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Abstract
Social stress can dramatically influence the health of animals via communication between gut microbiota and the HPA system.
However, this effect has been rarely investigated among different social ranked animals after chronic repeated social encounters.
In this study, we evaluated changes and differences in microbiota among control, dominant, and subordinate male greater longtailed hamsters (Tscherskia triton) over 28 successive days of repeated social encounter. Our results indicated that as compared
with the control group, short-term repeated social encounters significantly altered fecal microbiota of subordinate hamsters, while
chronic repeated social encounters altered colonic mucosa-associated microbiota of both dominant and subordinate hamsters.
Fecal microbiota showed a transition in composition and diversity on day 2 for the subordinate group but on day 4 for the control
and dominant groups under repeated encounters. Compared with their baseline, genus Lactobacillus increased in both dominant
and subordinate groups, while genus Bifidobacterium increased in the subordinate group and genus Adlercreutzia increased in the
dominant group. Our results suggest that chronic repeated social encounter can alter diversity and composition of gut microbiota
of hamsters in both feces and colonic mucosa, but the latter performed better in reflecting the effects of chronic stress on
microbiota in this species. Future studies should focus on elucidating how these microbiota alterations may affect animal
behavior and fitness.
Keywords Dominant-subordinate relationship . Aggressive behavior . Gut microbiota . Microbiota dynamic . Lactobacillus .
Bifidobacterium . Adlercreutzia

Introduction
There are a large number of gut microbes in the digestive
tracts of animals and humans [1]. Growing evidence has
shown that gut microbiota plays vital roles in modulating host
physiology, relating to various aspects such as immune
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development, intestinal homeostasis, brain function, and host
growth [2, 3]. Many gastrointestinal dysfunctions, such as
inflammatory and irritable bowel disease, exhibit comorbidity
with stress-related psychiatric symptoms [4, 5]. The
hypothalamic-pituitary-adrenal (HPA) axis, which regulates
a variety of processes associated with physiological and psychological stressors, has bidirectional communication with the
gut microbiota [6, 7]. Recent studies have revealed a number
of links between microbiota and the pathogenesis of mental
disorders and bowel disease, providing potential strategies and
novel therapeutics for the treatment of these diseases [8].
The establishment of dominant-subordinate relationships
can occur under agonistic social encounter in many species,
which can produce profound impacts on the fitness of animals.
Compared with the dominant individuals, subordinates have
limited food, territory, and confined opportunity of reproduction [9–11]. Many studies have also reported that social rank
altered immune function [12, 13]; establishment of social
dominant-subordinate relationship also causes variations in
hormone and behavior [14, 15]. Stress is common in conflict
between different social ranked animals and mobilizes a broad
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response via the neural and endocrine systems. Despite the
adaptation of short-term stress (for less than a week), chronic
stress (for more than 1 week) may result in glucocorticoid
receptor resistance that interferes with the associated regulation of inflammatory responses [16] and damage brain function [17, 18]. Chronic stress can alter gut permeability and
disrupt the epithelial barrier, affect the gut microbiota composition, and enable opportunistic pathogens to invade and activate related inflammatory responses [19].
The microbial community of animals exhibits more dramatic variations over time due to changes in diet, age, illness,
and medical care [20–23]. Stress-induced microbial disturbances are usually studied based on acute response and rarely
focused on microbial variation over a long time period [24]. In
this study, we used the greater long-tailed hamster (Tscherskia
triton) to evaluate the differences in the diversity of microbiota
as well as the dynamic of microbiota of hamsters during the
establishment of social dominant-subordinate relationship.
The greater long-tailed hamster is a solitary, polygamous rodent species that is widely distributed in the farmland of northern China [25] and displays intense aggressive behaviors
when individuals encounter each other, resulting in the rapid
establishment of a stable dominant-subordinate relationship
[26, 27]. We hypothesized that chronic repeated social encounters would cause significant changes over time in gut
microbiota among different social ranked individuals of the
greater long-tailed hamsters. We assessed dynamic changes of
the gut microbiota of hamsters over time by using fecal samples and the difference of the gut microbiota among treatment
groups by using both fecal and colonic mucosa-associated
samples after chronic repeated social encounters.

