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Evolved high aerobic capacity
has context-specific e�ects on
gut microbiota

Elina Hanhimäki1,2, Phillip C. Watts 3, Esa Koskela 3,

Paweł Koteja 4, Tapio Mappes 3 and

Anni M. Hämäläinen 3,4*

1Ecology and Genetics Research Unit, University of Oulu, Oulu, Finland, 2Organismal and

Evolutionary Biology Research Programme, University of Helsinki, Helsinki, Finland, 3Department of

Biological and Environmental Science, University of Jyväskylä, Jyväskylä, Finland, 4Institute of

Environmental Sciences, Jagiellonian University, Kraków, Poland

Gut microbiota is expected to coevolve with the host’s physiology and may

play a role in adjusting the host’s energy metabolism to suit the host’s

environment. To evaluate the e�ects of both evolved host metabolism and

the environmental context in shaping the gut microbiota, we used a unique

combination of (1) experimental evolution to create selection lines for a fast

metabolism and (2) a laboratory-to-field translocation study. Mature bank

voles Myodes glareolus from lines selected for high aerobic capacity (A

lines) and from unselected control (C lines) were released into large (0.2

ha) outdoor enclosures for longitudinal monitoring. To examine whether the

natural environment elicited a similar or more pronounced impact on the

gut microbiota of the next generation, we also sampled the field-reared

o�spring. The gut microbiota were characterized using 16S rRNA amplicon

sequencing of fecal samples. The artificial selection for fast metabolism had

minimal impact on the gut microbiota in laboratory conditions but in field

conditions, there were di�erences between the selection lines (A lines vs. C

lines) in the diversity, community, and resilience of the gut microbiota. Notably,

the selection lines di�ered in the less abundant bacteria throughout the

experiment. The lab-to-field transition resulted in an increase in alpha diversity

and an altered community composition in the gut microbiota, characterized

by a significant increase in the relative abundance of Actinobacteria and a

decrease of Patescibacteria. Also, the selection lines showed di�erent temporal

patterns in changes in microbiota composition, as the average gut microbiota

alpha diversity of the C lines, but not A lines, was temporarily reduced during

the initial transition to the field. In surviving young voles, the alpha diversity

of gut microbiota was significantly higher in A-line than C-line voles. These

results indicate that the association of host metabolism and gut microbiota is

context-specific, likely mediated by behavioral or physiological modifications

in response to the environment.

KEYWORDS

metabolic rate, gut microbiota, bank vole, 16S rRNA sequencing, field experiment,

experimental evolution, selection lines, longitudinal
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Introduction

Host-associated microbiota composition is determined by

complex interactions between the host, its environment, and the

microbiota (Hufeldt et al., 2010; Groussin et al., 2017; Rothschild

et al., 2018). According to the holobiont concept, gut microbiota

is expected to evolve alongside the host’s physiology, with the

host and its associated microbiota potentially acting alike a unit

of selection (Suzuki, 2017; Rosenberg and Zilber-Rosenberg,

2018). In evidence of such a connection, certain heritable

bacterial taxa in human gut microbiota are associated with

body mass index (fat storage) (Goodrich et al., 2014), indicating

an evolved link between the host energy metabolism and gut

microbiota. Gut microbiota and the metabolites it produces can

improve host metabolic efficiency and health (Donohoe et al.,

2011; Tremaroli and Bäckhed, 2012; den Besten et al., 2013;

Koh and Bäckhed, 2020) (but note that some bacteria can also

have adverse health effects, Bäumler and Sperandio, 2016). For

instance, germ-free mice need to consume more calories to

maintain the same body weight as mice with a gut microbiota

(Bäckhed et al., 2004; Donohoe et al., 2011), indicating an

effect of gut microbiota on metabolic efficiency. Furthermore,

many host species depend on the metabolic capacity of the

gut microbiota for digestion of food components (Krajmalnik-

Brown et al., 2012; Moeller and Sanders, 2020), such that the

fermentation of food by gut microbiota may supply between 10

and 70% of the host’s daily energy requirements (Flint et al.,

2008). Although gut microbiota and the host energy metabolism

are, thus, critically interlinked, the general associations between

the host metabolic rate and microbiota composition remain

obscure beyond studies of humans and laboratory model species

(Tremaroli and Bäckhed, 2012). Empirical data are lacking

on the relative importance of gut microbiota in meeting

demands made by differing host metabolic needs within an

ecological context.

Considering the environmental context is important because

the environmental conditions in which the holobiont evolved,

and which it currently inhabits, shape the interactions of the host

and microbiota as well as the performance of the holobiont per

se. A rapidly adapting microbiota can possibly act as a buffer

for the slower evolving host genome (Rosenberg and Zilber-

Rosenberg, 2018; Moeller and Sanders, 2020), thus facilitating

the host’s ability to adjust to the prevailing (or changing)

environmental conditions. The microbiota may, for example,

be capable of utilizing a novel food resource and thus help the

host meet its metabolic needs (Alberdi et al., 2016; Lindsay

et al., 2020). The host individuals also express heterogeneity in

their metabolic processes, energy needs, and thus susceptibility

to, for example, resource availability (Bozinovic et al., 2007;

Burton et al., 2011; Zeng et al., 2017), potentially reinforcing

the significance of gut microbiota in matching the host’s energy

needs with its environment. Hosts may, for instance, respond

to a changing environment with metabolic rate plasticity

(Norin and Metcalfe, 2019), which could be aided by the effect

of gut microbiota on the host metabolic rate (Bäckhed et al.,

2004; Zhang et al., 2018; Lindsay et al., 2020; Scanes et al., 2021).

Furthermore, the environmental conditions can influence gut

microbiota directly by exposure to biotic (e.g., pathogens, Paris

et al., 2020; predation risk, Zha et al., 2018) and abiotic features

of the environment (e.g., contaminants, Paris et al., 2020; Brila

et al., 2021; Lavrinienko et al., 2021) and indirectly via the host

diet (Carmody et al., 2015; Martínez-Mota et al., 2020). The

environment can, therefore, impact the host physiology, gut

microbiota, and their interactions in complex ways.

