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Gut microbiota is associated with the effect 
of photoperiod on seasonal breeding in male 
Brandt’s voles (Lasiopodomys brandtii)
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Abstract 

Background:  Seasonal breeding in mammals has been widely recognized to be regulated by photoperiod, but the 
association of gut microbiota with photoperiodic regulation of seasonal breeding has never been investigated.

Results:  In this study, we investigated the association of gut microbiota with photoperiod-induced reproduction in 
male Brandt’s voles (Lasiopodomys brandtii) through a long-day and short-day photoperiod manipulation experiment 
and fecal microbiota transplantation (FMT) experiment. We found photoperiod significantly altered reproductive 
hormone and gene expression levels, and gut microbiota of voles. Specific gut microbes were significantly associated 
with the reproductive hormones and genes of voles during photoperiod acclimation. Transplantation of gut microbes 
into recipient voles induced similar changes in three hormones (melatonin, follicle-stimulating hormone, and lutein-
izing hormone) and three genes (hypothalamic Kiss-1, testicular Dio3, and Dio2/Dio3 ratio) to those in long-day and 
short-day photoperiod donor voles and altered circadian rhythm peaks of recipient voles.

Conclusions:  Our study firstly revealed the association of gut microbiota with photoperiodic regulation of seasonal 
breeding through the HPG axis, melatonin, and Kisspeptin/GPR54 system. Our results may have significant implica-
tions for pest control, livestock animal breeding, and human health management.
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Introduction
Seasonal breeding is a well-known phenomenon wherein 
organisms adapt to fluctuations in environmental condi-
tions to improve the survival of offspring [1]. Changes 
in photoperiods have been widely recognized as a criti-
cal factor in controlling the seasonal breeding of animals 
[2], primarily through the hypothalamic-pituitary-gonad 
(HPG) axis [3]. Melatonin (MT) secreted by the pineal 
gland at night [4] regulates the release of hypothalamic 

gonadotropin-releasing hormone (GnRH) [5], which 
in turn induces secretion of luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) from the ante-
rior pituitary [6], thereby stimulating growth of gonadal 
steroids (such as testosterone; T) secretion. In addition, 
several genes have been identified to regulate seasonal 
breeding in mammals through association with the HPG 
axis, such as iodothyronine deiodinase 2 (Dio2), iodothy-
ronine deiodinase 3 (Dio3), Kisspeptin-1 (Kiss-1), G-pro-
tein-coupled receptor 54 (GPR54), a gene which encodes 
gonadotropin-releasing hormone (GnRH), and RFamide-
related peptide 3 (Rfrp-3) [7–10]. The gene stimulated by 
retinoic acid 8 (Stra8), mainly expressed in spermatogo-
nia, is necessary for entering meiosis [11], and its expres-
sion level reflects the degree of testis development [12]. 
Moreover, photoperiod also plays a vital role in regulating 
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aggressive behavior in rodents. Classical neuroendocrine 
studies have suggested that testosterone and estradiol 
can directly regulate aggressive behavior in rodents [13], 
especially under short photoperiod [14].

Gut microbiota is composed of bacteria, fungi, proto-
zoa, and archaea in the gastrointestinal tract, and their 
interactions with the host have been extensively investi-
gated [15]. Gut microbiota is involved in many behavioral 
and physiological processes of the host [16, 17], including 
aggressive behavior [14], the secretion of reproductive 
hormones (such as T and MT) [18–20], spermatogenesis 
[21], and physiological metabolism [22, 23]. Dysbiosis 
of the microbial communities has been associated with 
male infertility in humans [24]. Variation in gut micro-
biota can be affected by both the host’s internal factors 
(e.g., reproductive hormones and sex) [18, 25, 26] and 
external factors (e.g., diet and housing density) [27–29]. 
A few previous studies have suggested that photoperiod 
could change the composition of gut microbes in small 
rodents [14, 30]. Ren et  al. (2020) found that the rela-
tive abundance of Ruminococcaceae is increased in Sibe-
rian hamsters (Phodopus sungorus) housed in short-day 
photoperiod condition [14]. Shor et al. (2020) found that 
long-day photoperiod significantly increases the rela-
tive abundance of Lachnospira but decreases the relative 
abundance of Sharpea in Siberian hamsters, as compared 
to short-day photoperiod [30]. Photoperiod can regulate 
the secretion of melatonin [31, 32]. Melatonin supple-
mentation can increase the relative abundance of Lacto-
bacillus [33, 34]. The pineal gland may be responsible for 
changes in gut microbiota [30]. Given this, we speculate 
that gut microbes may play a significant role in regulating 
the reproduction of hosts for adapting to the changing 
environment, but such studies are still lacking.

Brandt’s voles (Lasiopodomys brandtii) are a small 
herbivore species, which are widely distributed in the 
steppe grassland of the Mongolia plateau. They are typi-
cal seasonal breeders, with 2–4  litters per year and a 
breeding season from spring to autumn [35]. Brandt’s 
voles are key prey of many predators in the grassland 
[35, 36]. They dig and build complex burrow systems, 
which transfer fresh deep soil material to the surface and 
then accelerate nitrogen–carbon cycle of the grassland. 
Their underground tunnels provide nests or shelters for 
many invertebrate species, such as beetles and centi-
pedes. Thus, they are keystone species in typical steppe 
for maintaining biodiversity and ecosystem function 
in a grassland ecosystem. Their annual population den-
sity oscillates greatly driven by both intrinsic (density-
dependence) [37, 38] and external factors (rainfall and 
livestock grazing) [35, 39], and high-density population 
would cause damage to pastures [40]. It has been demon-
strated that photoperiod affects the seasonal breeding of 

Brandt’s voles by regulating hypothalamic reproduction 
genes [2]. The peak of gonadal circadian rhythm in wild 
adult male voles appears around the summer solstice and 
is associated with changes in age structure [2].

Given the key role of photoperiod in regulating repro-
ductive hormones [1–6] and some independent find-
ings on the association of photoperiod with microbiota 
[30] and the association of microbiota with reproductive 
hormones [18–21, 41], our study aimed to investigate the 
association of the gut microbiota with photoperiodic reg-
ulation of seasonal breeding of Brandt’s voles. This may 
help us to better understand the mechanisms beneath 
population regulation and propose suitable management 
strategies for this species. We hypothesize that photoper-
iod may affect seasonal breeding by adjusting the compo-
sition of gut microbiota. We expect that (1) as compared 
to long-day (LD) photoperiod, short-day (SD) photoper-
iod reduces reproduction performance as characterized 
by a decrease in weight of reproductive organs (testis and 
epididymis), levels of serum hormones (FSH, LH, and T), 
hypothalamic genes (Dio2, Rfrp-3, and Kiss-1), and tes-
ticular genes (Dio2, Kiss-1, and GPR54), but increase in 
levels of serum hormone (MT) and testicular genes (Dio3 
and Stra8), and aggressive behavior, as demonstrated in 
various species [14, 42, 43]; (2) there is a significant dif-
ference in the composition of gut microbiota between 
SD and LD voles, which is associated with reproduction 
performance; and (3) implantation of specific gut micro-
biota into recipient voles can trigger similar photoperiod-
induced changes in the performance of reproduction and 
behavior compared with those in SD and LD donor voles.

Materials and methods
Experimental animals
Adult male Brandt’s voles (2–3 months of age) were 
group-housed (2 individuals/cage) in polycarbonate 
cages (30 × 15 × 20 cm) at a room temperature of 23 ± 
1°C under a long-day condition (light: dark = 14h: 10h) 
with free access to food (standard rabbit pellets, Beijing 
KeAo Bioscience Co.) and water in a breeding colony. All 
operations and procedures for animal raising and han-
dling were conducted in line with guidelines of  the Ani-
mal Care and Use Committee of the Institute of Zoology, 
Chinese Academy of Sciences. 

