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Abstract
The gut microbiota plays a significant role in a variety of host behavioral and physi-
ological processes. The mechanisms by which the gut microbiota and the host com-
municate are not fully resolved but include both humoral and direct neural signals. 
The composition of the microbiota is affected by internal (host) factors and external 
(environmental) factors. One such signal is photoperiod, which is represented endog-
enously by nocturnal pineal melatonin (MEL) secretion. Removal of the MEL sig-
nal via pinealectomy abolishes many seasonal responses to photoperiod. In Siberian 
hamsters (Phodopus sungorus), MEL drives robust seasonal shifts in physiology and 
behavior, such as immunity, stress, body mass, and aggression. While the profile of 
the gut microbiota also changes by season, it is unclear whether these changes are 
driven by pineal signals. We hypothesized that the pineal gland mediates seasonal 
alterations in the composition of the gut microbiota. To test this, we placed pinealec-
tomized and intact hamsters into long or short photoperiods for 8 weeks, collected 
weekly fecal samples, and measured weekly food intake, testis volume, and body 
mass. We determined microbiota composition using 16S rRNA sequencing (Illumina 
MiSeq). We found significant effects of treatment and time on the abundances of nu-
merous bacterial genera. We also found significant associations between individual 
OTU abundances and body mass, testis mass, and food intake, respectively. Finally, 
results indicate a relationship between overall community structure, and body and 
testis masses. These results firmly establish a role for the pineal gland in mediat-
ing seasonal alterations in the gut microbiota. Further, these results identify a novel 
neuroendocrine pathway by which a host regulates seasonal shifts in gut community 
composition, and indicates a relationship between seasonal changes in the gut micro-
biota and seasonal physiological adjustments.
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1  |   INTRODUCTION

The gut microbiota—defined as the community of micro-
organisms within the gastrointestinal tract1,2—has become 
an increasingly important area of research, as studies have 
shown that the microbiota plays significant roles in a variety 
of host behavioral and physiological processes.3-5 The gut mi-
crobiota may have multiple beneficial effects associated with 
metabolism and immune function4-6 but has also been linked 
to pathological conditions including inflammatory and im-
munological diseases, especially when in a dysbiotic state.7 
An increasing number of studies suggest that shifts in gut 
microbial community structure can lead to pathogenicity8-10 
and affect host metabolism.11 Gut microbiota activity has 
also been linked to mammalian host behavior, including im-
pacts on exploratory and motor behavior,12-14 depression,5,15 
anxiety,6,16-18 social interactions,19-22 aggression,23,24 and diet 
choice.25,26 The microbiota can be altered by changes in ei-
ther endogenous factors related to the host (such as stress1) or 
exogenous environmental factors (such as photoperiod23,27).

The mechanisms by which gut microbiota communi-
cate with their hosts are not well resolved, but appear to 
include both humoral (eg, neurotransmitters secreted by 
gut microbes) and direct neural signaling via the vagus 
nerve.2,4,13,28-31 Though many studies have focused on micro-
bial regulation of host physiology and behavior,2,5,6,31-33 there 
has been less focus on host regulation of the gut microbi-
ota. The gut community appears to be sensitive to multiple 
signals from the host—including immune system signals34 
and stress hormones31,35,36—as well as environmental signals 
such as diet37,38 and photoperiod.23,27,39

To understand the relationship between environment, 
host, and microbiota, it is necessary to determine the role of 
photoperiod on the profile of the gut community. A robust 
role for photoperiod in regulating both the hypothalamus-pi-
tuitary-adrenal (HPA) axis and the immune system has al-
ready been established in Siberian hamsters.40-44 Given that 
the gut microbiota is closely tied to immune function and 
impacts neural function to regulate behavior and physiology, 
it is critical to understand the effects of photoperiod on the 
microbiota and to characterize the mechanisms underlying 
these relationships.

Siberian hamsters (Phodopus sungorus) are photope-
riodic mammals that display robust seasonal changes in 
behavior and physiology, including responses of pelage 
color,45 body mass,46 immune function,33 reproduction,47 
and aggression.48 These seasonal changes are largely driven 
by the pattern of melatonin (MEL) release from the pineal 
gland.49 MEL is produced by the pineal gland and is only 
secreted at night. The duration of MEL secretion is therefore 
directly proportional to length of night. In long, summer-like 
days, the duration of MEL is short, whereas in short, win-
ter-like days, the duration of MEL is longer. The MEL signal 

communicates photoperiod information to a variety of targets 
throughout the body and brain.50 As such, day length—and 
ultimately the time of year information—is encoded endoge-
nously by rhythmic pineal MEL secretion.51 Removal of the 
pineal gland (pinealectomy) abolishes many of the seasonal 
responses to photoperiod in Siberian hamsters, leaving intact 
those seasonal changes that are instead likely directly depen-
dent on seasonal changes in circadian entrainment.50