The connection between the gut microbiota and the host

metabolism has been exclusively studied in the laboratory

(Viney, 2019; Lindsay et al., 2020). However, information

derived solely from laboratory studies may overlook

ecological processes that influence the gut microbiota,

such as resource availability, colonization of the gut microbiota

with environmental microbes, variation in diet, stress, as well as

parasite and disease burden (Wang et al., 2014; Weldon et al.,

2015; Leung et al., 2018). Indeed, evidence from multiple taxa

indicate that the microbiota of captive animals consistently

differs from their wild counterparts. For example, a reduced

diversity and “humanization” of the microbiota of captive

relative to wild animals has been described for many species

(Leung et al., 2018; Alberdi et al., 2021; Trevelline and Moeller,

2022) with possible physiological and health effects for the

hosts. For example, relocation of laboratory miceMus musculus

domesticus to outdoor enclosures resulted in an increase in

diversity of their gut microbiota (Leung et al., 2018) and

reconstitution of laboratory mice with the gut microbiota

from wild mice reduced inflammation and increased survival

following a viral infection (Rosshart et al., 2017). These

results suggest that relying on laboratory studies misrepresents

the diversity of conditions in which the host physiology and

microbiota have evolved. Hence, the ecological and evolutionary

roles of microbiota are best understood using a combination

of laboratory and field studies (Calisi and Bentley, 2009). One

way of achieving such a combined design is the comparison of

host–microbiota interactions in laboratory vs. field conditions

(as in Leung et al., 2018) which permits investigation of the

holobiont in a standard vs. a completely novel environment.

In this study, we combined artificial selection for a

fast metabolism in a mammalian host with a lab-to-field

translocation to quantify the effects of both evolved host

metabolism and environmental context in shaping the gut

microbiota of a small mammal, the bank vole Myodes

[Clethrionomys] glareolus. This was achieved by releasing

laboratory-reared bank voles from high-metabolism selection

lines (A lines) and control lines (C lines) into outdoor enclosures

that represent a natural environment and collecting longitudinal

samples of feces to monitor changes in the gut microbiota.

The A-line bank voles have a higher exercise-induced and basal

metabolic rate and increased daily food consumption compared
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to the unselected control (C-line) bank voles (Sadowska et al.,

2015; Dheyongera et al., 2016), indicating an increased energy

need by the former. Additionally, the bank vole selection lines

differ in the expression of several genes related to metabolic

processes (Konczal et al., 2015) and in some behavioral traits

(Maiti et al., 2019). An earlier study found no significant

differences in the composition of cecal microbiota between

A and C lines (after 15 generations of selection, when the

swim-induced metabolic rate was about 55% higher in the A

lines than in the C lines; Kohl et al., 2016). However, this

analysis was based on a moderate sample size (N = 48) and

on animals kept in the laboratory and fed with a standard

diet that likely homogenized the cecal microbiota community

and reduced potential variation among lines. Also, with a

further 12 generations of selection, a greater divergence in

metabolism between the lines (84% difference in voluntary

maximum oxygen consumption in generation 27, after which

the selection was relaxed; Supplementary Figure S1) might

afford a greater influence on the gut microbiota. In the wild,

bank vole gut microbiotas are dominated by Bacteroidetes

(approximate range of proportions 35–75%) and Firmicutes

phyla (20–47%), with smaller contributions from Proteobacteria

(2–9%) and Spirochaetes (3–12%) (Lavrinienko et al., 2018,

2020; Brila et al., 2021). The effects of lab-to-field transition on

specific bacterial taxa are difficult to predict, but earlier studies

have observed most consistent differences in the abundance

of phyla Firmicutes, Bacteroidetes, and Proteobacteria between

the gut microbiota of wild and captive animals (multiple

species, McKenzie et al., 2017). Further differentiation may

occur at lower taxonomic levels (Kohl and Dearing, 2014; Leung

et al., 2018). Bank vole gut microbiota is also impacted by

features of the environment, such as exposure to pollution

(Lavrinienko et al., 2020; Brila et al., 2021) but interactive

effects of environmental characteristics and host phenotype (e.g.,

metabolic rate) on microbiota have not been studied.

Here, we use these selection lines to examine the connection

between host metabolic rate and gut microbiota relative to the

environmental context. First, based on earlier studies (Kohl and

Dearing, 2014; McKenzie et al., 2017; Leung et al., 2018), bank

vole gut microbiota was expected to shift in composition and

acquire new species (i.e., an increase in alpha diversity) when

inhabiting a natural environment compared with a laboratory

environment (Hypothesis HI). For the effect of selection on

metabolism, we hypothesized that the differences between

the gut microbiota of the A and C lines should be larger

in the field than that in the laboratory because of stronger

selective pressures in field conditions (Hypothesis HII). This

prediction is based on (a) variation in energy availability and

energy demand (Sadowska et al., 2015; Rudolf et al., 2017)

(e.g., unlimited access to food and low energy demand in the

laboratory, vs. greater energy expenditure associated with for

example, foraging, territory defense, predation avoidance and

breeding in the field), and (b) opportunities for the selection

lines to express intrinsic physiological (Sadowska et al., 2015;

Rudolf et al., 2017; Jaromin et al., 2019; Lipowska et al.,

2020) and/or behavioral differences (Maiti et al., 2019) more

broadly in natural conditions. The differences in diversity and

composition of the gut microbiota would be expected if, for

example, higher locomotory activity and energy requirement

of the A-line voles result in an increased exposure to a larger

variety of microbes associated with different microhabitats

and/or dietary items. Finally, we predicted that these differences

between the selection lines would be especially pronounced in

animals that were born during the experiment and reared in

field conditions (Hypothesis HIII). We hypothesized that the

microbiota of young animals may show a higher degree of

genetic differentiation because individuals reared in the field

conditions could adjust their phenotype already during the

early life when both the gut microbiota and the physiological

phenotype are most malleable.

To address these three hypotheses, we determined the

following: Which components of the gut microbiota are affected

when bank voles that were born and raised in the laboratory

inhabit a natural environment (HI); Whether evolved host

metabolic capacity affects the transition or the eventual diversity

and composition of the gut microbiota in a natural environment

(HII); Whether the effects of evolved high aerobic capacity on

gut microbiota are retained or enhanced in individuals raised in

field conditions (HIII).

