 

NY, USA; 36 × 56 × 20cm) containing pine shavings and cotton bedding and held at 0.0°C 

± 1.0°C with neither food nor water and in constant darkness for the remainder of 

hibernation. At the completion of hibernation (determined by four consecutive days of 

activity at euthermic temperature [Tb>30°C]), squirrels were returned to hanging wire cages 

at 20°C on a 12:12 light:dark cycle, and provided water ad libitum. All animal procedures 

were approved by the UAA Institutional Animal Care and Use Committee (protocol 

numbers 418912, 418919, and 418923) and all animal permits issued by Alaska Department 

Fish & Game (14-071 and 15-094).

Diet Manipulation

All squirrels had been held in captivity for a minimum of one year by the time the diet 

manipulation began. All had consumed standard rodent chow for a minimum of two months 

prior to their first hibernation in captivity, and all had completed at least one hibernation 

cycle in captivity; thus, all squirrels began the diet treatment as either yearlings or adults 

(Table S5). For the first five weeks following hibernation, we fed squirrels a standardized 
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rodent chow diet ad libitum(18%, 60% and 22% energy from fat, carbohydrates and protein, 

respectively; 3.0 kcal/g chow; Chow ID: TD.120766, Harlan Laboratories, Madison, WI, 

USA) and determined individual daily caloric intake by averaging the daily food 

consumption over the final three weeks post-hibernation (week 3, 4, and 5). Five-weeks after 

ending hibernation (T0), squirrels in the control group (n=8) were euthanized for sample 

collection and analysis (detailed below). The remaining squirrels were assigned to one of 

four experimental diet groups (n=8/group). Each group was maintained on their respective 

diet for the next five consecutive weeks: standardized (SD; maintained on the standardized 

diet), low fat (LF; 10%, 66% and 24% energy from fat, carbohydrates and protein, 

respectively; 2.8 kcal/g chow [TD.120765, Harlan Laboratories]), high fat (HF; 40%, 44% 

and 16% energy from fat, carbohydrates and protein, respectively; 4.2 kcal/g chow [TD.

120767, Harlan Laboratories]) and restricted calorie (RD; 50% of the average energy intake 

of standardized diet prior to T0). Experimental diets were not provided ad libitum; rather, 

with the exception of squirrels in the RD group, each squirrel was provided a daily portion 

equal in calorie content to the daily average it consumed during the standardization period. 

Squirrels in the RD group received 50% of their individual average daily intake. Tap water 

was added to chow to create a soft mush; this deterred squirrels from caching or dropping 

food through the metal grating, and insured that the daily-allotted portion was entirely 

consumed. After five-weeks on the experimental diet (i.e., 10-weeks post-hibernation), 

squirrels were euthanized and samples collected for analyses.

Sample Collection

Procedures for terminal sampling, processing of ceca and collection of cecal content for 

pyrosequencing, flow cytometry, and short chain fatty acid analysis were completed 

according to Stevenson et al. (2014a and b). Briefly, animals were euthanized, ceca were 

excised and cecal content (both lumen and mucosal) was subsampled for pyrosequencing 

(1-2g) and short chain fatty acid (SCFA) analysis (1-2g). In addition, we collected 

subsamples for determination of pH (0.5g), and preserved subsamples for RNA extraction 

(0.5g) using Lifeguard™ Soil Preservation Solution (MoBio, Carlsbad, CA, USA). 

Subsamples were analyzed using flow cytometry upon terminal sampling and all other 

samples were stored at -80°C until analysis. After collection of cecal content, the remainder 

of the squirrel carcasses (including ceca and remaining cecal content) were weighed, sealed 

in plastic bags and stored at -20°C until analyzed for body composition. Precautions during 

sampling were taken to minimize the loss of mass through blood loss and evaporation.

Microbial Diversity Analysis

We extracted DNA from cecal contents using MoBio PowerSoil kits (MoBIO, Carlsbad, CA, 

USA) with modifications as described by Stevenson et al. (2014a). DNA concentrations 

were quantified and purity determined using a Nanodrop spectrophotometer (ND1000; 

Thermo-Scientific, Wilmington, DE, USA). The V4-V5 regions of the 16S ribosomal RNA 

(rRNA) gene were amplified from cecal DNA using universal bacterial primers 530F (5′-

GTGCCAGCMGCNGCGG) and 1100R (5′-GGGTTNCGNTCGTTR) and sequenced on a 

Roche GS FLX Titanium 454 pyrosequencer following manufacture guidelines (Research 

and Testing Laboratories, Lubbock, TX, USA). Sequencing data were processed as 

described by Stevenson et al. (2014b). Briefly, we used QIIME 1.8.0 (Caporaso et al., 2010) 
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to analyze raw 454-pyrosequenced reads. Sequences were de-multiplexed and processed to 

remove primers, short sequences (<200bp), sequences with ambiguous characters, and 

sequences with low-quality scores (> six ambiguous base calls and homopolymeric runs 

exceeding six base pairs). We pre-clustered and denoised sequences using Denoiser (Reeder 

and Knight, 2010) and clustered sequences into operational taxonomic units (OTUs) at 97% 

similarity using USEARCH 5.2.32 (Edgar et al., 2011). Rarefaction analysis of alpha 

diversity metrics (observed species, Phylogenetic Diversity-Whole tree and Chao1) as well 

as Good's Coverage estimates were calculated in QIIME.