Experiment 1
Experiment 1 (i.e., the  photoperiod experiment) was 
designed to test how physiological phenotypes, behav-
ior, and gut microbiota of Brandt’s voles respond to 
LD and SD photoperiod treatments (Fig. 1a), aiming to 
test the first and second predictions. Twenty-four adult 
male voles were randomly divided into two groups (LD 
and SD groups; n = 12 per group). During the first 1 
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week (week 0), all voles were reared under a photo-
period of 14L: 10D prior to the start of the experiment. 
After 1 week of the adaptation period, voles in the LD 
and SD groups were transferred to and kept under a 
long-day condition (LD, light: dark = 16h: 8h) and 
short-day condition (SD, light: dark = 8h: 16h) for next 
8 weeks, respectively. They were both kept in a room 
with a temperature of 23 ± 1°C, a light intensity of 
200–300 lux, and a relative humidity of 55 ± 5%. The 
work flow of Experiment 1 was shown in Fig. 1c. Dur-
ing the photoperiod experiment, we measured body 
mass on the last day of every week and food intake on 
the last 2 days of every week. We measured aggressive 

behavior (from 08:00 to 10:00 a.m.) on the last day of 
every 2 weeks by using video cameras. On the last day 
of the experiment (week 8), we measured the locomo-
tion behavior (representing the circadian rhythm) from 
11:00 a.m. to the next 11:00 a.m. (24 h). We collected 
fecal samples (from 10:00 to 12:00 a.m.) on the last day 
of every 2 weeks. Fresh feces used for the fecal micro-
biota transplantation (FMT) experiment were collected 
on the last day of week 8. After the photoperiod experi-
ment, voles were anesthetized and decapitated within 2 
h to obtain fresh blood, hypothalamus, bilateral testes, 
and bilateral epididymis. Bilateral testis and epididymis 
were weighed. Centrifuged serum and tissues were 
placed at −80°C for further analysis (Fig. 1c).

Fig. 1  Overview of experimental design using Brandt’s voles. a Schematic diagram of photoperiod experiment. LD, long-day photoperiod (16L: 
8D); SD, short-day photoperiod (8L: 16D). b Schematic diagram of FMT experiment. Con, recipients with saline; Ab, recipients with antibiotic; F-LD, 
recipients with LD-exposed microbiota; F-SD, recipients with SD-exposed microbiota. c Timeline of data collection for Experiment 1. d Timeline of 
data collection for Experiment 2. All measurements in Experiment 2 (corresponding to those as directed by up-arrows) were the same as those in 
Experiment 1. BM, body mass
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Experiment 2
Experiment 2 (i.e., the FMT experiment) was conducted 
to investigate the changes and associations of physiologi-
cal phenotypes, behavior, and gut microbiota in recipient 
voles after microbiota transplantation from LD- and SD-
photoperiod donor voles (Fig. 1b), aiming to test the third 
prediction. The work flow for Experiment 2 was shown in 
Fig. 1d. Donor voles were from the LD and SD groups (n 
= 12 for each group) at week 8. The feces (100 mg) from 
donors were dissolved in 2-mL sterile 0.9% saline and fully 
mixed. The supernatant was centrifuged (500 g, 1 min) 
to prepare a bacterial suspension. Forty-eight adult male 
voles were randomly divided into four groups (n = 12 for 
each group): a control group which received 200 μL sterile 
0.9% saline by gavage all the time (Con), three groups in 
which voles were transplanted with 200 μL sterile saline 
(Ab), 200 μL LD-exposed microbiota (F-LD), and 200 μL 
SD-exposed microbiota (F-SD) for 8 weeks (from week 
0 to week 8, twice a week, Fig. 1d) after successive 7-day 
administration of 200 μL antibiotics (50 μg/mL strepto-
mycin, 100 μg/mL neomycin, and 100 U/mL penicillin; 
Sigma, Germany) via intragastric gavage from week −1 
to week 0 (Fig.  1d), respectively. Voles were reared in a 
room with a temperature of 23 ± 1°C, a photoperiod of 
14L: 10D, a light intensity of 200–300 lux, and a relative 
humidity of 55 ± 5%. During week 0 to week 8, the work 
flow and all measurements on body mass, food intake, 
behaviors, feces, tissues, and blood for Experiment 2 
(Fig. 1d) were the same as those of Experiment 1 (Fig. 1c).

Body mass and food intake measurement
During the acclimation period of both Experiment 1 and 
Experiment 2, all voles were weighed at 09:00 a.m. on 
the last day of every week by using an electronic balance 
(Sartorius Model BL 1500, precision 0.1g). We measured 
the food intake of each cage on the last 2 days of every 
week. We provided voles in each cage with 50 g of stand-
ard rabbit pellets at 10:00 a.m., and the remaining food 
was collected and weighed after 48 h (Fig.  1c, d). Food 
intake (g) of two voles per cage was calculated by sub-
tracting the weight of unconsumed food from the initial 
food weight. After food intake measurement, all left food 
fragments were removed and replaced with fresh food.

Behavior measurement
We used video cameras (Canon, LEGRIA HF-806) to 
record the aggressive behavior of voles in both Experi-
ment 1 and Experiment 2 from 10:00 to 12:00 a.m. at the 
last day of weeks 2, 4, 6, and 8 (Fig. 1c, d). By following 
Takahashi and Miczek (2014) [44], we defined aggressive 
behavior as a reciprocal attack or fighting of the two voles 
in the cage. The intensity of the attack was represented by 
the number of attacks (total number of attacks within 2 

h) and attack duration (cumulative time of attack within 
2 h) of voles. On the last day of week 8 (from 11:00 a.m. 
to the next 11:00 a.m.; 24 h), we recorded the locomo-
tion activity representing the circadian rhythms of voles 
for 24 h by using video cameras. We defined locomotion 
activity as voluntary movement or motion of voles from 
one place to another in the cage. We took every 30 min as 
a time frame to calculate the cumulative time of locomo-
tion activity of each vole and obtained 48 values within 
24 h to describe the circadian rhythm of voles. The pro-
portion of locomotion activity time for each 30 min time 
window was calculated by dividing the cumulative time 
of locomotion activity within 30 min time window by the 
total cumulative locomotion time within the 24 h.

Fecal sampling and tissue collection
We collected feces of voles in both Experiment 1 and 
Experiment 2 by placing each of 2 voles in a sterile con-
tainer (26 × 12 × 12 cm) with a paper under the contain-
ers between 08:00 a.m. and 10:00 a.m. on the last day of 
weeks 2, 4, 6, and 8. Fresh feces were collected from each 
vole within 10 min with forceps and then stored at −80°C 
for subsequent analysis [45]. After sample collection, the 
voles were returned to their own cages.

By the end of both Experiment 1 and Experiment 2 at 
week 8, voles were anesthetized by intraperitoneal injec-
tion of 0.6% sodium pentobarbital (60 mg/kg) from 08:00 
to 10:00 a.m. and sacrificed by decapitation. The hypo-
thalamus, bilateral testes, and bilateral epididymis of 
the voles were immediately removed. Bilateral testis and 
epididymis were weighed. Trunk blood was collected 
immediately after decapitation (less than 2 min) and then 
left at room temperature for 2 h and centrifuged at 3000 
rpm for 20 min under 4°C. The collected serum samples 
were stored at −80°C until further processing.

Serum MT, FSH, LH, GnRH, and T levels assays
Enzyme-linked immunosorbent assay (ELISA) kit (spe-
cific for mice; Jianglai Bio., China) was used to determine 
the serum MT, FSH, LH, GnRH, and T levels in donor 
and recipient voles. The detection range of the MT, FSH, 
LH, GnRH, and T kits were 2.5–80 pg/mL, 2.5–80 mIU/
mL, 0.25–8 mIU/mL, 2.5–80 mIU/mL, and 0.25–8 ng/
mL, respectively. Their minimum detectable concen-
trations were 0.1 pg/mL, 0.1 mIU/mL, 0.1 mIU/mL, 0.1 
mIU/mL, and 0.1 ng/mL. The intra- and inter-assay coef-
ficients of variation (CV) of all kits for detecting serum 
hormones were less than 10% and 15%, respectively.