Materials and methods

Bank vole

The bank vole (Myodes [Clethrionomys] glareolus) is a small

rodent that inhabits mixed forest habitats in much of Europe

and western Russia (Hutterer et al., 2021). Bank voles have a

diverse diet of different plants, lichens, moss, and fungi as well

as occasional invertebrates (Hansson, 1979).

Bank vole selection lines

In 2000-2001, 320 bank voles were captured in the

Niepolomice Forest (near Kraków, southern Poland) and

maintained in the laboratory for about seven generations,

after which selective breeding was used to create four parallel

selection lines of bank voles that had a significantly higher

aerobic capacity (A lines) than the control line animals

(four parallel C lines) that were not selected for any

specific trait (Sadowska et al., 2008; Jaromin et al., 2019;

Supplementary Figure S1). A similar number of families were

used for breeding in both line types. The A-line voles

were selected for high voluntary maximum rate of oxygen

consumption reached during a standardized swimming test in
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thermoneutral conditions (Sadowska et al., 2008; Jaromin et al.,

2019).

For this study, A- and C-line bank voles of generation

28 of the selection experiment were transported from Poland

to Finland 2 weeks before the start of the experiment. After

the transportation and prior to releasing them to the field

enclosures, the voles were maintained in the laboratory animal

facilities of the University of Jyväskylä and Konnevesi research

station, Finland (see Supplementary materials for details on

standard maintenance conditions). All voles were implanted

with electronic identification microchips (Trovan) with unique

identity numbers to enable recognition of the individuals

throughout the experiment.

Field experiment

All procedures with animals conformed to national

legislation and were approved by an ethical committee

(permit ESAVI/3981/2018).

Voles were released into field enclosures (0.2 ha,

each) located in an old field in Central Finland (see

Supplementary Figure S2B for enclosure map) in the following

two replicate rounds: Eighty-eight voles were released into 11

enclosures in late June 2019 and another 40 voles into 5 of these

enclosures from mid-July 2019 [see Supplementary Figure S2A

and Oksanen et al. (2003) for a description of enclosures]. Each

of the 16 enclosure replicates contained 8 unrelated animals (4

males and 4 females) of either selection line (i.e., each enclosure

contained only A- or C-line voles). Following release, voles

were monitored with Ugglan Special multiple-capture live traps

(Grahnab, Sweden) (20 evenly placed traps per enclosure, each

with sunflower seeds and potato as bait) during weeks 1, 2, and

7 of the experiment (Figure 1). During trapping sessions, each

lasting 2–4 days, traps were checked every 8 h (3 times/day). A

fecal sample was collected (see below) once per trapping session

from each surviving individual. The survival estimates during

the experiment are shown in Supplementary Figure S3.

Bank voles were free to interact within the enclosures, and

most females were apparently gravid by the second capture

session (2 weeks after release). To monitor reproductive output

and to individually mark offspring, all females were returned to

the laboratory at week 2 (Figure 1) where they were housed until

they delivered a litter (or were confirmed not gravid). Females

were maintained singly in standard cages with ad libitum food

(the same rodent pellets used in the animal facilities prior to

release in the field) and water, in rooms with windows to permit

tracking the natural light cycle. Females were observed daily.

On the day of the delivery, offspring were counted, weighed,

and individually marked by distal phalanx removal (to enable

subsequent identification) (Dahlborn et al., 2013). In total, 150

offspring were born to 30 dams, with 61 born to 12 A-line dams

(mean litter size 5.1 ranging from 3 to 7) and 89 born to 18 C-

line dams (mean litter size 4.9 ranging from 3 to 7). Within 3

days of the delivery of the litter, the females were returned to

their original enclosure along with their offspring (following a

standard protocol, Mappes et al., 1995). The surviving offspring

(N = 69) were recaptured for fecal sampling at the end of the

experiment (week 7), by which time the pups had weaned and

were moving independently.

Fecal sample collection and read
processing

Fecal samples were collected from animals at four time

points. The first sampling represented the baseline prior to

release in the field (“week 0”), then field samples were collected

in weeks 1, 2, and 7 (Figure 1). The animals were placed inside

a small (0.75 L) ethanol-cleaned plastic box singly to obtain

a fresh fecal sample. After defecation, the vole was removed,

and the collection box immediately placed in a cooler (4◦C).

The fecal samples were collected using sterile equipment in the

laboratory within 5 h and immediately stored at −20◦C. We

selected a subset of 245 samples for further processing to meet

our objectives of monitoring longitudinal changes in microbiota

and the subsequent microbiota of field-raised offspring (see

Section Statistical analyses below for the sample sizes).

The DNA was extracted from ∼0.1 g feces [homogenized

using a TissueLyser (Qiagen) in 25Hz for 10min] using a

Power Soil pro kit (Qiagen) according to the manufacturer’s

instructions. The DNA with 2 blank (negative control)

samples were sent for paired-end (250 bp) sequencing

at BGI (www.bgi.com/global) on an Illumina MiSeq.

The PCR amplification and library preparation were

performed according to the Earth Microbiome Protocol

(www.earthmicrobiome.org/protocols-and-standards), and the

target region for amplicon sequencing was the V4 region of the

16S rRNA, using the standard primer pair 515F/806R (Caporaso

et al., 2012).

The raw sequence data were cleaned (trimmed according

to quality threshold 30 with Illumina adapters removed)

and demultiplexed by the sequencing center. The blank

samples produced no sequences. The data were processed

with QIIME2 v.2020.6 (Bolyen et al., 2019). The demultiplexed

paired-end reads (26,087,717 read pairs) were joined using

VSEARCH v.2020.6.0 (Rognes et al., 2016) and quality filtered

(using default parameters) and denoised using Deblur v.2020.6.0

(Amir et al., 2017) with the first 19 bp removed from the

beginning of each read (to remove primer sequences) and a

total trim length of 269 bp. This process resulted in 5,348,913

sequences and 7,127 amplicon sequence variants (ASVs) with

an average of 21,744 sequences and 751 ASVs per sample.

Taxonomy was assigned to ASVs using the q2-feature-classifier
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FIGURE 1

Design of experimental study on the e�ect of lab-to-field transition on the gut microbiota of the selection lines of bank voles that di�er in

metabolic capacity. Fecal samples were first collected in the laboratory, after which voles were transferred to the field enclosures for 7 weeks.