This study investigates the role of the pineal gland in me-
diating the profile of the gut microbiota. Data from previous 
studies23,27 indicate that the relative abundances of certain 
intestinal bacteria differed for Siberian hamsters housed in 
long- versus short-day lengths. This suggests that the gut 
microbiota responds to changes in photoperiod. Given that 
pineal MEL encodes information about photoperiod, we 
hypothesized that the pineal gland may play a role in de-
termining the seasonal composition of the gut microbiota. 
Alternatively, seasonal changes in the gut microbiota may 
be among the limited number of seasonal responses that are 
pineal-independent.50,52

2  |   METHODS

2.1  |  Animals and housing

Male Siberian hamsters (Phodopus sungorus) (N = 40) were 
obtained from the University of Memphis breeding colony. 
Hamster pups were weaned at 18-21 days of age, after which 
they were housed in polypropylene cages (28 × 17 × 12 cm) 
with same-sex siblings (1-5 animals per cage). Cages con-
tained wood-shavings bedding (Teklad Sani-chips 7090, 
Envigo, Madison, WI, USA) and shredded paper nesting 
material, and animals were given ad libitum access to food 
(Teklad Rodent diet 8640, Envigo, Madison, WI, USA) and 
filtered tap water. Ambient temperature in the room was 
maintained at 21°C ± 0.5, and relative humidity of 50 ± 2%. 
All animals were exposed to a 16:8-hr light-dark cycle (long 
day [LD]; lights off at 1800 Central Standard Time) until 
3-4 months of age. Upon reaching 3-4 months, all animals 
were separated and individually housed within the same 
room. Following surgical procedures, 20 animals were trans-
ferred to a room with identical conditions, but with a 10:14-
hr light-dark cycle (short day [SD]; lights off at 1800 Central 
Standard Time).

2.2  |  Procedures

2.2.1  |  Surgical procedures

20 male hamsters (3-4 months of age) were pinealectomized 
(PinX), and an additional 20 hamsters underwent sham 
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pinealectomy (treatments were randomly assigned). Briefly, 
each PinX animal underwent stereotaxic surgery in which 
the pineal gland was removed.49 Sham pinealectomy opera-
tions involved cranial exposure, but the pineal gland was not 
removed.

Following surgery, animals were randomly assigned into 
one of four treatment groups: LD-PinX (LDP), LD-Sham 
(LDS), SD-PinX (SDP), and SD-Sham (SDS). Hamsters in 
the LD groups (N = 10 PinX, N = 10 sham) remained housed 
in long-day conditions (16L:8D photoperiod). Hamsters in 
the SD groups (N = 10 PinX, N = 10 sham) were transferred 
to short-day conditions (10L:14D photoperiod).

2.2.2  |  Food intake and body mass

Food was weighed weekly, three hours prior to the dark phase, 
for seven weeks postsurgery. Food hoppers were topped or 
re-filled every five days. Each hamster was weighed (body 
mass in g ± 0.01 g) one week prior to surgery, as well as 
weekly for the duration of the study.

2.2.3  |  Testicular measurements

Estimated testis volume (ETV) was used to determine the 
response to photoperiod.53 ETV was calculated by multi-
plying testis length by the width squared. Beginning prior 
to surgery (Week 0), testis measurements were obtained 
using analog calipers, while animals were under light anes-
thesia (3% isoflurane and medical oxygen at a flow rate of 
3 L/min). ETV measurements were recorded weekly for the 
duration of the study. Testes were surgically removed and 
weighed at the termination of the study for final determina-
tion of paired testis mass (PTM). For ease of reference, all 
testis measurements (both ETV and PTM) will be jointly 
referred to as PTM. A reduction in ≥ 30% PTM by Week 
8 was classified as gonadal regression.44,53 Animals that 
failed to exhibit ≥ 30% decreases in testis size were clas-
sified as SD nonresponders and excluded from subsequent 
analyses.

2.2.4  |  Sample collection

Fresh fecal samples were collected from each animal weekly 
(on Weeks 0, 2, 4, and 8), at the same time (0900 Central 
Standard Time) and day of the week (Figure 1). We used a re-
peated sampling approach to better understand timing of in-
duced bacterial community shifts with treatments. Terminal 
samples were collected on the last day of the eighth week 
postsurgery. Samples were collected by removing animals 
from their home cage and holding above a sterile container 
until fecal deposition. All pellets were transferred asepti-
cally into individual 1.5-mL microcentrifuge tubes and were 
stored at −80°C until processing.24

All experimental procedures and husbandry were ap-
proved by the University of Memphis Animal Care and 
Use Committee (Protocol # 815) and comply with the cri-
teria established by the NIH Guide for the Care and Use of 
Laboratory Animals.

