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1  | INTRODUC TION

A major goal in ecology is to link individual processes to macro-eco-
logical and evolutionary patterns. Accumulating evidence suggests 
that the gut microbiota affects a variety of host phenotypes and 
thus an organism's fitness (McFall-Ngai et al., 2013; Suzuki, 2017). 
The known links between the gut microbiota and host phenotype 
raise the possibility that the gut microbiota might mediate geo-
graphical patterns of phenotypic variation in hosts. However, con-
necting variation in gut microbial communities to variation in host 
phenotype remains challenging. Many mammals, including humans, 
show latitudinal clines of increasing body mass in colder climates 
(Ashton, Tracy, & De Queiroz,  2000; Bergmann,  1847; Foster & 
Collard,  2013; Roberts,  1953). This pattern, termed Bergmann's 
rule, is thought to reflect adaptation to cold environments ei-
ther through heat conservation or greater fat storage (Ashton 

et al., 2000; Bergmann, 1847; Blackburn, Gaston, & Loder, 1999). 
Whether the gut microbiota is causally related to this body mass 
variation remains unclear.

Studies in obesity research suggest that the gut microbiota 
can play a causal role in host body mass variation at least under 
certain dietary conditions (Bäckhed et al., 2004; Ley et al., 2005; 
Turnbaugh et al., 2006). Increased energy extraction through bac-
teria-dependent digestion of plant polysaccharides, activation of 
fat storage and production of short-chain fatty acids (SCFAs) has 
been proposed to explain the link between microbiota and body 
mass (Bäckhed et al., 2004; Turnbaugh et al., 2006). For example, 
obese individuals of mice and humans have been classically char-
acterized by a higher ratio of two dominant gut bacterial phyla, 
the Firmicutes and Bacteroidetes (F/B ratio) in some studies (Ley 
et  al.,  2005; Ley, Turnbaugh, Klein, & Gordon,  2006; Turnbaugh 
et al., 2006) but not in others (Arumugam et al., 2011; Finucane, 
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Abstract
The extent to which the gut microbiota may play a role in latitudinal clines of body 
mass variation (i.e., Bergmann's rule) remains largely unexplored. Here, we collected 
wild house mice from three latitudinal transects across North and South America and 
investigated the relationship between variation in the gut microbiota and host body 
mass by combining field observations and common garden experiments. First, we 
found that mice in the Americas follow Bergmann's rule, with increasing body mass at 
higher latitudes. Second, we found that overall differences in the gut microbiota were 
associated with variation in body mass controlling for the effects of latitude. Then, 
we identified specific microbial measurements that show repeated associations with 
body mass in both wild-caught and laboratory-reared mice. Finally, we found that 
mice from colder environments tend to produce greater amounts of bacteria-driven 
energy sources (i.e., short-chain fatty acids) without an increase in food consump-
tion. Our findings provide motivation for future faecal transplant experiments di-
rectly testing the intriguing possibility that the gut microbiota may contribute to 
Bergmann's rule, a fundamental pattern in ecology.
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Sharpton, Laurent, & Pollard, 2014). Germ-free mice that received 
a microbiota with a higher F/B ratio show significant increases 
in energy extraction and concentrations of SCFAs compared to 
controls (Turnbaugh et  al.,  2006), a pattern also seen in humans 
(Jumpertz et al., 2011). Because both body mass and the F/B ratio 
display latitudinal clines in humans (Suzuki & Worobey, 2014), the 
gut microbiota could be causally linked to host body mass variation. 
However, the F/B ratio is also associated with many other factors, 
including diet (De Filippo et al., 2010), age (Mariat et al., 2009) and 
inflammation (Hansen, Gulati, & Sartor, 2010). There are also many 
other microbial measurements that have been linked to host body 
mass variation in humans (Dao et al., 2016; Goodrich et al., 2014; 
Yun et al., 2017), but they have been less explored in natural pop-
ulations of mammals.

House mice (Mus musculus) provide a unique opportunity to 
study the role of gut microbes in host phenotypic variation. House 
mice have a global distribution in association with humans, en-
compassing a wide range of latitudes and climates (Phifer-Rixey & 
Nachman, 2015). House mice colonized the Americas recently, and 
they show clinal variation in body mass in eastern North America con-
sistent with Bergmann's rule (Lynch, 1992; Phifer-Rixey et al., 2018). 
Population-specific differences in body mass persist in a common 
laboratory environment after multiple generations, suggesting that 
these differences have a genetic basis (Lynch,  1992; Phifer-Rixey 
et al., 2018). An experimental study demonstrates that wild house 
mice kept in cold conditions increase body weight and fat compared 
to controls in fewer than 10 generations (Barnett & Dickson, 1989). 
The gut microbiota of wild house mice is also known to differ across 
geography and over different genotypes (Linnenbrink et al., 2013; 
Suzuki, Martins, & Nachman,  2018; Suzuki et  al.,  2019), and the 
alpha-diversity of the gut microbiota has been associated with dif-
ferences in body weight (Suzuki et al., 2019; Weldon et al., 2015). 
Finally, wild house mice can easily be kept in captivity to experi-
mentally test hypotheses concerning their gut microbiota (Rosshart 
et al., 2017).