The animals were captured alive for fecal sample collection and body mass measurement in weeks 1, 2, and 7. Females were taken to the

laboratory in week 2 to deliver o�spring. Within 3 days of the delivery the family was returned to the field. For the o�spring, fecal samples were

collected only in week 7.

plugin in QIIME2 and SILVA reference database v.138 (Quast

et al., 2013). The ASVs that were not assigned to any bacterial

phyla or were classified as mitochondria or chloroplasts were

removed from the data, after which a midpoint rooted tree was

constructed in QIIME2. The resulting final dataset consisted of

5,344,108 sequences and 7,105 ASVs with an average of 21,724

sequences and 752 ASVs per sample. The data were rarefied to

10,095 reads per sample with no loss of samples.

Statistical analyses

The data were analyzed and visualized using a combination

of QIIME2 v.2020.6 (Bolyen et al., 2019) and R v.4.0.4 (R Core

Team, 2020) packages ggplot2 (Wickham, 2016), lme4 v.1.1-26

(Bates et al., 2015), vegan v.2.5-7 (Oksanen et al., 2020), phyloseq

v.1.34.0 (McMurdie andHolmes, 2013), andmicrobiome v.1.12.0

(Lahti and Shetty, 2017).

First, to test Hypothesis HI, we evaluated the overall effects

of lab-to-field transition on gut microbiota using pooled data

from both selection line types and characterized the differences

between laboratory and field microbiota. For hypothesis HII, we

examined the interactive effects of selection and environment

to determine whether the gut microbiota of the selection lines

respond differently to the change in environment. Here, we also

evaluated the effect of selection on host metabolic capacity on

the composition and diversity of the gut microbiota of bank

voles in laboratory conditions to re-appraise the outcomes of a

previous study on cecal microbiota of bank voles (Kohl et al.,

2016). Finally, for hypothesis HIII, we tested whether there were

differences in the composition and diversity of gut microbiota of

field-reared offspring from the different selection lines.

We performed all microbiota composition analyses on the

following two distinct data sets: (1) Founder animals (i.e., adults

released from the laboratory) and (2) offspring born during

the experiment. The founder data consisted of 198 samples

from 61 individuals (98 and 100 samples from A-line and C-

line voles, respectively). On a few occasions, especially with

young voles, animals failed to produce sufficient feces during

sampling, and thus the sample size for gut microbiota is

smaller than the number of surviving individuals. The offspring

data comprised samples from 47 animals (20 from A-line, 27

from C-line animals) (see Supplementary Table S1 for details on

sample sizes).

Alpha diversity was calculated using Shannon index,

Chao1 estimator and observed number of ASVs. Shapiro–

Wilk normality test (Shapiro and Wilk, 1965) in R was used

to test for normality of the alpha diversity datasets. Nested

ANOVA of the parallel selection line nested within the selection

line type (four lineages within A-line and C-line types, each)

was utilized to compare alpha diversity between the lines. To

account for repeated sampling of the same individuals, linear

mixed-effect models were used with the package lme4 (Bates

et al., 2015) to explain variation in alpha diversity throughout

the experiment. For founders (adult voles), initial explanatory

variables (fixed effects) included in the model to explain alpha

diversity (Shannon, Chao1, observed ASVs) were sex (female,

male), and the main effects and interaction of the selection line

(A, C) and sampling event [weeks 0 (= laboratory), 1, 2, and

7]. We included animal ID (N = 61) nested in the (round-

specific) enclosure replicate (N = 15, one of the replicates

yielded no samples) as random effects. Including parallel lineage

(four A and four C lines) as a random effect caused non-

convergence of the model and was thus excluded. For offspring,
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the model included only the selection line (A, C) as a fixed

effect and mother’s ID (N = 16) as a random effect to account

for possible maternal effects. The relatively small sample size

and unbalanced distribution of offspring among the selection

lines and enclosures prevented us from building more complex

models. The visual inspection of residual plots did not reveal

any clear deviations from homoscedasticity or normality. To

account for multiple testing (performing the analyses using

three different metrics of alpha diversity for the same data

sets), the results are interpreted in light of Bonferroni-corrected

significance threshold (0.05/3): p= 0.017.

Beta diversity was estimated using phyloseq package

v.1.34.0 (McMurdie and Holmes, 2013) in R with several

metrics to capture information on the presence, abundance,

and phylogenetic relatedness of bacteria of the microbial

communities. Therefore, we computed Bray–Curtis dissimilarity

(Bray and Curtis, 1957), unweighted UniFrac, and weighted

UniFrac distances (Lozupone et al., 2011) for each sampling

event (week). We built principal coordinate analysis (PCoA)

plots using phyloseq (McMurdie and Holmes, 2013) to visualize

patterns of sample clustering. To compare beta diversities

between groups, we computed permutational multivariate

analysis of variance (PERMANOVA; 999 permutations) using

the adonis2 function and used the functions betadisper and

permutest to examine potential differences in dispersion among

groups of samples in vegan (Oksanen et al., 2020).

A PERMANOVA was completed for the founder data

for each separate sampling event, with the selection line

(A, C), experimental replicate round (mid- or late summer),

and sex (female, male) used as predictors. For the offspring

data, a PERMANOVA was completed with the selection line

and experimental replicate round as predictors. Conservative

Bonferroni-corrected significance thresholds were determined

for adults across all three tests and four sampling events

(0.05/12) as p= 0.004, and for offspring as p= 0.017.

To examine the change in microbiota during the lab-to-

field transition, we performed longitudinal pairwise-distance

analyses of beta diversity with QIIME2 plugin longitudinal

v.2020.6.0 (Bokulich et al., 2018b) between the samples collected

in the laboratory and in the second week of sampling from the

same individuals. The 2-week period in the field was selected

to represent the field gut microbiota because 2 weeks (rather

than week 1 or 7) was considered sufficient to permit the

microbiota to adjust to a new environment (Leung et al., 2018),

while retaining a larger sample size (N = 49 individuals) and

a comparable time spent in the field for males and females

(Figure 1).

The relative abundances of taxa were visualized using

phyloseq (McMurdie and Holmes, 2013) and statistical

differences between the abundances of each phylum in the

gut microbiota between sampling events were calculated with

a Kruskal–Wallis test applying a Bonferroni correction. A

random forest classifier (QIIME2 plugin q2-sample-classifier;

Bokulich et al., 2018a) reporting the ASVs that best predict

group membership was employed to identify how well the

microbiota could distinguish among the sampling events and

the selection lines. Core microbiota (ASVs present in >50%

of samples) was determined for laboratory and the pooled

field samples using R package microbiome (Lahti and Shetty,

2017).