2.3  |  DNA extractions and library 
preparation

Genomic DNA was extracted from 152 fecal samples (each 
sample  =  2-4 fecal pellets per animal) using Soil DNA 
Extraction Kits (IBI Scientific, Dubuque, IA, USA) follow-
ing the manufacturer's protocol. DNA was quantified using 
a NanoPhotometer N60 (Implen, München, Germany). To 
maximize sample intercomparability, DNA was normal-
ized to a 50 ng/μL working concentration prior to amplicon 
generation.

Bacterial amplicon libraries were generated by amplifying 
the 16S (V4) ribosomal RNA (rRNA) region. The V4 region 
of the rRNA gene repeat was amplified in a two-step process 
using the forward primer nexF-N[3-6]-515f and the reverse 
primer nexR-N[3-6]-806r.54-56 These forward and reverse 
primer constructs include the following: bacterial primers 
(515f and 806r), Nextera forward (nexF) and reverse (nexR) 
sequencing primers, and four identical primers comprised of 
ambiguous nucleotides mixed to equal molarity (N[3-6]) to 
increase sequence variation.

F I G U R E  1   Study and Sampling Design. ETV: estimated testis volume, BM: body mass, PinX: pinealectomy, PTM: paired testis mass

Week 0 (Pre-
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Libraries were constructed following Brown, et al56 
Primary PCRs were conducted in triplicate, in 25 μL reac-
tions consisting of 2 μL (100 ng) DNA template, 2.5 μL of 
each forward and reverse primer (1.0 μmol/L concentration), 
12.5 μL 2X Phusion Green Hot Start II High-Fidelity PCR 
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 
and 8 μL molecular grade water. PCR parameters consisted 
of 98°C for 30 s, 25 cycles of 98°C for 20 s, 52.5°C anneal-
ing temperature for 30 s, 72°C for 40 s, and final extension 
at 72°C for 10  min. All ramp rates were 1°C/s. Following 
primary PCR, all samples were visualized using gel electro-
phoresis (1.5% agarose w:v in TBE).

Secondary PCRs were conducted in 25 μL reactions using 
12.5 μL PCR Master Mix (as above), 2.5 μL of primary PCR 
product that was used as template DNA, 7.5 μL molecular 
grade water, and 2.5 μL barcoded secondary primers. The 
secondary primers consisted of forward primers including 
the P5-i5-overlap and reverse primers P7-i7-overlap, where 
P5 and P7 represent the Illumina Adaptor sequences, i5 and 
i7 are 8 bp unique barcodes (MIDs), and the overlap is the 
partial nexF and nexR sequence that acts as the annealing 
site for the secondary PCR.55 PCR parameters were 98°C for 
30 s, 8 cycles of 98°C for 20 s, 50°C for 30 s, 72°C for 40 s, 
and final extension at 72°C for 10 min.56 The final amplicon 
constructs produced after 32 cycles were P5-i5-nexF-N[3-
6]-515f-V4-806r-N[3-6]-nexR-i7-P7. Following secondary 
PCR, all samples were visualized using gel electrophoresis. 
A negative control consisting of molecular grade water was 
used through extraction and library prep and remained visu-
ally free from contamination throughout.

Secondary PCR products were cleaned using Axygen 
Axyprep Mag PCR beads (Axygen Bioscience, Union City, 
CA, USA). Cleaning followed the manufacturer protocol but 
was modified to use a 1:1 bead solution to reaction volume 
ratio.57 Cleaned PCR products were quantified using Qubit 
3.0 fluorometric assays (dsDNA HS Assay Kit; Thermo 
Fisher Scientific, Waltham, MA, USA), and pooled to equal 
mass per sample. This library was sequenced in a single run 
on Illumina MiSeq (300PE) at the Kansas State University 
Integrated Genomics Facility (Manhattan, KS, USA). Paired 
fastq files for all 152 samples were generated by using the 
unique combinations of i5 and i7 sequences to demultiplex 
the raw sequence data (Table S1). All sequences are deposited 
in the Sequence Read Archive (SRA) at NCBI under the fol-
lowing accessions: BioProject PRJNA641652, BioSamples 
SAMN15369034 - SAMN15369184.

2.4  |  Bioinformatics

Sequence data were processed with the program mothur58 
(RRID:SCR_011947; http://www.mothur.org), generally 
following the MiSeq SOP59 with modifications. The forward 