Here, we looked for associations between gut microbiota vari-
ation and body mass variation in wild house mice collected from 
three latitudinal transects across the Americas by combining field 
observations and laboratory experiments. We found that differ-
ences in body mass were significantly associated with differences 
in the gut microbiota of wild mice accounting for geography and 
other covariates. Mice from colder environments generally had 
larger body mass and greater faecal SCFAs compared to mice from 
warmer environments. Larger body size was repeatedly associated 
with greater microbial alpha-diversity and higher relative abundance 
of “Rikenellaceae_RC9_gut_group” and “Ruminiclostridium” in wild and 
laboratory mice. However, the strength of these correlations was 
heterogeneous among the three transects. This suggests that the 
relationship between microbial variation and host body mass is com-
plex, and that teasing apart cause and effect will require carefully 
controlled experiments in which individual microbes are introduced 
onto a common host genetic background.

2  | MATERIAL S AND METHODS

2.1 | Samples

A total of 166 wild house mice (Mus musculus) were collected from 
three latitudinal transects across the Americas (Figure 1a) and five in-
dividuals were excluded from all analyses due to low sequence reads 
(see below). We used Sherman live traps with a mix of oats and peanut 
butter as bait to collect the animals overnight. Microhabitats included 
farms, barns, haystacks, feed stores, houses and zoos. The animals 
were euthanized in the field, prepared as museum specimens, and 
have been deposited in the collections of the U.C. Berkeley Museum 
of Vertebrate Zoology (Table S1). The Eastern North American tran-
sect (East-NA; latitude range: 29.10–44.13°N, altitude range: 1–98 m) 
includes the same individuals as in Suzuki et  al.  (2019), collected in 
summer between May and August 2012 (Phifer-Rixey et al., 2018). The 
Western North American transect (West-NA; latitude range: 32.08–
53.52°N, altitude range: 642–1,419 m) includes five populations col-
lected in summer between May and August 2012 in the vicinity of the 
following locations: (a) Tucson, Arizona; (b) St. George, Utah;, (c) Provo, 
Utah; (d) Stevensville, Montana; and (e) Edmonton, Alberta. The South 
American transect (SA; latitude range: 8.76–54.80°N, altitude range: 
3–1,264 m) includes seven populations collected mostly in summer be-
tween February and September 2013 in the vicinity of the following 
locations: (a) Porto Velho, Brazil; (b) Brasilia, Brazil; (c) Maringa, Brazil; 
(d) Uruguaiana, Brazil; (e) Tandil, Argentina; (f) Gaiman, Argentina; and 
(g) Ushuaia, Argentina. To minimize the effect of phenology, animals 
were collected during the warmest months of the year in 15 out of 
17 populations. The two exceptions were Uruguaiana and Maringa, 
where mice were collected during May and June, respectively. All 
mice were collected at least 500  m apart from each other to avoid 
collecting relatives, except at two sites in Edmonton and two sites in 
Ushuaia. Detailed sample information, including exact latitude and lon-
gitude, is provided in Table S1. Body weight and body mass index (i.e., 
BMI = body weight/body length2) were recorded, and caecal samples 
were collected within 24 hr after capture (the majority of animals were 
dissected in the morning following overnight trapping). Caecal sam-
ples were flash-frozen in the field using liquid nitrogen or dry ice and 
stored at −80°C until DNA extraction. Following the protocol of Suzuki 
and Nachman (2016), carbon (δ13C) and nitrogen (δ15N) stable isotopes 
from mouse hair were analysed to infer diet. We used the WorldClim 
database (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) to down-
load 19 climatic variables based on GPS localities using the r package 
“dismo.” Principal components (PCs) were calculated, and the first two 
PC axes, Climate PC1 (48.9%) and Climate PC2 (21.7%), were used for 
downstream analyses (Table S2). The top three eigenvectors of Climate 
PC1 were temperature-related variables (e.g., mean temperature of 
coldest quarter, minimum temperature of coldest month and annual 
mean temperature) and those of Climate PC2 were precipitation-
related variables (e.g., precipitation of driest month, precipitation of 
driest quarter and precipitation of coldest quarter; Table S2). All pro-
cedures involving animals were approved by the Institutional Animal 
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Care and Use Committee at the University of Arizona (07-004) and 
the Animal Care and Use Committee at the University of California, 
Berkeley (R361-0514).

2.2 | Laboratory-reared animals and wild-derived 
inbred lines

In addition to the collections described above, laboratory colonies 
of wild mice were established from animals collected at five loca-
tions: (a) Manaus, Amazonas, Brazil (MAN); (b) Gainesville, Florida, 
USA (GAI); (c) Tucson, Arizona, USA (TUC); (d) Saratoga Springs, 
New York, USA (SAR); and (e) Edmonton, Alberta, Canada (EDM; 
Figure 1a). Wild-caught animals and their descendants were main-
tained in a standard laboratory environment at 23°C with 10-hr dark 
and 14-hr light cycles. Teklad Global food (18% Protein Rodent Diet) 

was provided ad libitum. Wild-caught mice from each locality were 
paired to establish wild-derived inbred lines, propagated through 
sib–sib mating each generation. Up to 10 independent lines were 
established from each of these five populations. Within each popu-
lation, the lines were established from unrelated pairs.