Community Transcriptomics Analysis

RNA was extracted from cecal samples using the PowerMicrobiome RNA Isolation kit 

(MoBio, Carlsbad, CA) according to manufacture protocol. RNA quality was assessed with 

agarose gel electrophoresis and spectrophotometry (NanoDrop ND1000; Thermo-Scientific). 

Pooled extracts for each diet group were prepared by combining equal amounts of RNA (in 

nanograms) from each of five squirrels per diet treatment. Microbial rRNA was depleted and 

paired-end mRNA libraries were constructed with the NebNext Ultra Directional RNA 

Library Prep Kit (Illumina; Research and Testing Laboratory, Lubbock, TX). Strand specific 

paired-end sequencing was performed on the MiSeq (Illumina, San Diego, CA, USA) 

platform using a 2×300 kit (Research and Testing Laboratory, Lubbock, TX).

Raw sequence results were processed to detect and remove sequencing errors and 

contaminant sequences in read ends using AlienTrimmer (Criscuolo and Brisse, 2013), and 

paired using QIIME. Processed sequences were uploaded to the open source MetaGenome 

Rapid Annotation using Subsystem Technology (MG-RAST) server, version 3.6 (Meyer et 

al., 2008) for assignment of gene function (maximum e-value = 10-5, minimum identity = 

60%, minimum alignment length = 15bp). The taxonomic affiliation of transcripts was 

assigned using MG-RAST against M5NR by the lowest common ancestor method 

(maximum e-value = 10-5; minimum identity = 60%; minimum alignment length = 15bp). 

Annotations are available under MG-RAST ID 4644360.3, 4644361.3, 4644362.3, 

4644363.4, and 4644364.3 for the HF, LF, RD, SD, and T0samples, respectively.

Flow Cytometry

We determined cecal bacterial densities and viability using flow cytometry following the 

methods outlined in Ben-Amor et al. (2005) with modifications by Stevenson et al. (2014a). 

Briefly, cecal contents were suspended, pelleted via centrifugation and washed twice in 

anaerobic PBS. The resulting suspension was serially diluted and analyzed for bacterial 

viability by incubating with 5mM SYTCO BC and propidium iodide (PI). Viability controls 

contained unstained cells, live-stained (SYTCO BC only), or heat killed (PI only) samples. 

Microbial density was determined by incubation with 1000× SYTO BC plus beads (1 × 

106beads/ml). Flow cytometry was performed using a FACScalibur (Becton Dickinson 

[BD], San Jose, California, USA) calibrated with Calibrite3 beads (BD). Data was analyzed 

using the CellQuest (BD) software.
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Short Chain Fatty Acid Analysis

We prepared SCFA samples for each squirrel by extracting and acidifying supernatant from 

cecal content according to Stevenson et al. (2014a). Samples were analyzed at the United 

States Department of Agriculture Dairy Forage research Center (Madison, WI, USA). 

Extractions were passed through a glass pre-column containing 30mg of packed glass wool 

to remove particulates and analyzed using a Shimadzu GC 2010 Plus (Nakagyo-ku, Kyoto, 

Japan) equipped with a flame ionization detector (350°C) connected to a Phenomenex 

(Torrance, CA, USA) Zebron ZB-FFAP column (30 × 0.53mm id × 1.0μm; 110°C for 1min, 

ramped [6.0°C/min] to 160°C then 30.0°C/min to 220.0°C for 1min) with split injection 

(250.0°C). We created individual standard curves for each analyte (acetate, propionate, 

butyrate, valerate, iso-butyrate and iso-valerate) using a multi-point calibration (0, 15, 25, 

45mM) with 2-ethylbutyrate as the internal standard.

Cecal pH Measurements

The pH of cecal content was determined using a pH meter (VWR SympHony Meter 

SB80PI, Buffalo Grove, IL, USA) as described by Thomas (1996) with modifications. 

Thawed cecal contents were diluted to 10-4by addition of contents to deionized water with 

continuous stirring. The pH of the suspension was measured after 10min.