and reverse sequences were contiged, screened, and culled to 
remove sequences with ambiguous bases or sequences with 
more than 10 homopolymers. Sequences were then merged 
into a single fasta file, and primers were trimmed using 
the program Cutadapt60 (v.2.8; RRID:SCR_011841; http://
code.google.com/p/cutadapt). Retained sequences were 
aligned against the SILVA reference alignment (release 132; 
RRID:SCR_006423; www.arb-silva.de), and off-target se-
quences were filtered and excluded. Sequences were preclus-
tered61 and screened for chimeras (VSEARCH)62 utilizing 
implementations within mothur. Sequences were taxonomi-
cally classified using a Naïve Bayesian Classifier63 against 
the RDP training set (bacteria; v.10; RRID:SCR_006633); 
nonbacterial lineages were culled, and distance matrices 
(not punishing terminal gaps) were generated. Sequences 
were clustered into operational taxonomic units (OTUs) 
using OptiClust at a 97% similarity threshold.64 Taxonomic 
identifications for each OTU were assigned based on the 
most representative sequence (centroid). To reduce the po-
tential of inclusion of suspect or noninformative OTUs, we 
culled OTUs with fewer than 10 sequences globally.65,66 
OTUs that did not have 100% bootstrap support at the phy-
lum level were confirmed manually using BLASTn (NCBI; 
RRID:SCR_001598; http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
against GenBank (nr/nt). We utilized iterative subsampling 
(1000 iterations) to calculate relative OTU richness (Sobs), di-
versity (Compliment of Simpson's diversity index; 1-D), and 
evenness (Simpson's Evenness, ED) to maximize comparabil-
ity between samples.56 Samples were queried at a subsample 
depth of 5000 sequences per sample. The resulting average 
diversity values were used in subsequent analyses.

2.5  |  Statistical analyses

Weekly body mass (BM) measurements for each individual 
were calculated as a percent of BM relative to baseline BM 
([Weekly BM]/[100]). Weekly food intake for each indi-
vidual was calculated as grams of food consumed per gram 
of BM. Body mass, food intake, and testicular measures 
were analyzed using repeated-measures analysis of variance 
(ANOVA) models against the four levels of treatment (LDP, 
LDS, SDP, and SDS), time, and their interactions using the 
program JMP (JMP Pro v.14.1, SAS Institute Inc, Cary, NC, 
USA). Body mass and testis mass data were transformed 
using Box-Cox functions prior to analysis in order to meet 
the ANOVA assumption of normality (λ  =  2 for BM, and 
λ = 1.69 for PTM). Tukey's HSD was performed to deter-
mine treatment differences, where applicable.

To investigate whether bacterial communities differed by 
treatments across time, we used a series of PERMANOVAs67 
on average Bray-Curtis (BC) dissimilarity values (average BC 
values over 1000 iterations of 5000 subsampled sequences 

http://www.mothur.org
http://code.google.com/p/cutadapt
http://code.google.com/p/cutadapt
http://www.arb-silva.de
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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per experimental unit). We aimed to elucidate whether treat-
ments facilitated a shift in the gut microbiota and whether this 
effect, if any, was consistent across sampling dates. To visu-
alize community differences at Week 8, principal coordinates 
analysis (PCoA) was conducted (as implemented in mothur) 
using BC dissimilarity values (subsampled as above), and a 
contour plot (nonparametric density) was generated using JMP 
Pro. Additionally, we were interested in whether communities 
differed within a repeatedly sampled hamster differed with 
treatments and over time. To examine this, we used the BC 
dissimilarity values (as above) to investigate how community 
similarity within each hamster changes with treatments by 
constraining our analysis to only within-subject comparisons, 
but accounting for all within-hamster comparisons across time 
(n = 6). We linearly regressed these pairwise dissimilarity val-
ues against the same pairwise changes in BM, PTM, and food 
intake (within-subject). This allows for variation in community 
analyses to account for individual differences in physiological 
responses, thus controlling for individual variability.

Additionally, previous investigations23,27 indicate that in-
dividual OTU responses play a large role in explaining differ-
ential host-derived effects on the microbiota23,27,36-39,68-70 (ie, 
effect of treatment on microbiota), as well as effects of the 
microbiota on host physiology.9,11-13,15,16,31,71 To investigate 
individual OTU responses to treatments, we used two-way 
repeated-measures ANOVAs on OTU relative abundance 
values (for the 100 most abundant OTUs, which represents 
greater than 78% of all obtained sequences) against time, 
treatment, and the treatment-by-time interaction, with post 
hoc Tukey's HSD tests where applicable. OTU abundance 
data were logit-transformed prior to analyses. Two-way re-
peated-measures ANOVAs with Tukey's HSD were also 
used to analyze OTU abundance by taxonomic rank (relative 
abundance at the phylum and genus levels). Further, at the 
terminal sampling date (Week 8), we used a combination of 
one-way ANOVA and linear discriminant analysis [LDA] ef-
fect size (LEfSe)72 to identify OTUs that were differentially 
abundant across treatment groups. In addition, we were in-
terested in whether individual OTU abundances (100 most 
abundant) were responsive to somatic measures; to examine 
this, OTU relative abundances (logit-transformed) were re-
gressed against BM, PTM, and food intake over time. Where 
relevant, we corrected for multiple comparisons using the 
Benjamini-Hochberg73 procedure (FDR = 0.25) and reported 
significant p-values both pre- and post-adjustment.