We used two sets of laboratory-reared individuals in this study, 
one from the first generation and another from later generations 
(up to generation 14). For the first-generation animals, we collected 
body weight and fresh faecal samples for 16S rRNA amplicon se-
quencing. A total of 120 individuals comprising 40 individuals each 
from three populations (MAN, GAI and SAR) were used (Table S3), 
although four individuals were excluded from all analyses due to low 
sequence reads (see below). Four adult individuals (i.e., two males 
and two females) from each of 10 independent inbred lines from 
each population were included. GAI (Florida) and SAR (New York) 
individuals are the same as in Suzuki et al. (2019).

F I G U R E  1   The relationship between geography, body mass and the gut microbiota of wild house mice. (a) A map of 17 population 
samples of house mice across the Americas (n = 161). Populations from the East-NA transect (red), West-NA transect (blue) and SA transect 
(yellow) are shown in circles. Black stars indicate source locations of wild-derived inbred lines from MAN, GAI, TUC, SAR and EDM (see 
Methods for detailed locations). (b) PCoA plot showing the effect of geography on the Bray–Curtis dissimilarity (Mantel r = .41, p < .0001). 
Colours correspond to the map. (c) PCoA plot showing the effect of body mass index (BMI) on Bray–Curtis dissimilarity (Mantel r = .13, 
p = .002). Colour intensity reflects greater BMI. Significant correlations (d) between body weight and latitude (ρ = 0.27, p = .0005) and (e) 
between BMI and latitude (ρ = 0.31, p < .0001). Raw p-values are shown and they all remain significant after FDR correction (Table S6)
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For the later-generation animals, we collected body weight, 
fresh faecal samples for SCFA quantification, food intake and fae-
cal weight. A total of 32 individuals representing five populations 
comprising five to seven age-matched (100–112 days) adult males 
per population were used (Table S4). Only one male per line was 
sampled, and thus each male represents a different inbred line. 
Food intake and faecal weight were measured every 24 hr for three 
consecutive days, and the measurements were averaged. The an-
imals were housed in standard conditions as described above, but 
with a mesh floor to avoid coprophagy. Dry mass was used for 
food intake measurements and a mix of dry and fresh faeces were 
used for faecal weight measurements. Collection time and method 
were consistent across treatments. To account for body mass dif-
ferences, average food intake and faecal weight were divided by 
body weight. Fresh faecal samples were immediately stored at 
−80°C and shipped to the West Coast Metabolomics Center at 
the University of California, Davis, for quantification of SCFAs, 
including acetate, propionate and butyrate. Mass spectrometry 
was conducted on an Agilent 6890A Gas Chromatograph with an 
Agilent 5977A Mass Selective Detector as in Moreau et al. (2003) 
and Richardson (1989). Although microbial communities were not 
characterized from the later-generation animals in this study, pre-
vious work has shown that the population differences in micro-
bial communities among these lines are maintained for at least 
11 generations in the laboratory (Moeller, Suzuki, Phifer-Rixey, & 
Nachman, 2018).

2.3 | DNA extraction and 16S rRNA 
amplicon sequencing

To characterize the gut microbiota, frozen caecal samples were 
used for the wild-caught individuals and frozen faecal samples were 
used for laboratory-reared individuals. Although these sample types 
are different, previous studies have shown that caecal and faecal 
samples capture nearly identical patterns of interindividual varia-
tion in wild mice (Suzuki & Nachman, 2016). The protocols of DNA 
extraction and 16S rRNA gene sequencing are identical to those of 
Suzuki et al. (2019). Briefly, we used the QIAamp DNA stool Minikit 
(Qiagen) with a modified protocol adding a bead-beating step. The 
V4 region of the 16S rRNA gene was sequenced with 150-bp paired-
end Illumina MiSeq at the Next Generation Sequencing Core Facility 
at Argonne National Laboratory. Negative controls were included 
in every set of amplifications. No amplification products were ob-
served in gels, and thus no negative controls were sequenced. The 
polymerase chain reaction (PCR) primers (515F and 806R) and the 
barcodes are described in Caporaso et al. (2012).