Results

General environmental e�ects on vole
gut microbiota (selection lines pooled)

In line with our prediction (HI), gut bacterial community

composition of bank voles (both selection lines) housed in

the laboratory differed from the gut microbiota of bank voles

living in the field. We observed a clear differentiation of

the bacterial communities in the laboratory relative to the

field conditions (Figure 2; samples that cluster together on

the PCoA plot indicate more similar bacterial communities

relative to samples that are further apart). This difference

was more notable for unweighted UniFrac (Figure 2A) and

Bray–Curtis metrics (Figure 2C) and less so for weighted

UniFrac (Figure 2B). Out of the 13 bacterial phyla identified

in our samples, Firmicutes and Bacteroidetes dominated the

communities (>90% proportion) throughout the longitudinal

sampling (Supplementary Figure S4), with the transition from

laboratory to field having no significant effect on the relative

abundances of these phyla (effect of sampling events on the

relative abundance of Firmicutes: Kruskal–Wallis, χ2
= 1.7078,

df = 3, p = 0.635; Bacteroidetes: Kruskal–Wallis, χ
2
= 3.665,

df = 3, p = 0.300; see Supplementary Table S4). The next

most abundant bacterial phyla, Desulfobacterota, was also little

impacted by the transition to the field (Kruskal–Wallis, χ
2
=

3.328, df = 3, p = 0.344). By contrast, the phyla Actinobacteria

increased (Kruskal–Wallis, χ
2
= 106.800, df = 3, p < 0.001)

and Patescibacteria decreased in relative abundance in the

field compared with the samples from animals housed in the

laboratory (Kruskal–Wallis, χ
2
= 45.959, df = 3, p < 0.001).

Overall, the core microbiota of bank voles in the laboratory

consisted of 299 ASVs (present inmore than half of the samples),

whereas field samples incorporated 9% fewer core features (274

core ASVs) (Supplementary Table S5).

The random forest classifier provided further support for

the separation of laboratory and field samples based on species

composition of the gut microbiota. The classifier identified

laboratory samples as distinct from all field samples with 100%

accuracy (Supplementary Figure S5; Supplementary Table S6).

The different time points of the field samples were separated at

an accuracy of 70–91%, indicating higher similarity among field

samples than between the lab and the field samples. The three

most important taxa differentiating all sampling events were
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FIGURE 2

Bacterial composition of the founder bank vole gut microbiotas throughout the experiment. PCoA plots for (A) Unweighted UniFrac, (B)

Weighted UniFrac and (C) Bray–Curtis dissimilarity. Dots represent individual samples, colors represent each sampling event and ellipses indicate

95% confidence intervals. Selection lines (A and C line) are pooled for these analyses.

the family Clostridia vadinBB60 group from phyla Firmicutes

(random forest classifier feature importance value = 0.057) and

two different strains of Actinobacteriota (both belonged to the

family Eggerthellaceae, feature importance values of 0.041 and

0.036) (Supplementary Figure S7).

E�ect of evolved metabolic capacity on
gut microbiota

E�ect of evolved metabolic capacity on gut
microbiota of founders in the laboratory

At baseline (in samples collected from voles in the laboratory

prior to release into field enclosures), the diversity of gut (fecal)

microbiota was similar for A-line and C-line founder animals.

Alpha diversity did not differ between the selection line types (A

vs. C) according to any of the indices [nested ANOVA: Shannon

index: selection line type F(1,53) = 0.008, p = 0.929, lineage

nested within the selection line type F(6,53) = 2.645, p = 0.026;

Chao1 index: selection line type F(1,53) = 0.206, p = 0.651,

lineage nested within the selection line type F(6,53) = 2.561, p

= 0.030; observed ASVs: selection line type F(1,53) = 0.107, p

= 0.745, lineage nested within the selection line type F(6,53) =

2.787, p= 0.020].

The A and C lines also had largely overlapped beta diversity

in the laboratory (Figure 4), showing no difference based on

Bray–Curtis dissimilarity [PERMANOVA; selection line (A vs.

C) and sex as explanatory variables; p = 0.203, F = 1.210,

R2 = 0.020] and weighted UniFrac distance (p = 0.224, F

= 1.289, R2 = 0.021). For unweighted UniFrac, there was

a slight but, after Bonferroni–correction, statistically non-

significant difference between the gut microbiota of A- and C-

line animals (p = 0.009, F = 1.478, R2 = 0.024) (for details, see

Supplementary Figure S8). Group dispersions of the microbiota

beta diversity between A and C lines were similar for all groups

(Supplementary Table S8).

E�ect of lab-to-field transition on the diversity
and composition of gut microbiota of A- and
C-line voles

As hypothesized (HII), the selection lines showed slight

differences in response to the transition in the composition of

the bacteria and initial response in diversity. Alpha diversity

of the gut microbiota of A-line voles increased gradually over

time spent in the field (16% increase in ASV count from

laboratory to field week 7) (Figures 3A–C). In contrast, for C-

line voles, we observed a temporary decline in the alpha diversity

from the laboratory to the first sampling event in the field

(Figures 3A–C; significant interaction of the selection line and

sampling event week 1 for Shannon index, Chao1 index and

observed ASV count, Supplementary Figure S3). Thereafter, the

C-line voles’ alpha diversity increased such that by week 7 gut

microbiota alpha diversity exhibited a similar response to the

lab-to-field transition as did the gut microbiota of the A-line

voles (e.g., an ∼16% increase in ASV count from laboratory

to field week 7). Alpha diversity did not differ among sexes

(Supplementary Table S3). Notably, there was substantial inter-

individual variation in alpha diversity at each sampling event

and in the longitudinal patterns of change (Figures 3D–F).