RNA isolation and quantitative real‑time PCR (qRT‑PCR)
Total RNA was extracted from the hypothalamus and 
right testis of donor and recipient voles (n = 12 per 
group) using RNAiso Plus kit (TaKaRa, Otsu, Japan). The 
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quantity of total RNA was assessed by 1% agarose gel 
electrophoresis (U =120 V; 10 min). The concentration 
of RNA was measured using the Nano-100 (Allsheng, 
Hangzhou, China). The 260/280 ratio of 1.8 to 2.0 indi-
cated that the quality of the total RNA isolated is high. 
Total RNA (200 ng) was reversely transcribed into 20 
μL cDNA using the PrimeScript RT kit (TaKaRa, Otsu, 
Japan).

Partial- or full-length cDNA sequences of exist-
ing rodents Dio2, Dio3, Kiss-1, GPR54, GnRH, Rrfp-3, 
Stra8, and β-actin were acquired from GenBank, and we 
designed specific primers from the conserved regions 
of known sequences mentioned above for qRT-PCR via 
Primer 5.0 according to Chen et  al. [46], Liu et  al. [47], 
and Wang et al. [2] (Table S1). The thermal cycle condi-
tions of qRT-PCR were as follows pre-denaturation at 
94°C for 5 min, followed by 42 cycle denaturation at 94°C 
for 10 s, annealing at 62°C for 15 s, extension at 72°C for 
20 s, and then extension at 72°C for 10 min. Each gene 
sample of the two experiments was run in triplicate and 
obtained threshold values. The amplification efficiency 
of the target gene and the reference gene (β-actin) were 
both close to 100% and the relative deviation did not 
exceed 5%, and the relative expression levels of the target 
gene were analyzed by the 2−ΔΔCT method.

DNA extractions and 16S rRNA gene sequencing analysis
Genomic DNA was extracted from feces of donor and 
recipient voles by the 2 × cetyltrimethylammonium 
bromide (CTAB) method, and then, the purity and con-
centration of DNA were measured by 1% agarose gel 
electrophoresis. An appropriate amount of sample was 
taken into the centrifuge tube and was diluted to 1 ng/μL 
with sterile water. According to Zhang et al. [48], we used 
forward primer 341F (5′-CCT​AYG​GGRBGCASCAG-3′) 
and reverse primer 806R (5′-GGA​CTA​CNNGGG​TAT​
CTAAT-3′) to amplify the V3–V4 regions of 16S rRNA 
gene of colon fecal microbiota. The libraries were estab-
lished and added with index codes using the NEB Next® 
Ultra™ DNA Library Prep Kit (New England Biolabs, 
USA) for Illumina. The quality of the library was evalu-
ated using a Qubit@ 2.0 Fluorometer (Thermo Scientific). 
Finally, the Illumina HiSeq 2500 platform was used for 
sequencing and generating 250 bp paired-end reads.

Raw sequences were processed using Quantita-
tive Insights Into Microbial Ecology (QIIME, version 
1.9.1) software. Paired-end sequences were merged 
using Flash-1.2.8 (V1.2.8, http://​ccb.​jhu.​edu/​softw​are/​
FLASH/). The merged high-quality sequences for sub-
sequent analysis included (1) chloroplast sequences 
were removed using Metaxa 2 software, (2) VSEARCH 
with SILVA database was used to remove chimeric 
sequences, (3) sequence data were processed through 

the Unoise3 pipeline in R to infer amplicon sequence 
variants (ASVs) [49], and (4) finally, we annotated 
taxonomic information using Ribosomal Database 
Project (RDP) Database within QIIME. We used the 
single_rarefaction.py script in the QIIME pipeline to 
normalize the read to 33,074 for each sample of the 
photoperiod experiment and to 41,556 for each sam-
ple of the FMT experiment to eliminate the effect of 
sequencing depth. We used R software (version 4.1.1) 
to display and used QIIME to calculate alpha diversity 
(the Richness index, ACE index, and Shannon index) 
of the intestinal microbial communities and to estab-
lish rarefaction curves with Richness index. Based on 
the Bray-Curtis dissimilarity distances, constrained 
principal coordinates analysis (CPCoA) was used to 
estimate the difference in beta diversity at the ASVs 
level. We used linear discriminant analysis (LDA) 
effect size (LEfSe) [50] to evaluate the differences in 
gut microbiota and to search for biomarkers with sta-
tistical differences between groups.

Statistical analysis
Levene tests and Shapiro-Wilk tests were used to assess 
variance and normality of food intake and aggressive 
behavior data for both Experiment 1 and Experiment 2, 
respectively. And repeated-measures analysis of vari-
ance (ANOVA) model was used to analyze the differ-
ence in food intake and aggressive behavior using SPSS 
20.0. Body mass, genital organs, reproductive hormones 
(serum MT, FSH, LH, GnRH, and T levels), gene expres-
sion in hypothalamus (Dio2, Kiss-1, GPR54, GnRH, and 
Rfrp-3) and testis (Dio2, Dio3, Dio2/Dio3, Kiss-1, GPR54, 
GnRH, and Stra8), and alpha diversity indices for both 
Experiment 1 and Experiment 2 were all assessed by 
linear mixed model (LMM) with treatment as the fixed 
factor, and housing cage as the random factor in R soft-
ware (version 4.1.1). For non-normally distributed vari-
ables, Box-Cox transformation was used to fit model 
assumption. Spearman correlation analysis was used 
to analyze the correlation between the relative abun-
dance of gut microbiota and levels of hormones or genes 
expression for both Experiment 1 and Experiment 2 in 
R software (version 4.1.1). Permutational multivariate 
analysis of variance (PERMANOVA) was used to deter-
mine whether treatment and different weeks affected sig-
nificant differences in beta diversity based on Bray-Curtis 
distance (adonis function in R, permutation = 9999) for 
both Experiment 1 and Experiment 2 [51]. Differences in 
circadian behavioral rhythm patterns between treatment 
groups were evaluated using PERMANOVA (adonis 
with Bonferroni’s post hoc tests) for both Experiment 1 
and Experiment 2. Figures were performed in GRAPH 

http://ccb.jhu.edu/software/FLASH/
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PRISM 7.0 and RStudio. Data are presented as means ± 
SEM and significance levels were set at P < 0.05.

Results
Different responses between the LD and SD groups 
in the photoperiod experiment
Effect of photoperiod on behaviors, food intake, and body 
mass
Photoperiod significantly affected behaviors, food intake, 
and body mass of Brandt’s voles. In the LD group, the 

highest peak of circadian rhythm of voles appeared before 
dark period (Fig.  2a), while in the SD group, the peak 
appeared before dawn (Fig. 2b). PERMANOVA revealed 
significant differences in circadian behavioral patterns 
between the LD and SD groups (F1,22 = 1.15, P = 0.003). 
Repeated-measures ANOVA analysis showed that num-
ber of attacks (t = −2.19, P = 0.046; Fig. 2c) and attack 
duration (t = −3.14, P = 0.007; Fig. 2d) in the SD group 
were significantly higher than those in the LD group at 
week 8. In addition, there was no significant difference 

Fig. 2  Photoperiod-induced alterations in behaviors, body mass, food intake, and reproductive phenotypes of Brandt’s voles. a, b Relative average 
activity time of voles in 24 h by the end of photoperiod experiment. c, d Number of attacks and attack duration at week 2, week 4, week 6, and 
week 8. e, f Changes in food intake and body mass during the period of photoperiod acclimation. g Effect size (i.e., Cohen’s D) of photoperiod 
manipulation on reproductive hormones or genes expression. Cohen’s D = (MeanLD–MeanSD)/pooled standard deviations for the two groups. TWW, 
testicular wet weight; TWW/BM, the ratio of testicular wet weight to body mass; EWW, epididymis wet weight; EWW/BM, the ratio of epididymis wet 
weight to body mass. *P < 0.05, **P < 0.01, and ***P < 0.001
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in food intake between two groups during photoperiod 
acclimation (F1,10 = 0.25, P = 0.6; Fig.  2e). Compared 
to the SD group, linear mixed model (LMM) analysis 
showed that body mass of the LD group increased over 
time and significantly increased in the last three weeks 
(week 6: t = 2.24, P = 0.048; week 7: t = 2.72, P = 0.02; 
week 8: t = 2.81, P = 0.02; Fig. 2f ).