2.4 | Data analyses

All bioinformatic analyses on the 16S rRNA sequence data were 
conducted in qiime2 version 2019.10.0 (Bolyen et al., 2019) and all 

statistical tests were conducted in r version 3.5.1. Sequence reads 
were quality-filtered and pair-end reads were merged using dada2 
(Callahan et  al.,  2016) resulting in an average sequence length of 
226 bp (±6.0 SD), an average number of reads of 44,526 (±34,237 
SD) per sample, and a total of 4,552 amplicon sequence variants 
(ASVs, 100% sequence identity). Separately, the feature table was 
also clustered at 94% sequence identity (resulting in a total of 1,420 
operational taxonomic units [OTUs]) to test for robustness. The two 
clustering methods (100% and 94% sequence identities) produced 
nearly identical results, and thus we used ASVs for all analyses as 
recommended by Edgar (2018). All samples were rarefied to 5,500 
reads. Five wild-caught individuals and four laboratory-reared indi-
viduals were excluded from all analyses due to the low number of 
reads (<3,000): MPR.137, FMM111, FMM112, FMM148, FMM274, 
BR07F1, BR08M1, FL08M1 and FL08M2. Taxonomy was assigned 
using the Naïve Bayes classifier trained on silva 132 99% (Quast 
et al., 2013), and phylogenetic trees were computed using fasttree 
(Price, Dehal, & Arkin, 2009).

Beta-diversity of the gut microbiota was calculated using Bray–
Curtis dissimilarity (BCD) and principal coordinates analysis (PCoA) 
plots were generated. Mantel tests were used to test for correlations 
between BCD and seven predictor variables (geographical distance 
[km], climate PC1, climate PC2, body weight [g], BMI, δ13C diet and 
δ15N diet) using all individuals combined and using each transect 
separately. Similarly, partial Mantel tests were used to control for 
the effects of geographical distance and to test for a correlation be-
tween BCD and the other six predictor variables. adonis tests were 
also used to test for correlations between BCD and seven predic-
tor variables (population, climate PC1, climate PC2, body weight [g], 
BMI, δ13C diet and δ15N diet) separately and also in a model incor-
porating all other variables as covariates. Alpha-diversity was cal-
culated using phylogenetic diversity (Faith, 1992), 99% OTU counts 
and Shannon index.

To identify bacterial taxa whose relative abundance was cor-
related with body size measurements (i.e., body weight and BMI) 
or latitude, we selected phyla (taxonomic level 2) and species (tax-
onomic level 7) that had an average relative abundance >0.1% and 
were present in >50% of individuals in wild-caught and laborato-
ry-reared mice separately. Correlations between microbial mea-
surements (i.e., alpha-diversity and relative abundance of taxa) and 
metadata (e.g., body weight, BMI, latitude) were conducted for all 
wild-caught individuals, for each transect separately, and for all lab-
oratory-reared individuals. Correlations were based on Spearman's 
rho. To account for effects of latitude on the relationship between 
body size measurements and microbial measurements, residual val-
ues between body size measurements and latitude were used. To 
identify microbial measurements that show robust associations with 
body size measurements or latitude, we looked for repeated associ-
ations across the three latitudinal transects. When the three tran-
sects showed associations in the same direction, we used Fisher's 
combined p-values to determine the significance (Fisher,  1932) as 
in Suzuki et al.  (2018). Additionally, to test whether the collection 
site affected the relationship between body size measurements and 
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latitude, a multiple regression model was used with population as a 
covariate.

Body weight, food intake, faecal weight and concentrations of 
SCFAs were compared among 32 wild-derived inbred lines in a com-
mon environment using Kruskal–Wallis tests, and pairwise compar-
isons were performed using the Wilcoxon test. We also conducted 
the same test using the residual values between body weight and 
SCFAs. To test whether the metadata show clinal patterns among 
the inbred lines, Spearman rho correlation between metadata and 
latitude of collection site was used. False discovery rate (FDR) cor-
rections were used for all tests, and corrected p-values are indicated 
in each table and figure.

3  | RESULTS

3.1 | Geography and body mass are associated with 
compositional variation in the gut microbiota

To identify factors that correlate with overall differences in the gut 
microbiota in wild mice, we first looked for associations between 
BCD and seven predictor variables using all individuals from three 
latitudinal transects across the Americas (Figure  1a, Table 1). We 
found that geographical distance (Mantel r = .41, p < .0001) and BMI 
(Mantel r  =  .13, p  =  .002) were each significantly correlated with 
BCD. Principal coordinate plots of BCD show that microbial variation 
is associated with geography (Figure 1b) and with BMI (Figure 1c). 
In contrast, climate PCs, body weight and diet measured by stable 
isotopes (δ13C and δ15N) did not show significant correlations with 
BCD after FDR correction (Table 1). Similar results were found using 
adonis tests where population, climate PC1 and BMI were the top 
predictors of BCD by testing each variable separately or in a model 
accounting for other variables as covariates (Table S5). Calculating 
BCD using different sequencing identities (100% or 94% OTUs) pro-
vided similar results (Figure S1 and Table S5).

The association between BMI and microbial variation is interest-
ing because body weight and BMI both show positive correlations 
with latitude when all individuals are analysed together, a pattern 

consistent with Bergmann's rule (Figure 1d,e; Table S6). Latitude re-
mained as a significant predictor of body size in multiple regression 
models adding collection site as a covariate (body weight; p = .01 and 
BMI; p =  .05). However, individual transects revealed some differ-
ences from this overall pattern. These differences may be artefacts 
of sampling (i.e., low power) or they may reflect actual differences 
among mice from different broad geographical regions and climates 
(Figure S2). For example, positive correlations between body weight 
and absolute latitude were observed in both the East-NA (ρ = 0.34, 
p = .016) and SA transects (ρ = 0.26, p = .045), but not in the West-NA 
transect (ρ = −0.28, p = .06; Table S6). Similar correlations with body 
size were observed for Climate PC1 (mostly explained by tempera-
ture-related variables) but not for Climate PC2 (mostly explained by 
precipitation-related variables; Table S7).