Methods

microbiota between different social ranked hamsters, as well
as picture the adaptation of dominant-subordinate relationships, we used fixed pair of hamsters throughout the study.
Thirty-four hamsters were assigned into 17 fixed pairs with
matching body weights (within 10%) and treated with repeated social encounters. The remaining 15 hamsters were
assigned to the control group and treated with empty neutral
arena exposure. A neutral arena box (70 × 50 × 50 cm acrylic
glass) was divided into two equal compartments with a removable opaque partition. The hamsters were introduced into
the box for a 5-min acclimation period, after which the partition was removed and the hamsters were allowed to freely
interact for 5 min, during which time the behavior performance was recorded with a video camera for subsequent analysis (Fig. S1). The neutral arena was cleaned with 10% ethanol solution to eliminate odor and residues after each test.
Both social encounter exposure (social encounter group) and
open-field exposure (control group) were performed at the
start of the dark cycle and finished within 3 h for 28 successive
days. The behavioral frequency and duration of previously
defined patterns [26, 27] were calculated using the
OBSERVER (V5.0; Noldus, NL). These behavior patterns
included aggression behavior (biting, attack, chasing, and
sideways posture), defense (fleeing, threatening, upright posture, and lying on the ground), flank marking (arching back
and rubbing against walls), self-grooming, and sniffing. For
each fixed pair of male hamsters, the individual displaying
significantly higher aggressive behavior was classified as the
dominant animal (winner in social conflict), whereas the other
animal was classified as the subordinate animal (loser in social
conflict). Two pairs of hamsters that were not differentiated
from each other by winner or loser were removed from the
study; fecal and behavior samples from these two-paired hamsters were not included in further analysis.

Experimental Animals

Sample Collection

The male greater long-tailed hamsters (T. triton) used in this
study were obtained from a laboratory breeding stock at the
Institute of Zoology, Chinese Academy of Sciences (CAS).
Adult hamsters (aged at 6 months) were individually housed
in polypropylene cages (27 × 16 × 13 cm) that contained
corncob fragments as bedding. Hamsters were fed a standard
rodent chow and given ad libitum access to water. All cages
were maintained under a reversed long day period (light:dark,
14L:10D) with lights on at 1700 for 1 month prior to the
behavior study. The temperature in the animal rooms was
maintained at 20 ± 2 °C.

Fecal samples from all examined hamsters were collected 6 h
after stress exposure on days 0, 2, 4, 7, 14, 21, and 28.
Hamsters were introduced into a clean cage to collect feces
within 10 min to avoid any additional stress; the fecal boli
were collected immediately and stored at − 80 °C for later
DNA extraction. Not all hamsters produced feces during each
sampling time, thus our sample size here reflected the number
of feces sample that we actually collected. Fecal samples from
the wounded hamsters were not used to avoid pathological
influences. The fecal samples were used for identifying the
differences of microbiota among the control, dominant, and
subordinate groups as well as difference among sampling
time. After a 28-day stress test, hamsters were euthanized with
an abdominal injection of sodium pentobarbital (0.1 mg/10 g
body weight). Colon segments, 0.5 cm length (at 3 cm proximal to the colonic-anal junction), were collected under

Behavioral Procedures
Forty-nine male greater long-tailed hamsters were randomly
divided into two groups. In order to assess alteration of gut
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aseptic conditions. The fat adhered to colon segments were
removed with forceps and colon tissues were gently rinsed 10
times with PBS (phosphate-buffered saline) to remove the
luminal contents. After washing, colon tissues with mucous
layer were placed into sterile tubes and stored at − 80 °C for
DNA extraction. These samples were used to identify the final
differences of colonic mucosa-associated microbiota among
the control, dominant, and subordinate groups after repeated
social encounter for successive 28 days.