Effect of photoperiod on reproductive hormones and genes
LMM analysis revealed that photoperiod had a significant 
effect on the serum concentrations of MT (F1,10 = 43.27, P 
< 0.001), FSH (F1,10 = 27.42, P < 0.001), LH (F1,10 = 58.43, P 
< 0.001), and T (F1,10 = 5.13, P = 0.047), but had no effect 
on serum GnRH concentration (F1,10 = 0.20, P = 0.7). The 
concentration of MT in the SD group was significantly 
higher than that in the LD group, while the concentra-
tions of FSH, LH, and T in the SD group were significantly 
lower than those in the LD group. Several mRNA levels of 
genes, such as Dio2 (F1,10 = 5.78, P = 0.04), Rfrp-3 (F1,10 
= 6.07, P = 0.03), and Kiss-1 (F1,10 = 10.71, P = 0.008) in 
the hypothalamus, were significantly upregulated by LD 
photoperiod, while the other mRNA levels of genes such 
as GPR54 (F1,10 = 1.98, P = 0.2) and GnRH (F1,10 = 0.02, P 
= 0.9) mRNA showed no difference in expression between 
two groups. In addition, in the testis, the expression levels 
of Dio2 (F1,10 = 7.11, P = 0.02), Dio2/Dio3 (F1,10 = 10. 06, P 
= 0.01), Kiss-1 (F1,10 = 7.99, P = 0.02), and GPR54 (F1,10 = 
18.74, P = 0.001) in the LD group were significantly higher 
than those in the SD group, whereas the expression levels 
of Dio3 (F1,10 = 7.82, P = 0.02) and Stra8 (F1,10 = 11.03, P 
= 0.01) of the LD group were significantly lower than the 
SD group. GnRH expression (F1,10 = 0.85, P = 0.4) did not 
show significant differences between two groups in the tes-
tis. Moreover, testicular wet weight (F1,10 = 9.55, P = 0.01), 
the ratio of testicular wet weight to body mass (F1,10 = 6.63, 
P = 0.03), epididymis wet weight (F1,10 = 23.33, P < 0.001), 
and the radio of epididymis wet weight to body mass (F1,10 
= 18.14, P = 0.002) in the LD group were significantly 
higher than those in the SD group (Fig. 2g).

Effect of photoperiod on gut microbiota
Richness diversity rarefaction curve for all samples 
reached to stable values (Figure S1a), indicating that the 
sequencing depth was sufficient to represent the bacterial 
diversity of the samples. Alpha diversity indices of voles 
were significantly affected by different weeks (LMM, 
Richness diversity: F3,27.15 = 3.78, P = 0.02; Fig. 3a; Shan-
non diversity: F3,27.21 = 4.58, P = 0.01; Figure S1b; ACE 
diversity: F3,26.37 = 6.21, P = 0.002; Figure S1c), but not 
affected by photoperiod treatments (Richness diversity: 
F1,10 = 0.015, P = 0.9; Fig.  3a; Shannon diversity: F1,10 
= 0.8, P = 0.4; Figure S1b; ACE diversity: F1,10 = 0.003, 
P = 0.95; Figure S1c). Constrained principal coordinate 

analysis (CPCoA) based on the Bray-Curtis dissimilarity 
matrix showed that samples were distinctly separated, 
with samples in the SD group occupying the upper half 
axis, and samples in the LD group all being located in 
the lower half axis (Fig. 3b). The PERMANOVA showed 
significant differences in gut microbiota community 
between the LD and SD groups at week 4 (F1,22 = 1.43, P 
= 0.04), at week 6 (F1,22 = 2.00, P = 0.001), and at week 
8 (F1,22 = 2.07, P = 0.001), whereas no significant differ-
ence was found at week 2 (F1,22 = 1.38, P = 0.07).

LEfSe analysis indicated that there were significant differ-
ences in the composition of microbial communities between 
the LD and SD groups at weeks 2, 4, 6, and 8 (Figure S1d). 
At week 8, at the phylum levels, bacteria of phylum Firmi-
cutes were significantly enriched in the SD group. At lower 
phylogenetic levels, bacteria of six discriminant clades (class 
Bacilli, order Lactobacillales, families Lactobacillaceae and 
Lachnospiraceae, and genera Ruminococcus and Lactobacil-
lus) were enriched in the SD group. In contrast, bacteria of 
the other four discriminant clades (class Bacteroidia, order 
Bacterodia, family Rikenellaceae, and genus Alistipes) were 
enriched in the LD group.

Heatmap showed those altered ASVs by photoperiod 
were also associated with serum hormones levels and gene 
expression in hypothalamus and testis (Fig. 3c). For example, 
the relative abundances of Barnesiella, Prevotella, Acetati-
factor, and Clostridium_XIVa were correlated with serum 
MT, FSH, and LH levels. The relative abundances of Sac-
charibacteria_geneta_incertae_sedis, Clostridium_IV, and 
Flavonifractor were correlated with MT levels in serum; Lac-
tobacillus was correlated with MT and LH levels in serum; 
Roseburia was correlated with LH levels in serum; and Rumi-
nococcus was correlated with FSH and LH levels in serum (all 
P < 0.01; Table S2). In hypothalamus, there were significant 
correlations between mRNA expression of several genes and 
gut microbes: Kiss-1 mRNA with Barnesiella and Prevo-
tella; GPR54 mRNA with Barnesiella, Eubacterium, and 
Clostridium_XIVa (all P < 0.01; Table S3). In the testis, there 
were significant correlations between mRNA expression of 
several genes and gut microbes: Dio2/Dio3 mRNA with Lac-
tobacillus, Roseburia, and Ruminococcus; Kiss-1 mRNA with 
Barnesiella, Prevotella, and Acetatifactor; GPR54 mRNA 
with Clostridium_XIVa and Clostridium_IV; Stra8 mRNA 
with Clostridium_XIVa (all P < 0.01; Table S4, S5). These 
results indicate that photoperiod-induced changes in gut 
microbiota composition were closely related to reproductive 
hormones and genes during photoperiod adaptation.

Different responses between the F‑LD and F‑SD groups 
in the FMT experiment
Effects of FMT on behavior, food intake, and body mass
FMT experiment results indicated that the circa-
dian rhythm peaks of both the F-LD and F-SD groups 
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appeared before the dark period, and the circadian 
rhythm peaks of the F-SD group were lower than those 
of the F-LD group (Fig.  4a, b). PERMANOVA revealed 
no difference in circadian behavioral patterns between 
the F-LD and F-SD groups (F1,22 = 0.88, P = 0.5). Num-
ber of attacks (F1,10 = 0.66, P = 0.4; Fig.  4c) and attack 
duration (F1,10 = 1.56, P = 0.2; Fig. 4d) showed no differ-
ence between two groups, although F-SD voles showed 
tendency of high aggression. In addition, no difference at 
food intake (F1,10 = 0.06, P = 0.8; Fig. 4e) or body mass 
(F1,10 = 0.15, P = 0.7; Fig.  4f ) was observed between 
F-LD and F-SD voles.

Effects of FMT on reproductive hormones and genes
For FMT experiment, LMM analysis showed that serum 
MT levels in the F-SD group were significantly higher 
than those in the F-LD group (F1,10 = 11.74, P = 0.006; 
Fig. 4g), while serum FSH (F1,10 = 5.06, P = 0.048; Fig. 4h) 
and LH (F1,10 = 27.79, P < 0.001; Fig. 4i) levels in the F-SD 
group were significantly lower than those in the F-LD 
group. Serum GnRH (F1,10 = 0.23, P = 0.6; Fig.  4j) and 