3  |   RESULTS

3.1  |  Exclusions

One individual from the SDS group was classified as 
a nonresponder and was excluded from analyses. One 

pinealectomized hamster from the SDP group was unsuc-
cessful (the hamster exhibited the typical body mass and tes-
ticular photoperiodic responses of a pineal-intact hamster); 
therefore, this individual was excluded from analyses. The 
final group totals after these exclusions were as follows: 
LDS = 10, LDP = 10, SDS = 9, and SDP = 9 hamsters. After 
exclusions, the total number of fecal samples analyzed was 
152.

3.2  |  Sequencing

After sequence quality control, including exclusion of rare 
OTUs, we retained ~1.2 million sequences, representing de-
marcated 3,409 OTUs. The communities were dominated 
by the phyla Bacteroidetes (51.5% of OTUs) and Firmicutes 
(45.3% of OTUs). The 100 most abundant OTUs repre-
sented 78% of all sequences (63.2% Firmicutes and 31.5% 
Bacteroidetes) (Table S2).

3.3  |  Diversity estimators

There was a difference in relative OTU richness with the 
interaction of treatment and time (F3,144 = 2.75, P = .045). 
LDP animals had higher observed OTU richness than SDP 
animals (F1,144 = 5.35, P = .022). There were no significant 
differences in diversity (F3,144 = 2.00, P = .116) or evenness 
(F3,144 = 1.83, P = .144).

3.4  |  Body mass, food intake, and 
testes mass

The pattern of BM change was dependent on both photo-
period and pineal status (F3 ,142 = 17.15, P < .0001); thus, 
animals in both of the SD groups lost more mass than the 
LDP group (t  =  5.69, P  <  .0001), and SDS animals lost 
significantly more mass than LDS animals (t = −2.11, 
P  =  .037) (Figure  2A) (means: SDP  =  45.51  ±  2.50%, 
SDS  =  36.55  ±  2.50%, LDP  =  56.51  ±  2.37%, and 
LDS  =  50.13  ±  2.37%, where transformed values repre-
sent final BM as a percent of baseline BM [100%]). There 
was also a significant treatment by time effect on BM 
(F3,142 = 16.98, P <  .0001), where LDP had significantly 
higher BM than SDS (t = 5.21, P < .0001).

Food intake varied as a function of time (F1,142 = 5.40, 
P = .022), with animals eating more on Week 8 than Week 0 
(t = 2.32, P = .022). There was no significant effect of treat-
ment (F3,142 = 2.46, P = .065) or the interaction of treatment 
by time (F3,142 = 1.33, P = .266) on food intake.

PTM differed among groups (F3, 142 = 27.98, P < .0001), 
with SDS animals exhibiting significantly greater 



6 of 16  |      SHOR et al.

reduction in testicular mass (mean  =  21.41  ±  54.60  mg) 
as compared to all other groups on Week 8 (Figure  2B) 
(means: LDS  =  563.83  ±  51.80, LDP  =  533.25  ±  51.80, 
SDP = 404.97 ± 54.60 mg).

3.5  |  OTU abundance—all weeks

The results indicate that treatment, time, and their inter-
action significantly affect the abundance of several OTUs 
(Table 1).

Results from post hoc analyses indicate that treatments 
do not uniformly affect OTU abundances (Table  1a). For 
example, SDP had less Muribaculum (OTU 92) than LDS 
(t = −3.25, P  =  .002), as well as less Hungatella (OTU 
95) than SDS (t = −3.25, P  =  .0015). LDS also had less 

Lactobacillales than SDS (t = −3.34, P = .0011). For a full 
report of differences by treatment group, see Table S3.

OTU abundance was also significantly affected by time. 
Except for one (OTU 174, t = 3.32, P =  .002), all signifi-
cant OTUs (from within the top 100) decreased over time 
(Table 1b).

Finally, the interaction of treatment and time significantly 
affected OTU abundances. There were several significant dif-
ferences in OTU abundances between groups. SDP animals 
had significantly more Prevotella, Clostridium, and one OTU 
belonging to the genus Fusimonas than SDS animals over 
time. However, SDP had significantly lower abundances of 
Desulfovibrio and another OTU of Fusimonas than SDS over 
time. Lactobacillus was more abundant in LDP versus SDS 
over time, whereas the opposite was true for another OTU of 
Prevotella (Table 1c).