To explore whether associations between BCD and body weight 
or BMI exist within each transect, we looked for correlations be-
tween BCD and predictor variables in each of the three transects 
separately (Table  S8). We found differences among transects. For 
example, within the East-NA transect, BMI showed the strongest 
correlation with BCD (Mantel r  =  .20, p  =  .004). However, within 
West-NA transect and within SA transect, only geographical dis-
tance and climate PC1 remained significant after correcting for mul-
tiple tests (Table S8). To ask whether the correlations between body 
size measurements and BCD remain significant after controlling for 
the effect of geographical distance within each transect, we con-
ducted Partial Mantel tests. Although climate PC1 remained the 
strongest predictor of BCD in the SA transect, BMI (Partial Mantel 
r = .19, p = .002) and body weight (Partial Mantel r = .18, p = .02) were 
the strongest predictors of BCD within the East-NA and West-NA 
transects after controlling for geographical distance, respectively 
(Table S9).

Together, these results suggest that geographical distance is 
significantly associated with differences in microbial composition. 
Differences in body size measurements (i.e., body weight and BMI) 
are also associated with overall differences in the gut microbial 
composition independent of geographical distance in the North 
American transects, but not in the South American transect.

3.2 | Microbial measurements that show repeated 
associations with latitude and body weight in wild-
caught mice

To identify specific microbial measurements that associate with 
latitude and host body size measurements (i.e., body weight and 
BMI), we evaluated a total of 58 microbial measurements. Microbial 
measurements included three alpha-diversity measurements (phylo-
genetic diversity, OTU counts and Shannon index) and relative abun-
dances of seven bacterial phyla and 48 bacterial species that had an 
average relative abundance of >0.1% and were present in >50% of all 
the wild-caught individuals.

Among the 58 microbial measurements, 16 showed consistent 
associations with latitude across all three transects, and seven were 

TA B L E  1   Correlations between predictor variables and Bray–
Curtis dissimilarity

Predictor variables

All transects

n
Mantel 
r

Raw 
p-value

FDR 
p-value

Geographical distance 161 .406 <.0001 <.0007

Climate PC1 161 .077 .03 .07

Climate PC2 161 .001 .97 .97

Body weight 158 .067 .10 .18

BMI 158 .132 .002 .007

Carbon 158 .057 .13 .18

Nitrogen 158 .033 .49 .57
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significant after FDR correction (Table S10). For example, the relative 
abundances of four taxa in the family Ruminococcaceae including 
Ruminiclostridium and Oscillibacter were negatively correlated with 
latitude across all individuals (ρ = −0.30, p =  .0001 and ρ = −0.32, 
p  <  .0001, respectively) and within each of the three transects 
(Fisher's combined p <  .000001). None of the seven phyla-level or 

alpha-diversity measurements showed significant associations with 
latitude based on Fisher's combined p-value. However, although 
the trend is nonsignificant, the relative abundance of the phylum 
Bacteroidetes was negatively correlated with latitude (r  =  −.15, 
Fisher's combined p  =  .09) and that of the phylum Cyanobacteria 
was positively correlated with latitude (r = −.26; Fisher's combined 

F I G U R E  2   Consistent correlations between microbial measurements and body size measurements in wild-caught individuals across 
all three transects. (a) The top 10 microbial measurements that are consistently associated with residual values between body weight and 
latitude across all transects based on Fisher's combined p-value. Each bar represents the Spearman's rho value from each of the three 
transects. Asterisks indicate significant Fisher's combined p-value after FDR correction (p < .05). Taxa in bold show the same trend for 
both body weight and BMI. (b) Scatter plot of the top microbial taxon (Rikenellaceae_RC9_gut_group_uncl.org.) associated with residual body 
weight. Colours correspond to different transects. (c) The top 10 microbial measurements that are consistently associated with residual 
values between BMI and latitude across all transects based on Fisher's combined p-value. Taxa in bold show the same trend for both body 
weight and BMI. (d) Scatter plot of the top microbial taxon (Ruminiclostridium_uncul.bac.) associated with residual BMI in wild mice. Species 
names of uncultured taxa are abbreviated (“uncul.bac.,” uncultured bacterium; and “uncul.org.,” uncultured organism). Full taxon names and 
Spearman p-values within and across transects are reported in Tables S12 and S13
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p = .09) across all three transects (Table S10). There was also a non-
significant trend towards a higher F/B ratio with increasing latitude 
among all wild-caught mice (ρ = .15, p = .051; Figure S3, Table S11), 
as observed in humans (Suzuki & Worobey, 2014). However, among 
the three transects, only the SA-transect showed a significant posi-
tive correlation between the F/B ratio and latitude (ρ = .25, p = .04; 
Figure S3, Table S11).