T (F1,10 = 1.35, P = 0.3; Fig. 4k) concentrations showed 
no significant change between two groups. In the hypo-
thalamus, the relative expression levels of Kiss-1 (F1,10 
= 5.49, P = 0.04; Fig. 4m) and GPR54 (F1,10 = 5.67, P = 
0.04; Fig.  4n) in the F-LD group increased significantly 
compared to the F-SD group, whereas Dio2 (F1,10 = 2.30, 
P = 0.1; Fig. 4l), GnRH (F1,10 = 0.16, P = 0.7; Fig. 4o), and 
Rfrp-3 (F1,10 = 0.56, P = 0.5; Fig. 4p) expression showed 
no significant differences between two groups. In the 
testis, Dio3 mRNA levels (F1,10 = 6.08, P = 0.03; Fig. 4r) 
increased, whereas Dio2/Dio3 ratio (F1,10 = 11.74, P = 
0.04; Fig. 4s) decreased in F-SD voles compared to F-LD 
voles. There was no significant difference in the expres-
sion levels of Dio2 (F1,10 = 0.15, P = 0.7; Fig. 4q), GnRH 
(F1,10 = 3.01, P = 0.1; Fig. 4t), Stra8 (F1,10 = 2.19, P = 0.2; 
Fig.  4u), Kiss-1 (F1,10 = 0.073, P = 0.8; Figure S2a), and 
GPR54 (F1,10 = 0.22, P = 0.7; Figure S2b) between two 
groups in the testis. Testicular wet weight (F1,10 = 1.45, 
P = 0.3; Figure S2c), the ratio of testicular wet weight to 
body mass (F1,10 = 0.51, P = 0.5; Figure S2d), epididymis 
wet weight (F1,10 = 0.11, P = 0.7; Figure S2e), and the 

Fig. 3  Fecal microbiota in the LD and SD groups and their relationship with reproductive phenotypes. a Richness diversity (means ± SEM) of 
bacterial communities across groups. b Constrained principal coordinate analysis (CPCoA) based on the Bray-Curtis dissimilarity matrix at the 
amplicon sequence variants (ASVs) level in different groups. c Heatmap showing Spearman correlation between ASVs and serum hormone levels or 
gene expression in the hypothalamus and testis. Only the ASVs that had a highly significant difference between photoperiod treatments (P < 0.01) 
were labeled with asterisks: **P < 0.01 and ***P < 0.001
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Fig. 4  Effects of FMT on behaviors and reproductive phenotypes of Brandt’s voles. a, b Relative average activity time of voles in 24 h at the end 
of FMT treatment. c, d Number of attacks and attack duration at week 2, week 4, week 6, and week 8. e, f Changes in food intake and body mass 
during the period of FMT treatment. g–k MT, FSH, LH, GnRH, and T levels in serum. l–p The expression of Dio2, Kiss-1, GPR54, GnRH, and Rfrp-3 in the 
hypothalamus. q–u The expression of Dio2, Dio3, Dio2/Dio3, GnRH, and Stra8 in the testis
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radio of epididymis wet weight to body mass (F1,10 = 
0.04, P = 0.8; Figure S2f ) did not show significant differ-
ences between two groups.

Effect of FMT on gut microbiota
Richness diversity rarefaction curve for all samples 
reached to stable values (Figure S2g), indicating that 
most of the microbial diversity had been captured in 
FMT experiment. LMM analysis showed that both dif-
ferent weeks and FMT treatment affected Richness 
diversity (time: F3,23.94 = 3.47, P = 0.03; treatment: 
F1,72.87 = 4.39, P = 0.04; Fig.  5a) and ACE diversity 
(time: F3,23.94 = 6.96, P = 0.002; treatment: F1,72.87 = 
5.39, P = 0.02; Figure S2i), whereas there was no dif-
ference in Shannon diversity (time: F3,25.31 = 0.38, P = 
0.8; treatment: F1,72.87 = 0.78, P = 0.4; Figure S2h). Fur-
thermore, the three indices in the F-SD group were sig-
nificantly lower than those in the F-LD group at week 
4 (Richness diversity: F1,22 = 25.75, P < 0.001; ACE 
diversity: F1,22 = 48.17, P < 0.001; Shannon diversity: 

F1,22 = 8.92, P = 0.007). Beta diversity based on Bray-
Curtis distance by CPCoA, FMT treatment was dis-
tinctly separated between the F-LD and F-SD groups, 
with samples of the F-SD group being located in the 
upper half axis and samples of the F-LD group all being 
located in the lower half axis (Fig. 5b). PERMANOVA 
revealed differences in microbial communities between 
two groups at week 2 (F1,22 = 2.04, P < 0.001), week 4 
(F1,22 = 3.18, P < 0.001), week 6 (F1,22 = 1.7, P = 0.007), 
and week 8 (F1,22 = 1.74, P < 0.001).

LEfSe method analysis identified different microbial 
communities in the F-LD and F-SD groups (Figure S2j). 
In week 8, compared with the F-LD group, at the phylum 
level, Verrucomicrobia was significantly more enriched in 
the F-SD group; at the class level, Verrucomicrobiae was 
higher in the F-SD group; at the order class, Verrucomi-
crobiales increased in the F-SD group; at the family level, 
the relative abundance of Porphyromonadaceae and Ver-
rucomicrobiaceae were significantly higher in the F-SD 

Fig. 5  Fecal microbiota in the F-LD and F-SD groups and their relationship with reproductive phenotypes. a Richness diversity (means ± SEM) of 
bacterial communities across two groups. b Constrained principal coordinate analysis (CPCoA) plot based on Bray-Curtis distance metrics shows 
the microbial community structure of samples from the F-LD and F-SD groups. c Heatmap showing Spearman correlation between ASVs and serum 
hormone levels or gene expression in the hypothalamus and testis. Only the ASVs that had a highly significant difference between the two groups 
(P < 0.01) were labeled with asterisks: **P < 0.01 and ***P < 0.001
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group; at the genus level, the proportions of Akkermansia 
increased in the F-SD group.

The heatmap showed the correlation between hormone 
and gene expression and the relative abundance of dif-
ferential ASVs in the F-LD and the F-SD groups (Fig. 5c). 
The genera of Prevotella and Ruminococcus were cor-
related with serum MT levels; Prevotella, Clostridium_
XIVa, Roseburia, Flavonifractor, and Ruminococcus were 
correlated with FSH levels in serum; Alistipes and Desul-
fovibrio were correlated with LH concentration (all P < 
0.01; Table S6). In the hypothalamus, there were signifi-
cant correlations between mRNA levels of several genes 
and gut microbes: the expression of Dio2 with Rumino-
coccus; the expression of Kiss-1 with Clostridium_XIVa; 
and the expression of GPR54 with Barnesiella, Prevotella, 
Clostridium_XIVa, Oscillibacter, and Ruminococcus (all 
P < 0.01; Table S7). In the testis, Barnesiella was corre-
lated with Stra8 mRNA; Prevotella was correlated with 
Dio3 and Dio2/Dio3 ratio; Saccharibacteria_genera_inc
ertae_sedis was correlated with Dio2/Dio3 ratio, Kiss-1, 
and Stra8 mRNA; Clostridium_XIVa was correlated with 
Stra8 mRNA; and Ruminococcus was correlated with 
Dio2/Dio3 ratio (all P < 0.01; Table S8, S9).

Different responses between the control (Con, Ab) and FMT 
(F‑SD, F‑LD) groups in the FMT experiment
Differences in body mass, food intake, and behaviors
There was no significant difference of body mass (F3,20.01 
= 0.16, P = 0.9; Figure S3a) and food intake (F3,20 = 0.89, 
P = 0.5; Figure S3b) between four groups except that 
food intake in the F-LD group was significantly higher 
than that in the Con group at week 6 (P = 0.045).

There was no significant difference in number of attacks 
(F3,20 = 1.92, P = 0.2; Figure S3c) and attack duration (F3,20 
= 1.61, P = 0.2; Figure S3d) between the control and FMT 
groups. The PERMANOVA revealed significant differ-
ences in circadian rhythms between the Ab and other three 
groups (Ab vs Con: F1,22 = 2.21, P = 0.01; Ab vs F-LD: F1,22 
= 2.18, P = 0.01; Ab vs F-SD: F1,22 = 2.59, P = 0.004), while 
there was no such difference between the Con and F-LD 
groups (F1,22 = 1.87, P = 0.06) or between the Con and the 
F-SD groups (F1,22 = 1.32, P = 0.2). As compared to the 
Ab group, the circadian rhythm peak in the F-LD group 
appeared before the dark period, and the circadian rhythm 
peaks were lowered in the Con and F-SD groups (Figure 
S3e, f; Fig. 4a, b).