F I G U R E  2   Body mass (A) and 
paired testes mass (B) on Week 8. BM: 
body mass, expressed as percent change 
in BM as compared to baseline BM. PTM: 
paired testes mass. Graphs are based on 
raw values (% of baseline), while statistical 
analyses are transformed values (Box-Cox, 
see Methods). *P < .001. **P = .037. 
#P < .0001
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3.5.1  |  OTU abundance—all weeks—
taxonomic Rank

The repeated-measures ANOVA to analyze the abundance 
of bacteria by taxonomic rank indicate significant effects of 
time, and the treatment-by-time interaction, at the phylum 
level. There was a significant effect of the treatment-by-
time interaction on the phyla Bacteroidetes (F3, 34.3 = 3.562, 
P = .0166) and Firmicutes (F3, 108.6 = 3.603, P = .0158). There 
was a significant effect of time on the phylum Candidatus 
Saccharibacteria (F1, 108.7  =  5.303, P  =  .0232). Partial de-
nominator degrees of freedom are based on Kenward-Roger 
first-order approximations with Kacker-Harville corrections. 
Treatment, time, and their interaction all had significant ef-
fects at the genus level—overall, there were significant ef-
fects on 20 genera, representing 6 phyla (see Table S4 for 
results at the genus level).

3.6  |  OTU abundance—Week 8

We investigated OTU abundances in two ways: one-way 
ANOVA and LEfSe analysis. As both statistical approaches 
test for differential OTU abundances and as there was over-
lap in genera enriched, results from both tests are presented 
together (Table 2). Results of ANOVAs on OTU abundances 
(top 100 OTUs) with treatment in Week 8 indicate that two 
common OTUs, both in the genus Prevotella, were enriched 
in the SDP group. Further, LEfSe analysis indicated an ad-
ditional OTU (genus Prevotella) enriched in SDP, as well 
as two other OTUs enriched in LDP and SDS (Helicobacter 
and Lachnospiraceae, respectively; Table 2). Week 8 treat-
ment differences in relative abundances of genera (including 
Prevotella) are illustrated in Figure 3A.

Even though there was no evidence for major com-
munity-wide differences by treatment on Week 8 (see 
PERMANOVA and Bray-Curtis section, below), PCoA vi-
sualization indicates that there are differences by treatment 
which were driven by changes in the relative abundances on 
individual OTUs or genera (Figure 3A; Table 2). We can see 

in our contour plot of PCoA loadings that the relative abun-
dances of genera within SDP and SDS groups were particu-
larly distinct (Figure 3B).

3.7  |  Effect of OTUs on somatic measures

There were many significant associations between individual 
OTU abundances with BM, PTM, and/or food intake. The 
significant correlations were largely with members of the 
phyla Firmicutes and Bacteroidetes. The OTUs that were sig-
nificantly correlated with BM were mostly members of the 
orders Clostridiales and Bacteroidales (Table  3a). Most of 
the OTUs that affected PTM were within the Bacteroidales 
(Table 3b). Finally, several OTUs significantly affected food 
intake (Table 3c).

3.8  |  PERMANOVA and Bray-Curtis

PERMANOVA results indicated significant differences in 
community structure by treatment, overall (F3,144  =  1.51, 
P = .022). However, when analyses were separated by time, 
treatment effects were not significant (W0: F3,34  =  0.94, 
P  =  .566; W2: F3,32  =  0.93, P  =  .566; W4: F3,33  =  1.25, 
P = .116; W8: F3,33 = 0.89, P = .633). This confirms that at 
the onset of this experiment, prior to surgery, initial gut com-
munities were indistinguishable from each other.

BC was significantly affected by BM (F7, 199  =  2.66, 
P = .012; Figure 4A). As hamster BM increased over time, 
there was more dissimilarity in gut communities, regardless 
of treatment (t = 2.58, P = .011). This suggests a relationship 
between lack of gut community variation and the maintenance 
of body mass. BC is significantly affected by PTM over time 
(F7, 199 = 2.66, P =  .012; Figure 4B). There was a signifi-
cant interaction between treatment and PTM (F3, 199 = 2.75, 
P =  .044): the larger testes of the LDS animals were asso-
ciated with less community dissimilarity, as compared to 
SDS animals (t = −2.67, P = .008). There were no signifi-
cant differences in the other groups (LDP vs SDS: t = 1.77, 

OTU no. Genus
Enriched 
Treatment Group Fdf LDA P-value

4 Prevotella SD-PinX F3,34 = 3.045 − .042

21 Prevotella SD-PinX F3,34 = 3.368 − .030

182 Prevotella SD-PinX − 3.597 .013

55 Helicobacter LD-PinX − 3.840 .020

102 Lachnospiraceaea  SD-Sham − 3.500 .013

Note: Analyses were either ANOVA (F-ratio) or LEfSe (LDA).
Abbreviations: SD, short day; LD, long day; PinX, pinealectomy.
aOTU 102 could not be classified at the genus level. 

T A B L E  2   Effect of treatment on OTU 
richness (top 100) on Week 8
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P = .078; SDP vs SDS: t = 0.83, P = .405). This suggests that 
communities tend to be more similar to each other in animals 
that maintain large testis size. While food intake and BC tests 
indicated significant associations (F7,199 = 2.26, P =  .013), 
we observed no significant individual treatment effects; addi-
tional research is needed to confirm this association.