We next asked whether there are microbial measurements 
that show consistent associations with body weight and/or BMI 
after accounting for the effect of latitude using residual regres-
sion (Figure 2). Among the 58 microbial measurements tested, 15 
showed consistent associations with body weight (Table S12) and 
27 showed consistent associations with BMI (Table S13) across all 
three transects regardless of the significance. The relative abun-
dances of uncultured taxa in “Rikenellaceae_RC9_gut_group” and an 
alpha-diversity measurement (i.e., phylogenetic diversity) were the 
top microbial measurements that positively correlated with body 
weight across all three transects based on raw Fisher's combined 
p-values, although neither was significant after FDR correction 
(Figure 2a,b; Table S12). In contrast, six microbial measurements 
showed consistent correlations with BMI across all three transects 
and were significant after FDR correction (Figure 2c,d; Table S13). 
Ruminiclostridium and Rikenella were the top taxa that showed 
significant positive associations with BMI. Not surprisingly, mi-
crobial measurements that positively correlated with body weight 
also showed significant positive correlations with BMI, including 
“Rikenellaceae_RC9_gut_group” and alpha-diversity measurements 
(Figure  2c; Table  S13). Associations between the F/B ratio and 
body mass were not significant in wild-caught mice with or with-
out accounting for the effect of latitude (Table S11).

3.3 | Microbiota–body size links that persist in a 
common environment

The observed associations between body size measurements and mi-
crobial measurements (i.e., alpha-diversity and relative abundance of 
specific taxa) among wild-caught mice could be driven by unknown 
factors that differ among field sites such as environmental microbes, 
climate or aspects of diet that were not captured by the isotope anal-
yses. To test whether the observed associations persist in a common 
environment, we collected live mice from three locations (New York, 
Florida and Brazil; Figure 1a) and generated 40 animals from each 
location by crossing wild-caught parents in a common laboratory en-
vironment. We measured body weight in laboratory-reared animals 
and found that population differences in body weight persisted in a 
common environment after one generation (Figure S4).

To test whether the links between microbial measurements and 
body weight also persisted in the common environment, we evalu-
ated 59 microbial measurements. Microbial measurements included 
three alpha-diversity measurements (phylogenetic diversity, OTU 
counts and Shannon index) and seven bacterial phyla and 49 bacterial 
species that had an average relative abundance of >0.1% and were 

present in >50% of all the laboratory-reared individuals. We found 
a highly significant positive correlation between body weight and 
the relative abundance of “Rikenellaceae_RC9_gut_group” (ρ = 0.53, 
p = 9 × 10−10) in laboratory-reared individuals (Figure 3a,b), the same 
genus that positively correlated with body weight and BMI in the 
field (Figure 2a–c). Similarly, all three alpha-diversity measurements 
showed significant positive correlations with body weight in labora-
tory-reared individuals (Figure 3a,c), consistent with observations in 
the field (Figure 2a,c). The relative abundance of several microbial 
taxa that were not common in wild-caught individuals (i.e., <0.1% 
relative abundance and <50% prevalence) also showed significant 
correlations with body weight in laboratory-reared mice including 
Muribaculum (ρ = 0.62, p = 2 × 10−13) and Prevotellaceae_UCG.001 
(ρ = 0.62, p = 2 × 10−13; Figure 3a; Table S14).

3.4 | Mice from colder environments produce 
greater amounts of faecal SCFAs

To test whether microbiome-derived energy sources are associated 
with differences in body mass, we measured amounts of faecal SCFAs 
in wild-derived inbred lines collected from five populations that vary 
in body mass: MAN, TUC, GAI, SAR and EDM (Figures 1a and 4a). We 
used five to seven males per population and measured body weight, 
food intake, faecal weight, and amount of SCFAs between 100 and 
112 days of age in a common environment (Table S4). Laboratory-born 
mice showed significant clinal variation in body weight that increased 
from low- to high-latitude populations (ρ = 0.48, p = .005), consistent 
with our observations among wild-caught animals and consistent with 
Bergmann's rule (Figure 4a). Food intake and faecal weight (corrected 
for body weight) did not differ among populations (Kruskal–Wallis 
test, p = .26 and p = .17, respectively; Figure 4b,c), but showed a trend 
towards a negative correlation with the latitude of the collection site 
(food intake; ρ = −0.33, p = .069 and faecal weight; ρ = −0.39, p = .026). 
The total amount of SCFAs per milligram of faeces differed among 
populations (Kruskal–Wallis test p = .033) and showed clinal variation 
with the latitude of the collection site (ρ = 0.50, p = .003) and with body 
weight (ρ = 0.41, p = .02; Figure 4d). Population differences in the total 
amount of SCFAs were not significant after accounting for differences 
in body weight by residual regression (Kruskal–Wallis test p = .18), sug-
gesting that population differences in SCFAs are dependent on body 
weight differences despite the fact that there were no differences in 
food intake or faecal weight among populations (Figure 4b,c). In par-
ticular, the clinal variation in the total amount of SCFAs seems to be 
driven by the two northernmost populations (Figure 4d). This pattern 
was consistent among all three major SCFAs produced by bacteria: ac-
etate (Figure 4e), propionate (Figure 4f) and butyrate (Figure 4g). The 
greater amount of total SCFAs, acetate and propionate observed in 
SAR mice compared to GAI mice is particularly interesting because the 
two populations are from the same East-NA transect (Figure 1a), and 
mice in this transect showed clinal variation in body mass (Table S6) 
and also showed correlations between body size measurements and 
beta-diversity of the gut microbiota (Tables S8 and S9).
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4  | DISCUSSION