16S rRNA Sequencing and Amplicon Analysis
Fecal and mucosal genomic DNA from all samples (0.25 g)
was extracted using a Power Soil DNA Isolation kit (MO BIO
Laboratories) according to the manufacturer’s protocol. DNA
samples were then stored at − 80 °C until further processing.
The V3-V4 region of the bacterial 16S rRNA gene was amplified using a standard primer pair (forward primer, 5′-ACTC
CTACGGGAGGCAGCA-3′; reverse primer, 5′-GGAC
TACHVGGGTWTCTAAT-3′), with the primers containing
adapter and barcode sequences. Colon samples were ground
in liquid nitrogen before DNA extraction, and the V3-V4 region of the bacterial 16S rRNA gene was amplified using the
following primer pair: forward primer, 5′-CADACTCCTAC
G G G A G G C - 3 ′ a n d r e v e r s e p r i m e r , 5 ′ - AT C C
TGTTTGMTMCCCVCRC-3′. PCR amplification was performed with the following thermocycling conditions: an initial
denaturation at 95 °C for 5 min, followed by 15 cycles at 95
°C for 1 min, 50 °C for 1 min, and 72 °C for 1 min, with a final
extension at 72 °C for 7 min. The PCR products from the first
PCR step were purified using VAHTSTM DNA Clean Beads,
and a second round of PCR was then performed in a 40-μL
reaction containing 20 μL 2×Phμsion HS (high fidelity) MM
(master mix), 8 μL ddH2O, 10 μM of each primer, and 10 μL
of PCR products from the first step. The thermocycling conditions for the second round of PCR were as follows: an initial
denaturation at 98 °C for 30 s, followed by 10 cycles at 98 °C
for 10 s, 65 °C for 30 s, and 72 °C for 30 s, with a final
extension at 72 °C for 5 min. Finally, all PCR products were
quantified using Quant-iT™ dsDNA HS (high sensitivity)
Reagent and were pooled together. High-throughput sequencing of bacterial rRNA genes was performed using the purified,
pooled sample using an Illumina HiSeq 2500 platform (2 ×
250 paired ends) at Biomarker Technologies Corporation,
Beijing, China.
The 16S amplicon data were processed using the QIIME
[28] software suite (Quantitative Insight Into Microbial
Ecology, version 1.9.1) according to the tutorial (http://
qiime.org/) and some improved methods. Paired-end reads
were merged using the method from FLASH [29]. The removal of chimera sequences and dereplication were performed
using Usearch 10 [30]. Effective reads from each sample were
retained and clustered into OTUs (operational taxonomic

units) based on a 0.97 sequence similarity according to the
Greengenes database.

Statistical Analysis
The data are presented as means ± SEM. A repeated
measure design was used to analyze behavior data from
social encounter groups and open-field test, and the variables were analyzed using linear mixed model (LMM) to
assess time and group effects. Alpha diversity indices
were calculated in QIIME; four diversity indices
(Shannon diversity index, observed OTU index, phylogenetic diversity index, and Chao1 index) were analyzed to
assess the alpha diversity of the fecal and colonic
mucosa-associated microbiota. The Kruskal-Wallis test
was used to test alpha diversity differences at a single
time point between groups. Repeated measurement design was also used to test for significant differences in
alpha diversity to assess time and group effects.
PERMANOVA (permutational multivariate analysis of
variance) was conducted to test the significance of the
beta diversity using the adonis function in the package
“vegan” in R. Linear discriminant analysis combined
with the Kruskal-Wallis and Wilcox sum-rank test was
performed in the LEfSe analysis [31]. All statistical analyses were conducted using R (version 3.5.2), and significance levels were determined at α = 0.05 and adjusted
by the Bonferroni method when necessary.

Results
Effects of Repeated Social Encounters
on Dominant-subordinate Formation
Each set of paired hamsters rapidly formed a dominant/
subordinate relationship during the initial encounter that was
consistently maintained throughout the experiment period.
Four behavioral patterns showed significant differences between the dominant and subordinate groups (Fig. 1).
Dominant males displayed significantly higher aggression
(Fig. 1a, F1,179 = 245.2, p < 0.001), flank marking (Fig. 1c,
F1,179 = 111.41, p < 0.001), self-grooming (Fig. 1d, F1,179 =
28.69, p < 0.001), and fewer defensive behaviors (Fig. 1b,
F1,179 = 819.44, p < 0.001) than the subordinate males. In
addition, dominant hamsters showed decrease in aggressive
behaviors (Fig. 1a, F9,179 = 13.46, p < 0.001) but increase in
flank marking behaviors over time (Fig. 1c, F9,179 = 4.80, p <
0.001), whereas subordinate hamsters showed decrease in defensive behavior with repeated social encounter treatment
over time (Fig. 1b, F9,179 = 17.11, p < 0.001).