4  |   DISCUSSION

Recent studies have established that there are seasonal 
rhythms in the gut microbial community in Siberian ham-
sters.23,27 Our present findings provide an alternative hypoth-
esis regarding the mechanism(s) through which photoperiod 
drives other seasonal rhythms in physiology and behavior. 
Given that the gut microbiota has been implicated in many 
physiological and behavioral functions, pineal-dependent 

alterations in the gut microbiota may serve as a mechanism 
to affect downstream seasonal responses (ie, energetics, food 
intake, and social and aggressive behaviors). Thus, under-
standing the mechanism by which photoperiod influences the 
gut microbiota is of significant interest. The purpose of this 
study was to investigate the role of the pineal gland in shap-
ing the seasonal profile of the gut microbiota. We hypoth-
esized that the pineal gland is necessary for the expression of 
seasonal alterations in the composition of the gut microbiota. 
To test this, we placed pinealectomized and intact hamsters 
into long or short photoperiods for eight weeks, collected 
weekly fecal samples, and measured weekly food intake, tes-
tis volume, and body mass. We found significant effects of 
treatment on many bacterial genera. We also found signifi-
cant associations between individual OTU abundances and 
BM, PTM, and food intake. Finally, our results indicate a 
relationship between overall community structure, and body 

F I G U R E  3   Relative abundances of 
genera (A) and gut community differences 
by treatment (B) across treatments for 
Week 8. A: relative abundances of top nine 
genera (with remaining genera grouped 
as Other); *OTUs could not be classified 
at the genus level. B: Contour plot of 
principal coordinates analysis (PCoA) 
loading values for the first two axes, 
with R2 values for each axis presented 
parenthetically, demonstrating that short-day 
pinealectomized (SDP) gut communities 
are largely different from short-day 
sham (SDS); darker contours indicate 
close clustering of PCoA points for each 
treatment
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and testes masses. These results support our hypothesis, and 
firmly establish a role for the pineal gland in mediating some 
seasonal alterations in the gut microbiota.

There was a relationship between photoperiod, pineal 
status, and a number of bacterial genera. For example, the 
genus Hungatella, which is associated with carbohydrate 

metabolism and energy harvest,74 was significantly enriched 
in the LDP group. As another example, the genus Prevotella 
was enriched in SDP animals on Week 8, and was signifi-
cantly affected by treatment, as well as the interaction of 
treatment and time. Previous studies have indicated that 
Prevotella is associated with improved glucose tolerance 

F I G U R E  4   Association between body 
mass (A) and paired testes mass (B) with 
Bray-Curtis dissimilarity values. BC was 
significantly associated with changes in 
BM (F7, 199 = 2.66, P = .012) and PTM (F7, 

199 = 2.66, P = .012) over time. Shaded area 
surrounding each line represents confidence 
interval. BM, body mass; PTM, paired testes 
mass; BC, Bray-Curtis dissimilarity
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(mouse model),75 decreased adiposity (human model),68 
and inflammatory responses (human model).76,77 Whether 
Prevotella or Hungatella affected the seasonal physiology of 
hamsters in the context of this study is unclear, as we did 
not measure these responses; furthermore, the effects of the 
bacteria within these genera vary by species.78,79 However, 
it is clear from our results that both photoperiod and pineal 
status affect the abundance of various bacteria, and this shift 
in abundances may be linked to seasonal shifts in physiology.

Our results reveal significant correlations between gut 
bacteria and physiological responses. For example, body 
mass was correlated with the phyla Bacteroidetes and 
Firmicutes. Interestingly, both phyla are often involved in 
carbohydrate metabolism.80 The products of carbohydrate 
fermentation provide the host with energy, but they also 
communicate with the host neuroendocrine system to alter 
energy metabolism.81-84 Prior research in human and animal 
models established that the gut microbiota influences body 
weight,71,81,85-87 energetics,71,81 and fat storage.87 These are all 
measures that are seasonally regulated in Siberian hamsters 
by a complex system involving the pineal gland and other en-
docrine, neural, and genetic factors.88-90 Taken together, the 
pineal gland may drive seasonal changes in gut bacteria that, 
in turn, contribute to seasonal changes in physiology and be-
havior such as body mass and food intake in the host.