Differences in reproductive hormones and genes
LMM analysis showed that compared with the F-LD group, 
serum MT, LH, and GnRH levels, hypothalamic GPR54, 
testicular Dio2, Dio2/Dio3, GnRH, and Stra8 mRNA were 
decreased but serum FSH levels was increased significantly 

in the Con group (Figure S4, Table S11, S12). There was no 
difference in other physiological indicators (hypothalamic 
Dio2, Kiss-1, GnRH, and Rfrp-3 mRNA; testicular Dio3, Kiss-
1, and GPR54 mRNA; testicular wet weight, the ratio of tes-
ticular wet weight to body mass, epididymis wet weight, and 
the ratio of epididymis weight to body mass). Compared with 
the F-LD group, the Ab group had a significant decrease in 
serum MT, LH, and T levels, but increase in serum FSH lev-
els; there was no difference in other physiological indicators 
(Figure S4, Table S11, S12). Compared with the F-SD group, 
serum MT, LH, GnRH, and T levels, and testicular Dio2 and 
Dio3 mRNA were significantly decreased, while serum FSH 
levels and hypothalamic Kiss-1 mRNA were significantly 
increased in the Con group; there was no difference in other 
physiological indicators (Figure S4, Table S11, S12). The lev-
els of serum MT, LH, and T were significantly lower, while 
the levels of serum FSH, hypothalamic Kiss-1 and GPR54 
mRNA, and testicular Dio2/Dio3 mRNA were significantly 
higher in the Ab group than those of the F-SD group, and 
there was no difference in other physiological indicators 
(Figure S4, Table S11, S12).

Differences in gut microbiota
LMM analysis showed that both time and treatment 
affected alpha diversity between control groups and 
FMT groups (ACE diversity and Richness diversity all P 
< 0.05; Figure S5c, d, Table S13). There was a significant 
difference in beta diversity among the four groups, and 
the FMT groups were completely separated from the 
Con and Ab groups, with the samples of FMT groups 
all located in the upper half axis and the samples of the 
Con and Ab groups all located in the lower half axis 
(PERMANOVA, Figure S5e, Table S14). LEfSe method 
analysis revealed the significant differences in microbial 
communities among the four groups (Figure S5f ).

Comparisons of different responses between donor 
and recipient voles
Reproductive hormones and genes
Compared to LD or F-LD voles, F-SD recipient voles 
showed similar response in three hormones (higher 
MT, lower FSH and LH) and three genes (lower Kiss-
1 in the hypothalamus, higher Dio3 and Dio2/Dio3 
ratio in the testis) to those in SD donor voles (Fig. 6). In 
addition, F-SD recipient voles showed a unique effect 
on GRP54 in the hypothalamus. The negative effect of 
SD voles on serum T levels, the expression of Dio2 and 
Rfrp-3 in the hypothalamus, Dio2, Kiss-1, and GRP54 in 
the testis, and positive effect Stra8 mRNA in the testis 
of SD donor voles were not observed in F-SD recipient 
voles. No significant response of serum GnRH levels or 
GnRH gene expression in the hypothalamus and testis 
were not observed in both donor and recipient voles.
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Gut microbiota
Beta diversity of gut microbes showed distinction 
between groups in both donor and recipient voles 
(Fig. 3b vs Fig. 5b), while only the alpha diversity (Fig. 3a 
vs Fig. 5a) of F-SD recipient voles was significantly lower 
than that of F-LD recipient voles. At the genus level, 
Oscillibacter was enriched in both SD and F-SD voles at 
week 4. For both donor and recipient voles, Prevotella 
was negatively correlated with serum MT levels, but pos-
itively correlated with serum FSH levels; Ruminococcus 
was positively correlated with serum FSH levels. Further-
more, in both donor and recipient voles, gut microbes 
were associated with serum MT, FSH, and LH levels, 
hypothalamic Kiss-1 and GPR54 mRNA, and testicular 
Dio2/Dio3 ratio, Kiss-1, and Stra8 expression. Notably, 
significant correlations between the relative abundance 
of gut microbes and hormones or genes expression levels 
in recipient voles were fewer than those in donor voles 
(Fig. 3c vs Fig. 5c).

Discussion
Photoperiod is well known to regulate seasonal breed-
ing or aggressive behavior of animals, but the association 
of the gut microbiota with reproduction and behav-
ior of animals under photoperiod acclimation remains 
unclear. In this study, we firstly found that gut microbes 

showed distinct responses to photoperiod treatment, and 
transplantation of these gut microbes in recipient voles 
induced similar changes of three hormones (MT, FSH, 
and LH) and three genes (hypothalamic Kiss-1, testicu-
lar Dio3, and Dio2/Dio3 ratio) to those in donor voles. 
Several microbe taxa showed significant association with 
hormones or gene expression levels. In addition, trans-
plantation of gut microbiota could significantly alter cir-
cadian rhythm peaks of recipient voles, but had a weak 
effect on their circadian behavioral patterns and aggres-
sive behaviors. Our results suggest that gut microbiota is 
closely associated with reproductive hormones or genes 
in regulating seasonal breeding and circadian rhythm of 
Brandt’s voles.

Effects of photoperiod on reproductive physiology 
and behavior
There are many behavioral and physiological strategies 
for small rodents to cope with photoperiod changes in 
the natural environment. Consistent with the results in 
hamsters and voles [52–54], we also observed that SD 
photoperiod decreased the body mass and genital organs 
of Brandt’s voles, as compared to LD photoperiod. This 
strategy is often used by voles to reduce energy consump-
tion in cold winter with low temperature and less food 
resources [55].

Fig. 6  Summary on the changes of physiological indices in donor voles (solid arrow) and recipient voles (dashed arrow). Upward/down arrow 
shows an increase/decrease in hormone levels or gene expression under SD or F-SD conditions as compared to LD or F-LD treatment. “-” indicates 
no change. MT, melatonin; GnRH, gonadotropin-releasing hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; T, testosterone; 
Dio2, iodothyronine deiodinase 2; Dio3, iodothyronine deiodinase 3; Dio2/Dio3, the ratio of Dio2 to Dio3 expression; Kiss-1, Kisspeptin-1; GPR54, 
G-protein-coupled receptor 54; GnRH, gene which encode gonadotropin-releasing hormone; Rfrp-3, RFamide-related peptide 3; Stra8, stimulated 
by retinoic acid 8. LD, long-day photoperiod (16L: 8D); SD, short-day photoperiod (8L: 16D); F-LD, recipients with transplantation of gut microbiota 
from LD donor voles; F-SD, recipients with transplantation of gut microbiota from SD donor voles
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Melatonin is a key hormone that triggers adaptation to 
photoperiod change in most seasonal breeding animals. 
In this study, we found that SD photoperiod promoted 
MT secretion and inhibited the secretion of reproduc-
tive hormones (FSH, LH, and T) and the expression of 
hypothalamic genes (Dio2, Kiss-1, and Rfrp-3), which is 
consistent with several previous studies [2, 56] and our 
first prediction. These results showed that SD photo-
period inhibited seasonal breeding of animals. Notably, 
the hypothalamic peptide Kisspeptin and RFRP-3 were 
regulated by MT, and they were effective modulators 
of GnRH neuronal activity and had a positive effect on 
the HPG axis [57]. The opposite function of Dio2/3 in 
the testis regulated by thyroid hormone (TH) may alter 
testicular development and promote spermatogenesis 
[58]. However, we did not find significant difference in 
serum GnRH levels, indicating that the GnRH neurons of 
Brandt’s voles were less sensitive to light, which is con-
sistent with observation of a previous study [2], or may 
be due to strong negative feedback of T on GnRH [59]. 
In addition, we found that SD photoperiod inhibited tes-
ticular Kiss-1 and GPR54 expression, further confirming 
the observation that testicular Kisspeptin/GPR54 sign-
aling controls steroid production and sperm function 
[60]. MT binding to its receptor directly affects androgen 
production of Leydig cells, which affects development of 
mouse testis [61]. Our data provide evidence that high 
concentration of MT under SD condition may stimulate 
expression of Stra8 (the markers expressing meiotic sper-
matogonia) in the testis, which then would reduce sperm 
production and ultimately cause gonad atrophy.