Author's personal copy
Zhao J. et al.
Fig. 1 Agonistic behaviors
displayed by hamsters in social
encounter group over four weeks.
a Aggression frequency, b
defense frequency, c flank
marking frequency, d selfgrooming frequency. Data are
from social encounter group (n =
22, i.e., 11 pairs hamsters) and
control group (n = 15) and presented as mean ± SEM; *P <
0.05, **P < 0.01, ***P < 0.001

Effects of Repeated Social Encounters on Gut
Microbiota Among Dominant, Subordinate,
and Control Groups
Effects on Fecal Microbiota on Day 4
We analyzed four alpha diversity indices at each time point
under chronic repeated social encounter (Table S1). Statistical
differences among groups were found in the Shannon diversity only on day 4. Pairwise test revealed that subordinate
group had significantly lower Shannon index (control vs. subordinate, p = 0.003; dominant vs. subordinate, p = 0.008) on
day 4. The results presented in Fig. 2a showed that observed
OTU in the subordinate hamsters was decrease as compared
with dominant control hamsters. In addition, dominant hamsters shared more OTUs with the control group than with the
subordinate group (Fig. 2a). PERMANOVA analysis based on
the Bray-Curtis distance revealed that repeated social encounter affected the fecal microbiota of hamsters significantly only
on day 4 (Table. S2). The constrained principal coordinates
analysis distinguished the subordinate group from other
groups on day 4 and explained 11.4% of the total variance
(control vs. subordinate, p = 0.003; dominant vs. subordinate,
p = 0.006) (Fig. 2b).
As a whole, at the phylum level, the five most abundant
taxa in the feces of hamsters were Firmicutes (mean 53.55%;
95% CI 46.45–60.64%), Bacteroidetes (mean 40.00%; 95%
CI 33.01–46.98%), Actinobacteria (mean 2.71%; 95% CI
1.45–3.98%), TM7 (mean 2.29%; 95% CI 1.29–3.31%), and
Proteobacteria (mean 0.54%; 95% CI 0.33–0.76%). The relative abundances of these phyla were significantly different
among the three groups on day 4. Repeated social encounters
affected the abundance of three phyla, Actinobacteria (p =
0.0009), TM7 (p = 0.005), and Bacteroidetes (p = 0.01). A

post hoc test revealed that compared with the control group,
the phylum Actinobacteria was significantly enriched in the
subordinate group (control vs. subordinate, p = 0.0006),
whereas this phylum was not significantly enriched in the
dominant group (dominant vs. subordinate, p = 0.07). The
abundance of the phylum TM7 was lower in the subordinate
group than in the control group (p = 0.003), whereas that of
the phylum Bacteroidetes was lower in the subordinate group
compared with the control (p = 0.02) and dominant groups (p
= 0.04).
LEfSe analysis identified the significantly abundant taxa of
the gut microbiota on day 4 (Fig. 2c). At the phylum level,
TM7 was enriched in the control group, Bacteroidetes was
enriched in the dominant group, and Actinobacteria was
enriched in the subordinate group. Eight clades (class
Actinobacteria, class Coriobacteriia, order Coriobacteriales,
order Bifidobacteriales, family Coriobacteriaceae, family
Bifidobacteriaceae, genus Adlercreutzia, and genus
Bifidobacterium) belonging to the phylum Actinobacteria
and 6 clades (class Bacilli, class Chloroplast, order
Streptophyta, order Lactobacillales, family
Lactobacillaceae, and genus Lactobacillus) belonging to the
phylum Firmicutes were observed to be enriched in the subordinate group, whereas the abundances of 10 bacterial taxa
belonging to the phyla TM7, Bacteroidetes, and Firmicutes
were decreased in the subordinate group (Fig. 2c–sd).
Effects on Colonic Mucosa-Associated Microbiota
In assessments of the colonic mucosa-associated microbiota at
the end of the social encounter experiment, no significant
differences in the alpha diversity of colonic mucosaassociated microbiota were observed among the control, dominant, and subordinate groups (all p > 0.05 for Shannon,
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Fig. 2 Difference in diversity and composition of fecal microbiota among
control, dominant, and subordinate groups on day 4. a Observed OTUs of
three groups were shown in boxplot on the top left. Upset plot showing
overlap OTUs among control, dominant, and subordinate. The bar chart
on the bottom left indicates the total number of OTUs for each group.
Numbers of OTUs shared among different groups are indicated in the
upper bar chart; dark connected dots on the bottom chart indicate which
groups are considered for each intersection. b Constrained PCoA plot
based on the Bray-Curtis dissimilarity matrix at OTU level depicts the
beta diversity of microbiota, black dots represent control group, blue