Estimation of Body Composition

We estimated body composition across the active season using the deuterium (δ2H) dilution 

method every 10 days from the end of hibernation until terminal sampling (Speakman, 

1997). Squirrels were weighed, anesthetized (Isoflorane, 3-5%) and blood was collected for 

analysis of background deuterium concentration (Ib) by nail clip at the distal edge of the 

quick and filling 1-2 heparinized Natelson capillary tubes (∼200μl/tube). The tubes were 

immediately flame sealed and stored at 4°C. A mass specific dose (injection volume [ml] = 

body mass [g]*0.000867; Iinj; Speakman, 1997) of 3% deuterium-enriched water was then 

administered by intraperitoneal injection, and the squirrel was allowed to recover from 

anesthesia for one hour to allow incorporation of deuterium into the body water pool (Lee et 

al., 2011). Following equilibration, the squirrel was anesthetized for collection of a second 

blood sample (enriched in deuterium; Ienr) as previously described. Blood samples were 

distilled by transferring blood from the capillary tube into a glass Pasteur pipette, flame 

sealing each end, and heating on a hot plate (90°C). Water condensed in the narrow end of 

the pipette and was collected for analysis (Lee et al., 2011).

Water samples were analyzed at the UAA Environment and Natural Resources Institute 

Stable Isotope Laboratory (ENRI-SIL) using a Thermo Finnigan TC/EA (Thermo Scientific, 

Bremen, Germany) in line with a Thermo Finnigan Delta Plus XP continuous-flow isotope 

ratio mass spectrometer (Thermo Scientific, Bremen, Germany). Samples were manually 

injected (1-1.2 μl per run) into the TC/EA in quintuplets. International reference standards 

(VSMOW & VSLAP; IAEA, Vienna, Austria) were used to calibrate the instrument and 

working standards (USGS45: δ2H= -10.3‰, and USGS46: δ2H= -235.8‰) were injected 

with each analytical run to correct for instrument drift.
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Body composition was estimated according to the methods of Speakman (1997). The total 

body water pool (TBWiso) of each squirrel was calculated as the ratio of dilution of the 

injectate [(Iinj– Ib)/(Ienr– Ib)] multiplied by the volume of injectate administered (Vinj).

(Equation 1)

Lean mass (LMiso) of the squirrel was estimated by dividing TBWisoby the hydration 

constant (HC) determined via proximate chemical analysis (water mass divided by lean 

mass; see below). An equation was also derived using LMp, TBWiso, and body mass to 

predict lean mass via isotope dilution. The percentage of body fat was determined as the 

difference between whole body mass and lean mass and is inversely related to hydration of 

lean mass (Speakman, 1997).

Proximate Chemical Analysis

We determined final body composition of squirrels by proximate chemical analysis via 

Soxhlet extraction of lipids as described by Mason et al. (2006) with modifications. Frozen 

carcasses were thawed, sectioned, and passed three times through a meat grinder (once 

through a 7mm sieve plate and twice through a 4.5mm grinding plate; Cabela's ½ 

Horsepower Commercial Grade, Model #8, Sidney, NE, USA). We dried three subsamples 

of each homogenate (∼15g each) to a constant mass using a FreeZone 4.5 (Labconco, 

Kansas City, MO, USA) connected to a vacuum pump (Fisher Scientific Maxima C Plus 

Vacuum Pump, Waltham, MA, USA) and determined water content by subtraction (wet 

mass – dry mass).

Lipids from dried samples were extracted in petroleum ether using an automated Soxtherm 

(Model 416; Gerhardt, Germany) with the following program settings: extraction 

temperature 150°C; reduction interval 3.5min; reduction pulse 2s; hot extraction 45min; 

evaporation A 5×; rinsing time 80min; evaporation B 3×; evaporation C 10min. The lipid 

mass of homogenate was determined gravimetrically (varied between replicated samples by 

±0.60% of wet mass), while lean mass was determined by subtracting lipid mass from initial 

homogenate mass. Whole body composition was determined by extrapolation.

Statistical Analysis

We calculated alpha diversity by rarefying the OTU table from 1 to 7000 sequences per 

sample at increasing intervals of 500 sequences per sample (total of 14 sample points per 

curve; 50 repetitions per rarefaction). A maximum value of 7000 sequences per sample was 

chosen to ensure all curves were continuous. We calculated three alpha diversity metrics: 

observed species (number of observed species at 97% species threshold), Phylogenetic 

Diversity-Whole tree (PD whole; the minimum total length of all the phylogenetic branches 

required to span a given set of taxa on a phylogenetic tree) and Chao1 (species richness 

estimate accounting for the number of observed species, along with the ratio of singleton to 

doubleton OTUs). For the Chao1 metric, a unique OTU table that included singletons was 

constructed. Statistical differences were determined for all three metrics using non-
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parametric t-tests with Monte Carlo permutations (n=999) on the 7000 sequences per sample 

rarified OTU table.