We studied variation in the gut microbiota of wild mice and labora-
tory-reared descendants of wild mice sampled across a large latitu-
dinal range in North and South America. Several general patterns 

emerged. First, when all wild mice were analysed together, we ob-
served a significant correlation between body size and latitude. This 
pattern was also seen among laboratory-born descendants of wild-
caught mice. This example of Bergmann's rule is striking because M. 
m. domesticus, which is native to Western Europe, has only been in 

F I G U R E  3   Correlations between body weight and bacterial measurements in laboratory-reared individuals (n = 116). (a) The top 10 
microbial measurements that showed significant correlations with body weight in laboratory-reared mice are shown based on Spearman's 
rho p-value. Significance after FDR correction are indicated: *<.05, **<.01, ***<.001. Microbial measurements that show consistent 
correlations with body size measurements (body weight and/or BMI) in both wild-caught mice and laboratory-reared mice are in bold. (b) 
Scatter plot of the microbial taxon (Rikenellaceae_RC9_gut_group_uncl.bac.) in laboratory mice that showed consistent correlations with body 
size in wild mice. (c) Scatter plot of Shannon index in laboratory mice that showed consistent correlations with body size in wild mice. Full 
taxon names and the full list of microbial measurements that showed a significant association with body weight in laboratory-reared mice are 
reported in Table S14
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the Americas for a short period of time (perhaps several hundred 
generations). Second, body size measurements (body weight and 
BMI) were significantly associated with overall differences in the 
microbiota (beta-diversity) when all wild mice were analysed to-
gether. However, the general patterns seen in the analysis of all mice 
together were not always recapitulated in the analyses of each of 
the transects separately. For example, patterns of body size varia-
tion in mice from Eastern North America and in South America con-
formed to Bergmann's rule, but that was not the case in Western 
North America. Associations between body mass and variation in 
the microbiota were seen in both North American transects, but 
not in South America. Whether these differences among transects 
are biologically meaningful or simply reflect low power is unclear. 
Although we collected the majority of the animals in summer, dif-
ferences in phenology and microclimates might contribute to some 
of the differences observed among transects. Longitudinal sampling 
and larger sample sizes from each location would help to clarify the 
causes of heterogeneity among transects.

We observed significant positive correlations between alpha-di-
versity and body size measurements across the three transects, and 
this pattern also persisted in the laboratory under a common en-
vironment. The common garden experiment suggests that the link 
between alpha-diversity and body size is not driven by the popu-
lation differences in climate or diet. Previous studies have also 
demonstrated a positive correlation between body mass and al-
pha-diversity both within and between species of mammals (Godon, 
Arulazhagan, Steyer, & Hamelin,  2016; Nishida & Ochman,  2017; 

Suzuki et al., 2019; Weldon et al., 2015). The simplest explanation 
for this association is that larger animals possess a larger gut capac-
ity, allowing for the colonization and persistence of a larger number 
of microbial taxa (Godon et al., 2016). However, in humans, obese 
individuals tend to have lower alpha-diversity compared to healthy 
controls (Le Chatelier et al., 2013; Turnbaugh et al., 2009; but see 
Finucane et  al.,  2014; Walters, Xu, & Knight,  2014), probably due 
to inflammation and the increase in abundance of a few pathogenic 
bacteria.

In contrast with previous work in humans (Suzuki & 
Worobey, 2014), we failed to find a significant positive correlation 
between the F/B ratio and either latitude or body mass (body weight 
or BMI) in mice (Table S11). The expectation that the F/B ratio might 
be associated with body mass was motivated by the observations in 
humans and also by studies in laboratory mice showing that a greater 
F/B ratio is associated with increased SCFAs and energy extraction 
(Turnbaugh et  al.,  2006). Intriguingly, the wild mice in this study 
showed a trend towards having a higher F/B ratio at higher latitudes, 
but this pattern was not significant and no correlation was seen be-
tween the F/B ratio and body size measurements. Thus, variation in 
the F/B ratio in these mice does not appear to be the cause of host 
body mass variation (Finucane et al., 2014; Walters et al., 2014).