dominant, and red subordinate. (n = 11 in control group, 8 in dominant
group, and 10 in subordinate group; 11.4% of variance was explained, p <
0.001). c Bar chart showing the LDA effect size scores of taxa that differentially abundant among three groups. d LEfSe (Linear discriminant
analysis Effect Size) was used to investigate bacterial differences in taxa
between samples of control, dominant, and subordinate hamsters.
Cladograms chart indicates enriched bacterial taxa associated with different samples of groups; only taxa with an LDA significant threshold > 2.5
are presented (n = 11, 10, 12 in control, dominant, and subordinate group
respectively; all data are presented as mean ± SEM)

Chao1, observed OTU, and phylogenetic diversity index).
However, the beta diversity showed significant dissimilarity
in microbiota composition among the three groups (Fig. 3a).
The results of the PERMANOVA analysis revealed that there
were significant differences in the colonic mucosa-associated
microbiota between the control and dominant or subordinate
groups (control vs. dominant, p = 0.015; control vs. subordinate, p = 0.003), whereas no significant differences were observed between the dominant and subordinate groups (p =
0.62).
The top five most abundant phyla in the colonic mucosaassociated microbiota were Firmicutes (mean 62.98%; 95%
CI 59.28–66.69%), Bacteroidetes (mean 19.80%; 95% CI

15.84–23.77%), Proteobacteria (mean 7.26%; 95% CI
5.06–9.45%), Spirochaetes (mean 4.87 %; 95% CI, 2.96–
6.77%), and Tenericutes (mean 2.03%; 95% CI 1.44–2.62%)
(Fig. 3b). For phyla with lower abundances, Actinobacteria
was significantly decreased in both the dominant and subordinate groups (control vs. dominant, p = 0.002; control vs.
subordinate, p = 0.005). The results of the LEfSE analysis
showed that compared with the control group, the abundances
of six taxonomic clades in the dominant group (phylum
Actinobacteria, class Brachyspirae, class Erysipelotrichi,
class Gammaproteobacteria, order Bacillales, and family
Christensenellaceae) were lower, whereas the abundance of
the family Veillonellaceae was higher (Fig. 3c). Compared
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Fig. 3 Difference of the colonic mucosa-associated microbiota among
control, dominant, and subordinate groups at the end of paired social
encounters. a Constrained PCoA plot descripts the community dissimilarity among control, dominant, and subordinate groups (n = 15 in control, dominant, and subordinate, 6.3% of variance was explained, p <
0.01). b Stacked bar chart presents the relative abundance of colonic

mucosal microbiota at phylum level. c and d Histograms show the
LDA scores computed for features differentially abundant between control and dominant or subordinate group, only taxa with an LDA significant threshold > 2.5 are presented (n = 15, 15, 15 in control, dominant,
and subordinate respectively)

with the control group, the abundances of five clades of taxa
(phylum Actinobacteria, class Brachyspirae, class
Gammaproteobacteria, class Erysipelotrichi, family
Christensenellaceae) were lower in the subordinate group,
while the abundances of three clades of taxa (family
Odoribacteraceae, family Veillonellaceae, and genus
Ruminococcus) were higher (Fig. 3d).

group, because the transition started on day 4 (Fig. 4a), the
fecal microbiota from days 0 and 2 and from days 4, 7, 14, 21,
and 28 were classified into pre- and post-transition periods
respectively (Fig. 4d). We assessed four alpha diversity indices (Shannon index, chao1 index, observed OTU, and phylogenetic diversity index) in the fecal samples, and our results
revealed that the four alpha diversity indices followed similar
trends as the variation in beta diversity (Fig. 5). The transition
period exhibited effects with respect to all of the assayed alpha
diversity indices (Shannon diversity, F1,257 = 115.39, p <
0.0001; Chao1 index, F1,257 = 19.38, p < 0.0001; observed
OTUs, F1,257 = 37.26, p < 0.0001; phylogenetic diversity index, F1,257 = 54.35, p < 0.0001), whereas no effects of the
group and group × time interaction were observed for with
respect to the alpha diversity indices (p > 0.05 in four indices).
Repeated social encounter altered the abundances of several taxa at the genus level during the process of microbiota
transition. We assessed the variations in relative abundance
at the genus level using an LMM and observed no effects
for the group or group × time interactions. We observed an
effect of sampling time for the top five most abundant genera