Beta diversity was determined by standardizing the OTU table to the minimum sequences/

sample (1431) to decrease the weight of more abundant OTUs. We generated two-

dimensional principal coordinates analysis (PCoA) plots from individual distance matrices 

produced from both unweighted (based on phylogenetic trees) and weighted (based on 

phylogenetic trees while taking into account relative abundance) UniFrac (Lozupone and 

Knight, 2005) distance, as well as Bray Curtis (relative abundance only) distance metrics. 

Analysis of similarities (ANOSIM) of Bray Curtis community structure dissimilarity was 

performed to determine if diets were significantly different. Differences among treatment 

groups were determined using pair-wise one-way permutational multivariate analysis of 

variance (group dispersion) using the PRIMER 6 software (Clark and Gorely, 2006).

Bacterial taxonomies were summarized at the phylum, class, order, family, and genus levels 

from the same standardized OTU table used in the beta diversity analysis. Taxonomies at 

each level were grouped by diet group and compared using one-way analysis of variance 

(ANOVA) followed by Tukey's HSD test in R (version 3.1.1). We determined statistical 

differences in bacterial cell density and viability, relative SCFA concentrations, cecal pH and 

percent body fat using ANOVA followed by a Tukey's HSD test (R version 3.1.1). Statistical 

differences in metatranscriptomes of pooled samples were identified using Fisher's exact test 

and were corrected using Storey's FDR approach using STAMP (Statistical Analysis 

between Metagenomic Profiles; Parks and Beiko, 2010). Pearson correlation analysis was 

used to test the correlation between SCFA concentrations and taxonomy (R version 3.1.1). 

Differences were considered significant at a pof <0.05 for all analyses.

The equation to predict lean mass from deuterium dilution was determined through multiple 

regression analysis (using R version 3.1.1) of TBWisoand body mass (BM) against lean mass 

(LMp). We compared estimates of lean mass, determined by the predictive equation or 

average HCapproach, to lean mass determined by proximate chemical analysis following 

methods by Bland and Altman (1986).

To test for differences in rate of fattening among diet groups, we fit data for percent change 

in body fat (determined by deuterium dilution) from T0to terminal sampling to mixed effects 

models using R (version 3.1.1), assuming a linear trend in change of mass over time. The 

mixed effects model including the average intercept for each diet group d(αd), the average 

slope over time for each diet group (βd), the random effects for individual (i) including 

differences in the intercept (ai,d) and slope (bi,d) from their group means, and the error (εt) 

including a first-order autoregressive coefficient (ϕ1) can be written as

(Equation 2)

where the ηi,d, are assumed to be independent, normally distributed errors
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We included all possible interactions one-by-one and the best-fit model was determined by 

Akaike information criterion (AIC) values. Mixed effects models were compared using a 

likelihood ratios test.

Nucleotide sequence accession number

All sequencing data in the study, including 16S rRNA pyrosequencing data and 

metatranscriptomic data, are archived at NCBI Sequence Read Archive under Accession 

SRP070500.
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Refer to Web version on PubMed Central for supplementary material.
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Originality-Significance Statement

This work is the first to examine the influence of diet on the functional and phenotypic 

diversity of the gut microbiota of a hibernating species during the pre-hibernation 

fattening period. Additionally, it is the first to characterize the effects of altered 

macronutrient content and calorie consumption on the metatranscriptome of a gut 

microbial community.
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Figure 1. 
Body mass (in grams) (A) and percent change in fat mass (B) from 5- to 10-weeks post 

hibernation. Vertical bars at each sampling point (5-, 6¼-, 8½- and 10-weeks post 

hibernation) represent the standard error from the mean.
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Figure 2. 
Principle coordinate analysis plots PC1 vs. PC2 (A) and PC2 vs. PC3 (B), of un-weighted 

UniFrac distance metric of gut microbiotas. Each point (symbol) represents the gut 

microbial community of an individual arctic ground squirrel at a given sample point or diet 

group. The distance between two points represents the similarity between the gut microbial 

communities.
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Figure 3. 
The relative abundance of dominant taxa compared to taxonomic composition of mRNA 

reads from metatranscriptome at the phylum (A) and genus (B) level where *, **, % 

represents an unclassified genus, family or order, respectively. Taxa with less than 1% 

relative abundance were not included.
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Figure 4. 
The relative abundance of KEGG level 2 functional transcripts attributable to dominant taxa 

at (A) phylum and (B) genus level. Taxa with less than 1% relative abundance were not 

included. The total number of transcripts for all taxa are listed below each bar. *Represents 

unclassified families or genera.

Hatton et al. Page 29

Environ Microbiol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Pearson's correlations between bacterial genera and SCFA molar concentrations where * and 

% represents an unclassified genus or order, respectively.
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