We found SD photoperiod increased the aggressive-
ness of voles, which was similar to a study in Siberian 
hamsters [14], and supports our first prediction. Animals 
tend to increase affinity and to reduce aggression dur-
ing the breeding season for minimizing harm to litters, 
while they would compete with each other for food and 
shelters during the non-breeding season [62]. Besides, we 
found that photoperiod acclimation altered the circadian 
rhythms of Brandt’s voles with the highest peak appear-
ing before dark in LD photoperiod, but before dawn in 
SD photoperiod, this is consistent with a previous study 
that circadian behavioral rhythms of the voles were regu-
lated by the photoperiod initiation [63].

Effects of photoperiod on gut microbiota 
and the relationship between microbiota and hormones 
or genes expression
Microbial diversity is affected by the photoperiod and 
could be the result of co-evolution between hosts and 
microbial community [64]. Alpha diversity of voles from 
both long-day and short-day photoperiod groups at week 
8 was significantly higher than those at weeks 2, 4, and 

6. A similar time-dependent pattern was also found in 
Siberian hamsters [14, 30]. Beta diversity of microbiota 
diverged between the  SD and LD groups at weeks 4, 6, 
and 8, and the differences in intestinal microbial compo-
sition increased along with time supporting our second 
prediction. In addition, the most abundant phyla in the 
colon of Brandt’s voles are Firmicutes and Bacteroidetes, 
which are involved in food fermentation [65]. The prod-
ucts of food fermentation not only provide energy for the 
host, but also alter energy metabolism by communicat-
ing with the host neuroendocrine system [66]. The ratio 
of Firmicutes to Bacteroidetes (F/B) increased under SD 
photoperiod, and cold acclimation also increased F/B 
ratio [67], indicating weight loss of Brandt’s voles in win-
ter (i.e., short-day photoperiod and low temperature) 
may be related to the increase of F/B ratio. At the genus 
level, SD photoperiod increased the relative abundance 
of Ruminococcus and Lactobacillus, whereas decreased 
the relative abundance of Alistipes. Food intake was 
reduced during SD photoperiod, though this change was 
not statistically significant, may cause insufficient nutri-
ent supply in Brandt’s voles. As a symbiotic bacterium, 
Ruminococcus degrades and ferments polysaccharides 
to provide nutrients for the host [68]. Previous studies 
have shown the proportion of Alistipes in obese humans 
is significantly higher than non-obese [69], which could 
function to enhance the sugar transport ability of intesti-
nal mucosal cells. This suggests that the increase in body 
mass of voles caused by LD photoperiod may be related 
to increase of Alistipes [70]. Lactobacillus is beneficial to 
the formation of the body’s immune system and inhibits 
growth of other harmful bacteria [71]. It was enriched in 
the SD group and caused an increase in the proportion 
of Lactobacillaceae at the family level. Lactobacillus is 
found in human semen with unexplained infertility and 
significantly reduces sperm motility [72]. We speculate 
that reduction in reproduction performance caused by 
SD photoperiod might be related to increase of Lactoba-
cillus in voles.

Previous studies showed that the pineal gland may be 
responsible for the seasonal changes in gut microbiota 
and ultimately alters the physiology and behavior of the 
host in response to seasonal changes [30]. Melatonin 
supplementation can increase the relative abundance of 
Lactobacillus and improve gastrointestinal health and 
intestinal microbiome dysregulation in patients with 
inflammatory bowel disease [33, 34] and benefit intes-
tinal immunity [73]. In this study, Lactobacillus was 
positively correlated with serum MT, supporting the pre-
vious observation. FSH and LH levels were found to be 
significantly associated with a variety of genera, includ-
ing Barnesiella, Prevotella, Lactobacillus, Acetatifactor, 
Clostridium_XIVa, and Ruminococcus, probably because 
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sex hormones participate in regulation of bacterial 
metabolism through steroid receptors and alter the rela-
tive abundance of microbiota [74]. In addition, we found 
there was a significant positive correlation between 
Clostridium_XIVa and testicular Stra8 mRNA, suggest-
ing that gut microbiota may be involved in the meiosis 
process of testicular germ cells in male voles. Kiss-1 and 
GPR54 in the hypothalamus and testis were significantly 
correlated with microorganisms, suggesting that Kiss-
peptin/GPR54 system in central and peripheral tissues 
might be key genes in regulating various reproductive 
and metabolic pathways of microbiota in the host. How-
ever, our results were obtained based on associations of 
gut microbes with reproductive hormones and genes, 
and further research should be conducted to understand 
the specific mechanisms operating in these correlations.

Effects of transplanted gut microbiota on hormones 
or gene expression and behavior
Although gut microbes have been proved to play a vital 
role in regulating various physiological processes and 
behavior of the host [16], their role in regulating photo-
period-related reproduction has never been investigated. 
The hypothalamus in the brain is the primary location 
responsible for receiving humoral and neural signals 
from the gut microbiota [75]. We found that transplan-
tation of gut microbiota-induced similar response of 
recipient voles to those of donor voles for three hor-
mones (MT, FSH, and LH) and three genes (Kiss-1 in the 
hypothalamus, Dio3 and Dio2/Dio3 ratio in the testis) 
(Fig.  6), supporting our third prediction, and providing 
first evidence that gut microbes are involved in regula-
tion of seasonal breeding animals. However, there were 
also differences in some gene expression between donor 
and recipient voles (e.g., serum T of donor voles; Dio2 
and Rfrp-3 in the hypothalamus of donor voles; Dio2, 
Kiss-1, GRP54, and Stra8 in the testis of donor voles; 
GRP54 in the hypothalamus of recipient voles). No 
significant difference of GnRH or GnRH gene expres-
sion were observed in both donor and recipient voles. 
Based on our results, we speculate that the SD-exposed 
microbiota may inhibit the Kisspeptin/GPR54 signaling 
pathway in the hypothalamus by increasing MT concen-
tration, decreasing FSH and LH secretion by the pitui-
tary gland through co-expression or neuronal connection 
with GnRH, and ultimately decrease Dio2/Dio3 ratio and 
increase Dio3 mRNA in the testis; and vice versa. Our 
results suggest that gut microbiota is closely associated 
with the reproductive genes and hormones in central and 
peripheral tissues in affecting the seasonal breeding of 
Brandt’s voles. Gut microbiota also affect deglucuronida-
tion of androgens and intestinal metabolism [76]. But we 
did not find significant effect of transplanted microbes on 

serum T level; however, the trend in recipient voles was 
similar to that in donor voles, likely caused by insufficient 
sample size. Notably, transplanted microbiota only regu-
lated a partial genes and hormones in recipient voles and 
had little effect on other physiological indicators (body 
mass, food intake, and genital organs). It is obvious that 
the ability of gut microbes to regulate reproduction in the 
recipient voles is relatively weaker than in donor voles, 
suggesting they are likely a complementary mechanism 
to photoperiod in regulating seasonal reproduction.

Many previous studies indicate that gut microbiota is 
closely associated with behavioral disorders in humans 
[77], but the effects photoperiod-exposed microbiota on 
aggressive behavior and daily rhythms in animals remain 
unclear. Serotonin (5-hydroxytryptamine; 5-HT), a pre-
cursor of melatonin (MT), is regulated by photoperiod 
and negatively correlated with aggressive behavior in 
rodents [78, 79]. Intestinal enterochromaffin cells pro-
duce intestinal serotonin, which is stored and obtained 
by circulating platelets, participates in regulation of the 
membrane permeability in the brain, intestine, and other 
organs [80]. The intestinal serotonin may play a vital role 
in the whole body including the brain as a continuous 
regulatory signal similar to a hormone [80]. Increasing 
evidence suggests that neurotransmitters synthesized or 
released by gut microbiota play a crucial role in regulat-
ing sleep-wake rhythms [81]. Some bacteria, for example, 
the genus Bacillus synthesizes gamma-aminobutyric acid 
(GABA), whereas bacteria of Streptococcus or Escheri-
chia synthesize 5-HT [82]. These hormones and neuro-
transmitters responsible for regulating daily rhythms 
were influenced by gut microbiota [83]. In SD donor 
voles, increased aggressive behavior was positively asso-
ciated with an increase in MT, which is consistent with 
previous observations and supports our first prediction. 
Transplantation of gut microbes significantly altered 
MT in F-SD recipient voles, but only induced slightly 
increase of aggression, likely due to insufficient sample 
size, partially supporting our third prediction. Both LD 
donor and recipient voles showed similar difference in 
circadian rhythm peaks, but circadian rhythm peak of 
F-SD recipient voles was different from those of both LD 
donor and recipient voles, indicating transplantation of 
gut microbes could disrupt circadian rhythms of recipi-
ent voles.