Effects of Chronic Repeated Social Encounters
on Temporal Change of Gut Microbiota
We observed a significant effect of sampling time (F = 7.65, p
< 0.0001) and group (F = 3.65, p < 0.0001) on the fecal
microbiota by using the PERMANOVA analysis. The results
also revealed two distinct transition patterns in fecal microbiota for the control, dominant, and subordinate groups (Fig.
4a). For the control and dominant groups, the fecal bacterial
microbiota showed a transition on day 7 (Fig. 4a). Thus, day 0,
2, and 4 samples were classified as the pre-transition cluster,
whereas those from days 7, 14, 21, and 28 were clustered into
the post-transition cluster (Fig. 4b–c). For the subordinate
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Fig. 4 Transition of microbiota in hamsters under chronic repeated social
encounter. a Heat map represents the significance of beta diversity
between sampling time point of control, dominant, and subordinate
group. b–d Microbiota shifts of control, dominant, and subordinate
group over time was presented with constrained PCoA plot based on
the Bray-Curtis dissimilarity matrix at OTU level, and clearly separated

by time in the first axis. (Data was from 267 fecal samples, sample size on
days 0, 2, 4, 7, 14, 21, and 28 was 12, 11, 11, 13, 14, 9, and 14 for control
group; 13, 12, 10, 14, 14, 13, and 14 for the dominant group; 12, 12, 12,
13, 14, 15, and 15 for the subordinate group, *P < 0.05, **P < 0.01, ***P
< 0.001)

(Table S3), including Adlercreutzia (F1,257 = 10.67, p =
0.0012), Bifidobacterium (F1,257 = 10.67, p = 0.00019),
Lactobacillus (F1,257 = 45.09, p < 0.0001), Oscillospira
(F1,257 = 9.10, p = 0.0029), and Clostridium (F1,257 = 21.08,
p < 0.0001). Notably, the genera Bifidobacterium,
Lactobacillus, and Adlercreutzia were also observed to be
enriched in the feces of the subordinate group on day 4 (Fig.
S2). A significantly higher abundance of Lactobacillus abundance was observed in all three groups during the posttransition period (Fig. 6a). In addition, we observed that the
relative abundance of the genus Bifidobacterium increased
during the post-transition period compared with the pretransition period in the subordinate group (Fig. 6b), while that
of the genus Adlercreutzia significantly increased in the dominant group (Fig. 6c).

[32, 33]. Exposure to a stressor has been shown to affect the
gut microbiota composition of laboratory animals. Under six
2-h cycles of social disruption, the cecum content of mice
exhibited significant changes in bacterial abundances [34].
Katherine et al. showed that the fecal microbiota of Syrian
hamsters was significantly altered after acute and repeated
social stress but failed to display alterations among socially
defeated individuals and home cage control conspecifics [24].
In this study, we observed that the composition of the fecal
microbiota in subordinate hamsters was significantly different
from that of the dominant and control groups on day 4, and
transition of gut microbiota on day 4 for subordinate group
and day 7 for the control and dominant groups. For the colonic
mucosa-associated microbiota, there was a significant difference of gut microbiota among control, dominant, and subordinate groups after chronic repeated social encounters for 28
successive days.
The intestinal mucosal surface is a barrier that protects
against pathogens and harmful substances due to the presence
of peptides, cytokines, and immune cells [35, 36]. Microbial
interactions with the intestinal mucosal surface are crucial to
activate appropriate innate or adaptive immune responses in
the mammalian intestine [37]. Chronic stress is able to cause