We did identify bacterial taxa that showed associations with 
body size measurements in both wild-caught mice and laborato-
ry-reared mice (Figures 2 and 3). Notably, taxa in the “Rikenellaceae_
RC9_gut_group” were significantly associated with larger body size 
measurements in both wild and laboratory mice. Previous studies 

F I G U R E  4   Differences in the amounts of faecal SCFAs among laboratory-reared populations. (a) Significant clinal variation of body 
weight persisted in laboratory-reared populations (ordered from MAN [Manaus, Brazil], TUC [Arizona, USA], GAI [Florida, USA], SAR [New 
York, USA] and EDM [Edmonton, Canada], ρ = 0.48, p = .005). (b) Average food intake (g per 24 hr) corrected for body weight (g) did not 
differ among populations (Kruskal–Wallis test, p = .26). (c) Average faeces weight (g per 24 hr) corrected for body weight (g) did not differ 
among populations (Kruskal–Wallis test, p = .17). (d) Total SCFAs (sum of acetate, propionate and butyrate, ng/mg) differed significantly 
among populations (Kruskal–Wallis test p = .033). The amount of (e) acetate (ng/mg) (f) propionate (ng/mg) varied among populations 
(Kruskal–Wallis test p < .05), but (g) butyrate (ng/mg) was not significant (Kruskal–Wallis test p = .086). Significant comparisons between 
populations are shown based on Wilcoxon tests: *p < .05, **p < .01
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have shown an enrichment of the family Rikenellaceae in obese 
leptin-resistant mouse models compared to lean controls (Geurts 
et al., 2011) and the ability to produce SCFAs including propionate, 
acetate and/or succinate (Graf,  2014). Although little is known 
about the genus “Rikenellaceae_RC9_gut_group”, it has been sug-
gested to play a role in lipid metabolism in mice (Zhou et al., 2018).

We also observed that a taxon in Ruminiclostridium was posi-
tively associated with BMI in the field and with body weight in the 
laboratory. All known members of the genus Ruminiclostridium can 
ferment cellulose and produce acetate as well as propionate and 
butyrate (Yutin & Galperin,  2013). The genus Ruminiclostridium, 
formally known as Clostridium thermocellum, has been positively 
associated with adiponectin and negatively associated with tri-
glycerides, glucose and leptin in humans (Karlsson et  al.,  2013). 
Interestingly, the wild-derived inbred lines used in this study show 
population differences in the same metabolic markers where mice 
from colder climates tend to have higher levels of adiponectin and 
lower levels of triglycerides, glucose and leptin compared to mice 
from warmer climates (Phifer-Rixey et  al.,  2018). Although a link 
between Ruminiclostridium and BMI has not been observed in hu-
mans, the similar associations between Ruminiclostridium and host 
blood chemistry in both mice and humans are intriguing. However, 
whether Ruminiclostridium or any of the other taxa identified in this 
study play a causal role in energy extraction and host body mass 
variation remains unknown. Bacterial transplant experiments using 
germ-free models would help to identify the specific physiological 
effects of these taxa on host body mass variation.

Finally, we found greater concentrations of faecal SCFAs in 
wild-derived inbred mice collected from higher latitudes com-
pared to mice collected from lower latitudes in a controlled lab-
oratory environment. This observation cannot be explained by 
differences in food intake because there was no difference in 
food consumption or faecal weight in mice from higher latitudes 
relative to mice from lower latitudes. It is possible that larger 
mice produce more SCFAs per gram of faeces as a consequence 
of greater fermentation due to the longer retention time of food 
materials in the hindgut of larger animals compared to smaller an-
imals (Hume, Morgan, & Kenagy, 1993). Obese and overweight in-
dividuals have been associated with increased amounts of SCFAs 
in mice (Murphy et al., 2010; Turnbaugh et al., 2006) and humans 
(Fernandes, Su, Rahat-Rozenbloom, Wolever, & Comelli,  2014; 
Rahat-Rozenbloom, Fernandes, Gloor, & Wolever, 2014; Schwiertz 
et al., 2010). Our results are consistent with the idea that the gut 
microbiota of mice living in colder environments produce greater 
amounts of SCFAs and may have an increased capacity to extract 
energy from a given diet. However, we cannot exclude the pos-
sibility that the observed differences in faecal SCFAs are due to 
differences in the ability of the host to absorb SCFAs in the large 
intestine. Quantifying the levels of SCFAs in the caecum and the 
physiological effects of the microbiome by conducting faecal 
transplant experiments using cold- and warm-adapted donors into 
common recipients will directly test the significance of population 
differences in SCFAs.

Together, our results show that wild house mice in the Americas 
(i) conform to Bergmann's rule, (ii) show associations between mi-
crobial composition (beta-diversity) and body size measurements 
independent of geography, (iii) show associations between specific 
bacterial taxa and body size measurements in the laboratory and in 
the field, and (iv) harbour gut microbes producing more SFCAs in 
populations from colder environments. However, whether any of 
the observed differences in microbial taxa and SCFAs play a causal 
role in body size variation in wild house mice remains uncertain. 
Controlled transplant experiments of microbes in the laboratory will 
be needed to test the hypothesis that the gut microbiota plays a role 
in the pattern described by Bergmann's rule, a fundamental pattern 
in ecology.
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