Effects of fecal transplanted microbiota on gut microbiota 
of recipient voles and its association with hormones 
or gene expression
Unlike donor voles, alpha diversity of recipient voles dif-
fered significantly between the F-LD and F-SD groups. 
Changes in beta diversity of recipient voles were con-
sistent with those of donor voles. At the phylum, family, 
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and genus levels, the relative abundance of microbes 
between recipient and donor voles was very large, sug-
gesting that the gut microbiota of voles heavily depended 
upon the host’s environment. SD-exposed microbiota at 
week 8 increased the relative abundance of Verrucomi-
crobia, Verrucomicrobiaceae, and Akkermansia in recipi-
ent  voles, but no such difference was found in donor 
voles. Akkermansia is known to improve glucose/lipid 
metabolism, prolongating the lifespan of healthy rodents, 
and inducing production of the anti-inflammatory 
cytokine interleukin 10 (IL-10) [84–87]. Thus, high rela-
tive abundance of Akkermansia in F-SD voles may ben-
efit survival of voles in non-breeding seasons with harsh 
environment.

The interaction between sex hormones and gut micro-
biota is often reciprocal [25]. Similar to donor voles, 
Prevotella and Ruminococcus of recipient voles were 
significantly correlated to reproductive hormones (e.g., 
MT and FSH), indicating that these two genera were 
key bacteria conducive to reproduction of rodents. A 
recent study found that Prevotella is present in Human 
Papilloma Virus (HPV)-positive semen that causes male 
infertility, which may negatively affect sperm motility 
[72]. In recipient voles, hypothalamic Kiss-1 and GPR54 
were associated with microorganisms (e.g., Barnesiella, 
Prevotella, and Clostridium_XIVa), suggesting these gut 
microbes may regulate reproduction through the Kiss-
peptin/GPR54 pathway in the hypothalamus.

Difference between the control and FMT groups
Control groups are important to infer the effects of FMT 
groups on recipient voles. The Con and Ab groups were 
exposed to LD photoperiod without or with pre-antibi-
otic treatment, respectively. We found the Ab group had 
much more significant different response in hormones 
and genes with the Con group (n = 10) than with the 
F-LD group (n = 4) (Table S12), indicating pre-antibiotic 
treatment was better for inferring the effects of FMT; 
results of the Con group without pre-antibiotic treatment 
were hard to explain the changes in the FMT groups 
with pre-antibiotic treatment. As expected, because the 
Ab and F-LD group were exposed to LD photoperiod or 
FMT from LD donor voles, and were both treated with 
antibiotic, it is reasonable that their responses were very 
similar to each other, except for four hormones (MT, FSH, 
LH, and T; Table S12). This difference was likely caused 
by different gut microbes or their metabolites between 
the Ab and FMT groups representing different exposure 
environments (Figure S5f ). As expected, the F-SD group 
exposed to FMT from SD donor voles showed a large 
difference with Ab group with 7 hormones or genes; in 
contrast, the F-LD group showed a different response in 
only 4 hormones with Ab group, supporting the observed 

different effects between the F-LD and F-SD groups. Due 
to difference in photoperiod and pre-antibiotic treat-
ment, the difference in hormones and genes (n = 8) was 
also large between the F-SD and Con groups.

Our results also indicated that the circadian rhythm 
and gut microbiota showed significant difference 
between the control and the FMT groups. In particu-
lar, gut microbiota of Con group showed more distinc-
tion in beta diversity from the other three groups, which 
might be caused by the difference in pre-antibiotic treat-
ment because antibiotic could significantly alter the gut 
microbes (see below). The difference in aggressive behav-
ior or circadian rhythm activity was small among the four 
groups, which was consistent with the observation that 
there was no significant difference in aggression intensity 
or small difference in locomotion activity between the 
F-SD and F-LD groups.

Antibiotics are known to modulate the structure and 
composition of the gut microbiota [88]. Antibiotic pre-
treatment prior to FMT is widely used for efficient colo-
nization of the donor microbiota into the recipient [89]. 
However, its effects on treatment group are less investi-
gated. We found that antibiotic pre-treatment reduced 
microbial community diversity and altered its composi-
tion and structure of recipient voles, which is consistent 
with a study on Mongolian gerbils (Meriones unguicu-
latus) [90]. Antibiotic pre-treatment significantly 
increased colon length in mice, suggesting that antibi-
otics may alter physiological changes in rodents [89]. 
In this study, as compared to control groups, hormone 
(serum FSH levels) and genes (hypothalamic GPR54 
mRNA and testicular Dio2 mRNA and Dio2/Dio3 ratio) 
in the central and peripheral tissues were significantly 
elevated in Ab voles and may result in higher values 
of reproductive performance in F-SD and F-LD voles 
than the control group. Therefore, direct comparison 
in physiological responses between the F-SD and F-LD 
groups would be clearer.

Limitation of this study
This study suffered several limitations. First, our results 
were obtained based on correlational data; thus, we 
were not able to distinguish the mechanisms by which 
gut microbiota and their metabolites affect reproduc-
tive hormones and genes. They may interact with each 
other in regulating the seasonal breeding animals. 
Future studies should be directed to examine the dis-
tinct role of microbial communities and its interac-
tion with hormones or genes on physiological response 
to photoperiod. Second, voles of SD group at week 8 
showed a significantly higher attack intensity than voles 
of LD group, which is consistent with previous stud-
ies (e.g., Siberian hamster) [14], but the underlying 
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mechanisms remain unclear [91]. Previous studies sug-
gest that aggression may increase serum corticoster-
one levels [38] and alter the relative abundance of gut 
microbiota [45], which may have an indistinguishable 
effect with photoperiod on hormone, genes, and gut 
microbiota. However, we found there was no signifi-
cant association of number of attacks and attack dura-
tion with levels of all hormones and expression of all 
genes (except for testicular GnRH) in both SD and LD 
groups (Table S10), indicating the effect of attack inten-
sity would be minor in our study. Future studies should 
be directed to assess the impacts of photoperiod-
induced aggressive behavior on physiological response 
to photoperiod.

Implications
Our study indicated that gut microbiota is associated 
with photoperiod-induced seasonal breeding, aggres-
sion, and circadian rhythm behaviors of animals, which 
would have significant implications in pest control, live-
stock animal breeding, and human health management. 
For example, specific SD-exposed microbiota could 
be used for improving sleep issues in humans or help 
to adjust jet-lag of people who travel frequently. Spe-
cific SD-exposed microbiota could help to prohibit the 
reproduction of rodents so as to reduce their overabun-
dant populations. The reproduction of many livestock 
animals is also regulated by LD photoperiod (e.g., horse 
and donkey) or SD photoperiod (sheep and camel). 
Thus, administration of specific LD- or SD-exposed 
microbiota could benefit breeding of these livestock 
animals. Further studies are needed to identify the key 
microbes and to figure out the underlying mechanisms 
of gut microbiota in regulating seasonal reproduction 
and behaviors of animals.

Conclusions
Our study firstly reveals that gut microbiota is involved 
in photoperiodic regulation of seasonal breeding, 
aggressive behavior, and daily rhythms in animals. Gut 
microbiota is sensitive to photoperiod change, and 
transplantation of SD- or LD-exposed microbiota can 
cause similar change of reproductive hormone or genes, 
and aggressive behavior or daily rhythms in recipient 
voles, as compared to donor voles. Gut microbiota may 
regulate the seasonal reproduction, aggressive behav-
ior, or daily rhythms though HPG axis, melatonin, and 
Kisspeptin/GPR54 system. Taken together, our results 
provide novel insight into the interaction between 
host and microbes in regulating seasonal reproduction 
and behavior, and significant cues in managing animal 
breeding and human health.
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