As predicted (HII), we also observed differences in the

response of the microbiota of the selection lines to the change

of environment. In contrast to the similar and not statistically

different microbiota at baseline (see Section Effect of evolved

metabolic capacity on gut microbiota of founders in the

laboratory), in all field sampling events we observed subtle (R2

≤ 0.05), but statistically significant, differences between A and

C lines for unweighted UniFrac distance (at field week 1, p =

0.001, R2 = 0.040; field week 2, p = 0.001, R2 = 0.038; field
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FIGURE 3

Longitudinal changes in bank vole microbiota alpha diversity during the transition from laboratory to field. (A–C) Boxplots for each alpha

diversity index at each sampling points (A line, blue; C line, black). Dots represent individual samples. (D–F) Within- and between-individual

variation in alpha diversity. Colored lines represent di�erent individuals, connecting samples collected from the same individuals at di�erent

times. Black dots represent the mean index of each selection line type within each sampling event.

week 7, p= 0.001, R2 = 0.050) and similar trends for Bray–Curtis

dissimilarity (field week 1, p = 0.002, R2 = 0.044; field week 2,

p = 0.007, R2 = 0.035; field week 7, p = 0.005, R2 = 0.050), but

not for weighted UniFrac (field week 1, p = 0.313, R2 = 0.021;

field week 2, p= 0.617, R2 = 0.012; field week 7, p= 0.358, R2 =

0.029) (PERMANOVA tests controlling for sex and experiment

round, Bonferroni-corrected significance threshold p = 0.004;

see Supplementary Table S8; Figure 4).

Further quantification of the magnitude of change in the

bacterial communities between the laboratory and week 2 in the

field indicated different patterns of change between the selection

lines. Using the Bray–Curtis dissimilarity metric, we observed
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FIGURE 4

PCoA plots of bacterial community composition displaying the longitudinal change in the bank vole gut microbiotas throughout the experiment

for (A–D) Unweighted UniFrac, (E–H) Weighted UniFrac and (I–L) Bray–Curtis dissimilarity. Dots represent individual samples (A line, blue; C line,

black), ellipses indicate 95% confidence intervals.

that the gut microbiota of C line animals changed significantly

more than did the gut microbiota of the A-line animals (Mann–

Whitney, U = 175.0, p = 0.015; Bonferroni-corrected threshold

p = 0.017). In contrast, when using the weighted UniFrac

metric, the change from lab to field was marginally greater for

microbiota of the A-line animals than C-line animals (Mann–

Whitney, U = 410.0, p = 0.024), while there was no difference

between lines using the unweighted UniFrac metric (Mann–

Whitney, U= 316.0, P = 0.710) (Supplementary Figure S6).

Despite the subtle differences in gut microbiota

communities, A- and C-line voles shared the same most

abundant bacterial phyla both in the laboratory and in the field

week 2 (Figure 5). No differences were found in the relative

abundances of the top-5 abundant phyla between A and C

lines in the laboratory nor in the second week in the field

(Supplementary Table S9).

The random forest classifier distinguished between the

A- and C-line gut microbiotas with an overall accuracy of

90% (Supplementary Figure S7; Supplementary Table S10).

The C-line samples were correctly identified with 95%

accuracy, whereas A-line samples were correctly assigned

with slightly lower success (85% accuracy). The three most

important bacterial phyla used to distinguish between the A-

and C-line microbiota were two strains of Campylobacteria

(both family Helicobacteraceae, feature importance values

of 0.032 and 0.027) and one strain of Bacteroidetes

(family Rikenellaceae, feature importance value of 0.020)

(Supplementary Table S11).
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FIGURE 5

Relative abundances of bacterial phyla in the gut microbiotas of the adult bank vole selection lines (A) maintained in the laboratory and (B) after

inhabiting the field enclosures for 2 weeks.

E�ect of selection on the microbiota of
o�spring reared in field conditions

In support of Hypothesis HIII, the microbiota of the

young voles showed similar, but somewhat enhanced, effects

of selection compared with the founder bank voles. The alpha

diversity of the offspring fecal microbiota was slightly higher

in A-line animals compared with the microbiota from C-line

animals (Figure 6; Supplementary Table S12). This difference

in alpha diversity was statistically significant for observed

ASV count and Chao1 index, but not for Shannon index.

The mother’s identity explained a modest proportion of the

variation in alpha diversity (1.2–8.5% difference in marginal vs.

conditional R2, Supplementary Table S12; e.g., for the observed

ASVs: marginal/conditional R2 = 0.127/0.157).

Similarly, the composition of the gut microbiota of

the offspring bank voles differed between A- and C-line

offspring, with slightly more variance in beta diversity explained

(R2) by the selection line than apparent for the founders

(PERMANOVA; experimental round and the selection line

type as explanatory variables; Bonferroni-corrected significance

threshold p = 0.017) for unweighted UniFrac distance (F =

3.15, R2 = 0.063, p = 0.001) and Bray–Curtis dissimilarity

(F = 3.043, R2 = 0.059, p = 0.001) but not for weighted

UniFrac distance (F = 0.839, R2 = 0.017, p = 0.450) (Figure 7;

Supplementary Table S8). There was no significant difference in

group dispersion of beta diversity among offspring of A and C

line (Supplementary Table S8).

Similar to the founder bank voles, the random

forest classifier was able to differentiate A- and C-line

offspring gut microbiotas with and overall accuracy of 90%

(Supplementary Figure S8; Supplementary Table S13). The C-

line samples were correctly assigned in all cases (100% accuracy),

while A-line samples were identified with lower success (75%

accuracy). The three most important phyla used to differentiate

between A- and C-line offspring samples were two strains of

Firmicutes (families Ruminococcaceae, feature importance

value of 0.074; and Lachnospiraceae, feature importance value

of 0.071) and Campilobacterota (family Helicobacteraceae,

feature importance value of 0.062) (Supplementary Table S14).
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FIGURE 6

Diversities of the gut microbiotas of the o�spring bank voles born during the field experiment for (A) Shannon index, (B) Observed ASV count

and (C) Chao1 index. Dots represent individual samples (A line, blue; C line, black).

FIGURE 7

PCoA plots of bacterial community composition of the gut microbiotas from the o�spring bank voles reared in field conditions (blue, A line;

black, C line). (A) Unweighted UniFrac, (B) Weighted UniFrac, (C) Bray–Curtis dissimilarity. Dots represent individual samples and ellipses indicate

95% confidence intervals.