Discussion
The gut-brain axis has long been reported to regulate stressassociated responses, and the microbiota that reside in the
intestines possess the ability to manipulate this axis during
stress conditions triggered by social or non-social stimuli
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Fig. 5 Effects of chronic repeated encounters on alpha diversity of fecal
microbiota of control, dominant, and subordinate groups. Four alpha
diversity indices (Shannon index, Chao1 index, observed OTUs, and
phylogenetic diversity index) are shown by bar plot; red and blue bar

represent pre- and post-transition period (sample size is shown in figure
4; all data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P <
0.001)

epithelial mitochondrial damage and barrier dysfunction in the
rat colon [38], which may contribute to the exacerbation of
gastrointestinal disorders. Galley et al. showed that a single 2h exposure to social stress in mice was enough to alter the
colonic mucosa-associated microbial community [39]. In this
study, we observed that chronic repeated social encounter significantly altered the structure of the colonic mucosaassociated microbiota in the dominant and subordinate hamsters compared with the control animals (Fig. 3a). Fecal

microbiota did not show significant difference between control group and social encounter group under chronic social
encounters (Table S2), suggesting that colonic mucosaassociated microbiota was more suitable than fecal microbiota
in reflecting the chronic stress suffered by repeated social
encounters between paired hamsters. The abundances of the
classes Actinobacteria, Brachyspirae, Gammaproteobacteria,
and Erysipelotrichi decreased in both the dominant and subordinate groups (Figs. 3c–d and S3). Members of the genus
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Fig. 6 Effects of chronic repeated
encounters on relative abundance
of genus Lactobacillus,
Bifidobacterium, and
Adlercreutzia in control,
dominant, and subordinate groups
respectively. a–c Comparison of
red and blue bar represent preand post-transition microbiota
clusters. All data are presented as
mean ± SEM (*P < 0.05, **P <
0.01, ***P < 0.001)

Bifidobacterium from the class Actinobacteria are known to
have probiotic functions [40], and those of the genus
Allobaculum from class Erysipelotrichi can produce shortchain fatty acids (SCFAs) [41]. Ravussin et al. reported that
mice fed a high-fat diet have fewer Allobaculum OTUs [42],
and our findings indicated that chronic repeated social encounters caused a decrease in the abundances of the class
Actinobacteria and genus Allobaculum. However, the classes
Brachyspirae and Gammaproteobacteria are thought to harbor various pathogens of animals, including humans [43, 44],
and decreases in the abundances of these taxa may be caused
by the enhanced immune response under chronic social encounter. A higher abundance of the family Veillonellaceae was
observed in patients with cognition impairment [45] or liver
cirrhosis [46]. In this study, the family Veillonellaceae was
enriched in both the dominant and subordinate groups.
Genus Odoribacter is known butyrate producers, an increased
abundance of Odoribacter was previously observed in mice
with despair behaviors [47]. The genus Ruminococcus is common in the human and murine gut and may play roles in
decomposing plant cell walls [48]. Interestingly, a reduction
of this genus was observed in cancer patients [49], whereas an
increased abundance of this genus was observed in memoryimpaired mice [50]. In this study, we observed that the genera
Odoribacter and Ruminococcus were also enriched in the subordinate group.
Most previous studies have focused on the alterations in
the gut microbiota profiles of defeated individuals but ignored the transition as well as the resistance and resilience
of the microbial community. In this study, we demonstrated
that exposure to repeated chronic social stress affected the
temporal patterns of gut microbiota in fecal samples. The
results of the temporal analysis revealed that the fecal

microbial community of the subordinate group showed a
transition on day 4, while the dominant group showed transitions on day 7, indicating that the social defeat stress may
accelerate the transition of the microbiota structure in the
subordinate hamsters (Fig. 4). After day 7, the alpha and
beta diversity were consistent until day 28 (Fig. 4 and Fig.
5). Our results suggest that gut microbiota in fecal samples
is suitable to reflect difference of gut microbiota in shortterm period, and the temporal changes of gut microbiota,
but it is less sensitive than colonic mucosal microbiota in
reflecting the difference among treatment groups under the
chronic repeated social encounters.
Paired male hamsters rapidly formed a stable social
relationship, aggressive and defending behavior decreased over repeated social encounter, whereas the flank
marking behavior showed an increase (Fig. 1). These
observations are consistent with our previous studies on
this species [26, 51]. Based on our results (Fig. 1), dominant hamsters exhibited more chasing behavior, while
subordinate hamsters exhibited more fleeing behavior after a 1-week intense conflict. Scent rubbing was previously shown to be associated with social status advertisement, which can be assessed by subordinate individuals
to reduce agonistic costs [52]. Hormones released by
HPA system are able to interact with gut microbiota in
colon under stress conditions [53], while corticosteroid
will decline after a dramatic increase during the initial
stage [54]. Fewer agonistic social interactions with correspondingly weaker HPA axis response in hamsters
might explain the shifts of gut microbiota in our study.
It is notable that, although the control hamsters were
placed into the central arena with no conspecifics, gut
microbiota of the control hamsters also changed over
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time. Our results suggested that chronic repeated treatment of unfamiliar environment (as well as handling by
people) during the experimental periods also impacted
the gut microbiota of rodents. The experimental operation or handling by researchers might impose stress on
animals [55], which may explain the temporal change of
gut microbiota of control hamsters. Our results suggest
that experimental stress need to be taken into consideration when investigating temporal changes of gut
microbiota.
Lactobacillus and Bifidobacterium are two major probiotic bacterial genera that have been well studied in mammalian
microbiota [56]. Probiotics are believed to provide health benefits to hosts by promoting protection of the intestinal barrier
function, modulation of the immune response, and resistance
to pathogen invasion [56, 57]. Alterations in the relative abundances of these two genera were observed in stress-induced
laboratory animals in previous studies. For example, social
stressor treatment reduced the relative abundance of
Lactobacillus in the mucosa-associated microbiota after a social stressor [39], resulting in the translocation of
Lactobacillus to the spleen [58]. However, social disruption
stressor did not significantly affect the relative abundance of
Lactobacillus in the cecal microbiota [34]. In non-social
stressor exposure, such as restraint stress, a reduction of
Bifidobacterium was also observed [59]. Probiotic treatment
has been known to alleviate behavioral disorders, and a mixture of Lactobacillus and Bifidobacterium strains was shown
to reduce depression-like behavior in SD rats after a forced
swim test [60]. In addition, Lactobacillus helveticus Ns8 attenuated the anxiety-like behavior induced by chronic restraint
stress in Sprague-Dawley rats [61]. Furthermore,
Bifidobacteria strains can reduce anxiety-related behaviors
in innately anxious BALB/c mice [62]. Thus, there has been
good evidence that Lactobacillus and Bifidobacterium possess
the ability to regulate host behavior, i.e., by reducing anxietylike or depressive behavior. However, in a clinical study, an
increased proportion of Lactobacillus and Bifidobacterium
was also observed in patients with irritable bowel disease
[63]. In this study, we observed an increase in the genera
Lactobacillus, Bifidobacterium, and Adlercreutzia in the subordinate group on day 4 (Fig. S3), but not in later sampling
time points, which suggesting that these genera may be potential biomarker for only short-term social stress. The fecal bacteria dynamic of control hamsters was similar to social encounter hamsters (Fig. 6), it was likely that stress from conspecifics was similar to that from experiment operation.
However, the microbial community in colonic mucosaassociated microbiota was quite different from fecal microbiota; the Bifidobacterium decreased in colonic mucosaassociated microbiota of subordinate hamsters (Fig. 3d), giving the evidence that stress response of gut microbiota varies
among different position of colon. Increase trend of

Lactobacillus was also reported in cecum content of social
defeated mice [64]. The genus Adlercreutzia contains a single
species, A. equolifaciens, and Maruo et al. first reported that
this bacterium is capable of producing equol in the human gut
[65]. Strains from the genera Lactobacillus and
Bifidobacterium are also able to biotransform isoflavones to
equol [66], which is believed to have health benefits, such as
inhibiting bone loss and potentially lowering the risk of cancer
[67, 68]. According to the results of an in vivo experiment,
equol can also inhibit the prostate and prevent dihydrotestosterone from binding the androgen receptor in male SD rats
[69]. Thus, chronic social encounters are likely to impose
stress on male greater long-tailed hamsters that result in enrichment of equol-producing bacteria and inhibit the reproduction of the host through the production of excess equol.
Host and commensal microbiota co-evolved over millions of
years, maintaining beneficial interaction is essential for survival of both [70], specific bacteria are involved in
complementing host biology under changing conditions
[71]. Future studies are necessary to evaluate the effects of
gut microbes on the behavior and fitness of these hamsters.
On the other hand, relative abundance and absolute abundance
do not always coincide [72]; future studies comparing the
changes of both relative and absolute abundance are essential
to explicitly demonstrate the function of specific bacterial
taxa.
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