Discussion

Gut microbiota is thought to be a dynamic part of the

holobiont, facilitating the host’s response to a new environment

(Rosenberg and Zilber-Rosenberg, 2018). While the significance

of gut microbiota for energy acquisition is unquestionable,

associations between host metabolic needs and microbiota are

poorly understood in natural environments. Thus, the aim

of this study was to experimentally evaluate the joint effects

of fast metabolism and environmental context in shaping

the gut microbiota using a small mammal as a model. We

accomplished this by combining (1) an experimental evolution

approach to generate the metabolic selection lines, and (2)

a complete environmental change by translocation from the

laboratory to field conditions. In line with findings from earlier

studies, the alpha diversity of the gut bacteria increased and
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the bacterial community composition changed when animals

were transitioned from laboratory into a natural environment.

Evolved high aerobic metabolism had a somewhat larger impact

on the bank vole gut microbiota composition in field conditions

than in the laboratory, suggesting that certain aspects of the

gut bacteria may associate with the host’s metabolic needs in

the different environments. Furthermore, the effect of selection

on gut microbiota tended to be stronger among young voles

reared in field conditions than in voles reared in the laboratory,

likely indicating the importance of the early life environment

on microbiota. Our results complement the previous laboratory

studies but highlight the significance of an ecological context

in host–microbiota interactions and suggest that subtle but

possibly biologically significant interactions occur among host

physiology, gut microbiota, and the environment.

Transition from laboratory to field alters
gut microbiota of adult bank voles

Changes in gut microbiota were largely consistent with

the previous studies comparing gut microbiota of wild vs.

captive or laboratory animals, including the apparent increase

in alpha diversity, moderate change in the core microbiota,

and altered relative abundances of bacterial taxa (McKenzie

et al., 2017; Rosshart et al., 2017; Leung et al., 2018). The gut

microbial communities between laboratory and field differed

clearly in the rarer bacterial lineages and species abundances,

whereas the difference was less evident for the more abundant

lineages. Notably, the proportion of Actinobacteria increased

slightly in field conditions, which is characteristic of the

comparison among wild and captive animals (McKenzie et al.,

2017). Actinobacteria represent a small percentage of the gut

microbiota community, but are considered important for gut

homeostasis and thus host health (Binda et al., 2018). The most

abundant phyla throughout the experiment were Firmicutes and

Bacteroidetes, which is typical for the gut microbiota of bank

voles (Kohl et al., 2016; Lavrinienko et al., 2018; Brila et al.,

2021) and other rodents (Maurice et al., 2015; Lavrinienko et al.,

2021).

Alterations to the gut microbiota likely reflect a major

change in the environmental microbiota and diet experienced

by animals in captive vs. natural conditions. First, the increased

diversity and shifted composition of gut microbiota may be a

consequence of interacting with more diverse environmental

bacteria, as observed in mice exposed to soil with a high

biodiversity (Liddicoat et al., 2020). Second, the diet, which

is considered a key regulator of gut microbiota composition

(den Besten et al., 2013; Carmody et al., 2015; Gentile and

Weir, 2018), tends to be more diverse in the field, especially for

omnivorous species such as the bank vole. In the wild, bank voles

consume grasses, leaves, seeds, fruit, mosses, roots, berries, fungi

and some invertebrates (Hansson, 1979) and a similar diversity

of dietary items is available in the experimental enclosures

(Hämäläinen et al., 2022). A more diverse diet (compared with

the similar rodent pellets fed to voles housed in the laboratory)

likely supports a greater diversity and different communities

of gut bacteria. Additionally, factors such as changes in social

networks (Raulo et al., 2021), pathogen exposure (Leung et al.,

2018), and effect of seasonality (Maurice et al., 2015) may also

contribute to themicrobial alterations associated with natural vs.

captive environments. The relative contributions of such factors

on changes in the microbiota represent interesting topics for

future studies.

Notably, substantial inter- and intra-individual variation

in the gut microbial diversity was apparent throughout the

experiment. Individual voles or their gut microbiota may have

responded differently to the laboratory-to-field transition due

to genetic and behavioral variation. This is expected given the

individual nature of the gut microbiota (Benson et al., 2010)

but has rarely been documented in lab-to-field translocation

studies. Consistent with an increased heterogeneity in field

compared to the laboratory conditions, the smaller number of

ASVs making up the core microbiota in the field than in the

laboratory implies more heterogeneity of gut microbiota among

individuals in the field conditions (fewer shared bacteria) than in

the laboratory.

Selection for high aerobic capacity
shapes gut microbiota in interaction with
the environment

As hypothesized (HII), we found evidence of an interaction

of host physiology and environment on gut microbiota. In

the laboratory, the gut microbiotas of A and C lines were

similar, except for minor differences in microbiota community

membership between the lines. The results thus broadly align

with an earlier study that found no significant differences in

cecal microbiota between the selection lines (Kohl et al., 2016).

The apparently contrasting results on community membership

may reflect our larger sample size, the further physiological

differentiation resulting from an additional 12 generations of

selection, and/or the potentially broader diversity of microbiota

obtained from fecal samples than the more specific environment

of the cecum. In contrast to voles housed in the laboratory,

in field conditions the gut microbiota composition differed

between A- and C-line voles consistently, albeit moderately

(up to 5% difference according to all beta diversity metrics).

An implication of greater effect size of the selection line (R2

in Supplementary Table S8) in unweighted metrics (unweighted

UniFrac, Bray–Curtis) compared with weighted UniFrac (which

incorporates information on relative abundances), indicates that

most of the differences between the selection lines were in
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the less abundant bacterial taxa. The most predictive features

distinguishing A and C lines belonged to genus Helicobacter,

which includes potentially pathogenic species (Péré-Védrenne

et al., 2017), although the pathogenicity of the bacterial strains

identified here is unknown. Overall, the effect of selection may

be stronger in the field conditions because of the physiological

and behavioral differences related to the rate of metabolism. For

example, the higher activity levels and energy needs of A-line

animals (Sadowska et al., 2015; Rudolf et al., 2017) may cause

them to move and interact with the environment more or forage

a larger or different variety of foods (Dheyongera et al., 2016),

compared to the C-line animals. Such behavioral differencesmay

influence, for example, the food intake, diet, and exposure to

(transient) bacteria in the environment, with consequences for

the gut microbiota community composition.

Our results further suggest that the timing or magnitude

of the gut microbiota adjustment to new conditions may be

moderated by host genotype, as the patterns of longitudinal

change in the gut microbiota differed between the selection

lines. Notably, in the first week after the change of environment,

the bacterial diversity of the C-line gut microbiota was lower

compared with the microbiota of the A-line animals, suggesting

that the holobionts’ initial reaction to the environmental change

may have differed. Such a temporary shift is commonly observed

as a result of changing conditions for the microbiota through

diet or direct manipulations via, e.g., microbiota transplants

(Goodrich et al., 2014). While gut microbiota can tolerate some

short-term stress before shifting to a new equilibrium state

(Lozupone et al., 2012; Sommer et al., 2017), physiological

stress (e.g., elevated glucocorticoid hormone levels) caused by

changing conditions may also mediate the effects of ecological

and host characteristics on microbiota (Petrullo et al., 2022).

The larger response in C-line voles might indicate their stronger

initial stress response (and possibly higher stress resilience in

A line voles), although no differences in stress physiology were

observed between the lines in laboratory conditions (Lipowska

et al., 2020). Alternatively, behavioral differences including diet

choice could contribute to this result. While we did not assess

diet variation in this study, our previous research indicates

heterogeneity and a heritable component in bank vole diet

choice (Hämäläinen et al., 2022). In turn, interactions between

host genetics and diet can shape gut microbiota composition

(Shenderov, 2012; Bonder et al., 2016; Lazar et al., 2019).

Interactions between host genetics, environment, and gut

microbiota have rarely been studied in unison (e.g., Lindsay

et al., 2020) but several lines of evidence suggest that such

interactions may be common, albeit difficult to detect. First,

there is strong evidence that host genetic background influences

gut microbiota, as microbiota is partly inherited and coevolves

with the host. Near-universal but weak heritability of microbiota

traits was a feature of a large study of wild baboons, with any

heritability potentially also masked by effects of within-host

changes and environmental variation (Grieneisen et al., 2021).

As such, heritability of microbiota may be difficult to detect

with a small sample size and cross-sectional sampling in natural,

heterogeneous populations that inevitably contain significant

“noise” in the data. Here, longitudinal sampling and knowledge

of host genetic background allowed us to detect differences in

microbiota among the selection lines despite this noise, but it

is possible that further differences are present yet undetectable

with this sample size. Second, inherited gut microbiota can

in turn affect host physiology, such as fat deposition and

metabolism (Goodrich et al., 2014), and in this way influence the

host’s ability to cope with variation in resource availability and

energy demand. Host metabolic rate, in particular, is associated

with gutmicrobiota, although the patternsmay not be consistent

throughout taxa (Lindsay et al., 2020). Interestingly, gut bacterial

load may associate positively with metabolic rate in various taxa

(Bäckhed et al., 2004; Ayayee et al., 2018), whereas metabolic

rate was negatively associated with bacterial diversity in oyster

haemolymph (Scanes et al., 2021). Third, the capacity of gut

microbiota to facilitate local adaptation can have important

fitness consequences for the host. For example, Daphnia tended

to have better survival and fecundity when colonized with a

sympatric than with an allopatric microbiota (Houwenhuyse

et al., 2021). Finally, a range of environmental characteristics

have potential to influence traits of the hosts or microbiota,

with impact on the holobiont because of the host–microbiota

interactions described above.

Reinforced e�ect of selection on
microbiota of field-reared young voles

Our results on the young voles align with our prediction

(HIII) that any differences in gut microbiota between the

selection lines would be larger in voles reared in field

conditions. Compared with the founder voles, their offspring

expressed slightly greater differences in terms of gut bacterial

composition and diversity, with the higher bacterial diversity

in young A-line than in C-line voles being a notable effect.

Interestingly, the A- and C-line offspring gut microbiotas were

distinguished by many of the same bacterial taxa as were used to

distinguish the A- and C-line founder bank voles (such as the

genus Helicobacter) according to the random forest classifier.

The results on young voles should be considered somewhat

preliminary due to the combination of a modest sample size and

cross-sectional sampling, but overall, our data lend additional

support to the conclusion that selection for high aerobic capacity

shaped gut microbiota in field conditions.

The apparent magnified effect of selection in the young voles

compared to the adults could result from the susceptible early

life phase and lifelong exposure to the natural environment

allowing gut microbiota to adjust to the host metabolic

needs more effectively. Amplified effects through the mother

and selective mortality may also contribute to this result.

Importantly, voles developing in the field enclosures were
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exposed to environmental microbiota directly as well as through

their mother’s diet through milk from a very young age. Initial

colonization of the gut microbiota is dependent on vertical

(maternal) and horizontal (environmental) transmission of

microbes and has long-term effects on the host metabolism

(Bordenstein and Theis, 2015; Warne et al., 2019; Lindsay et al.,

2020). The young could express any inherent differences in

activity and diet choice from a young age, possibly allowing

the gut microbiota to adjust in line with their phenotypic

differences, thus leading to more apparent separation. Indeed,

studies in laboratory mice have also demonstrated that host

genotype, the early-life environment and diet interact to shape

microbiota composition (Snijders et al., 2016). Finally, as not all

offspring survived to the end of the experiment, the results may

also be affected by selective mortality. Differential abundance of

gut bacteria has been linked with survival (Akbar et al., 2021;

Worsley et al., 2021). If gut microbiota affected the survival

of young voles, then only the voles with the most appropriate

microbiota (e.g., matching the evolved metabolic needs) would

have been sampled.

Conclusion

This is the first experimental field study of the interactive

effects of host metabolic rate and environmental context on gut

microbiota. Our results suggest a context-specific association

of host metabolism and gut microbiota, likely mediated by

behavioral or physiological modifications by hosts in response to

a changing environment. Future work should further examine

the mechanisms of these observed associations; for example,

by incorporating measures of holobiont fitness, behavioral

and dietary changes of hosts, functional traits of differentially

abundant bacteria, and by establishing causality via microbiota

transplants. Furthermore, future work should quantify the rate

of host metabolism in field conditions, to further examine

whether the differentmicrobiota acquired is linked to differences

inmetabolic rate. Experimental designs that allow distinguishing

host genotype from the environment in an ecologically realistic

setting, as employed in this study, are still rare. Yet, such

combined approaches are vital for deepening our understanding

of the evolution and dynamics of host physiology–microbiome–

environment interactions.
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