Photoperiod is represented endogenously by pineal MEL 
secretion. Pineal MEL communicates information about day 
length to induce seasonal responses in behavior and physiol-
ogy in targets throughout the mammalian body. Removal of 
the pineal gland via pinealectomy abolishes many seasonal re-
sponses to photoperiod. The results of this study extend those 
observations to include pineal-dependent seasonal shifts in 
the gut microbiota, as the abundances of certain bacteria sig-
nificantly differed in pinealectomized versus intact animals. 
Investigation of the relationship between the brain and the 
microbiota is still in its early stages.32 Communication along 
the gut-brain axis is complex, and although it is established 
that endocrine, neural, metabolic, and immune factors are all 
involved,32,91,92 there is still much unknown regarding both 
the network that connects these factors and the roles of indi-
vidual tissues/factors. Many gut-brain axis studies emphasize 
the effects elicited by the microbiota on the brain and body, 
particularly with regard to mood and behavior.6,18,30,93-95 
However, communication along the gut-brain axis is bidi-
rectional,4 so it is important to characterize the relationship 
from the perspectives of both bacteria (gut) and host (brain). 
There is already evidence of diurnal variation in the gut mi-
crobiota,69,70,96-99 evidence that gut microbes influence host 
circadian clock functions,34,96,97,100-103 and evidence that the 
circadian rhythms of the microbiota are regulated by the 
rhythms of the host.39,70,96,98 However, the role of the host in 
seasonal rhythmicity of the gut microbiota has not been es-
tablished until now. The current study indicates the presence 

of a “top-down” system of control, whereby information 
about photoperiod communicated by the brain (pineal gland) 
exerts influence on the gut community. These results are the 
first to show that at least some seasonal shifts in microbiota 
are pineal-dependent.

Extrapineal MEL is synthesized by various cell types in 
the gastrointestinal (GI) tract of birds and mammals.104-107 
The levels of gastrointestinal melatonin (GI-MEL) are 10-400 
times higher than in the pineal and serum.108-110 However, 
the mode of release of GI-MEL is not circadian;105 rather, it 
appears that MEL is released in response to food intake.104 
Further, some foods themselves are rich in MEL, and thus 
likely contribute to the high levels of MEL present in the GI 
tract.105,107,111 Although the role of GI-MEL in the digestive 
tract is not fully understood, evidence indicates that auto- and 
paracrine actions of GI-MEL include stimulation of GI motil-
ity,104,105,112,113 transmembrane transport of water, ions, and 
electrolytes,105 and its antioxidant effects may be gastropro-
tective.105,111 The activity of at least one enteric bacterium 
has also been shown to respond to GI-MEL.106,107 There is 
currently no evidence that GI-MEL enters the systemic circu-
latory system,106 and previous studies indicate that GI-MEL 
synthesis is not affected by pinealectomy.105,108 Thus, the re-
sults of the present study are likely independent of GI-MEL 
as the only intervention was to remove the pineal gland, leav-
ing GI-MEL signaling intact in all groups.

The overall results of this study confirm and extend pre-
vious work establishing seasonal differences in the Siberian 
hamster gut microbiota. While previous results23,27 indicate 
significant differences by photoperiod in the relative abun-
dances of certain members of the microbiota, the significant 
bacteria in those studies are different than those in the present 
study. Diet, environment, and genetics play important roles in 
shaping the profile of the gut microbiota,37,38 so it is therefore 
not surprising to see community differences across indepen-
dent hamster colonies that are housed in different facilities 
and fed different diets. However, the hamsters used in this 
study were all reared together and fed the same diet, thereby 
eliminating environmental variability and indicating that the 
shifts in microbiota are biologically relevant. The present re-
sults extend the findings of seasonal shifts in gut microbiota 
by establishing that the mechanism through which photope-
riod alters the gut microbial community includes the pineal 
gland.

Taxonomic identification in this study was resolved only 
to the level of genus, as species identification of bacteria 
can be problematic.114,115 Although some phyla116,117 and 
genera118,119 have been correlated with specific physiolog-
ical responses, it is important to note that bacterial species 
function can vary within the same genus.120-124 This makes 
it challenging to form conclusions about the roles of gen-
era as a whole within the microbiota, as well as to reduce 
the function of the entire microbiota as a system—which 
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contains trillions of microorganisms32—and characterize 
it by only a handful of community members.116,125 These 
points should be carefully considered when analyzing the 
microbiota and its many potential effects on behavior and 
physiology.

5  |   CONCLUSION

The systems influencing the gut microbiota are numerous and 
complex, and the circuits and mechanisms subserving com-
munication along the gut-brain axis remain largely uncharac-
terized. While previous results have identified roles for the 
immune system and stress axis in host regulation of the gut 
microbiome, the present study indicates that the pineal gland 
plays a necessary role in determining the seasonal profile of 
the microbiota. This opens the door to future chronobiologi-
cal research aimed at mechanisms driving seasonal rhythms 
both upstream and downstream of seasonal changes in the gut 
microbiota. These results also identify a novel mechanism 
for microbiome researchers to exploit in the area of brain-
gut interactions. Pineal MEL signaling may drive shifts in 
the abundances of gut bacteria, and those shifts in bacteria 
may, in turn, play a role in the host's seasonal physiological 
and behavioral responses. These results represent an impor-
tant advance in our understanding of the relationship between 
photoperiod, brain, microbiota, and physiology.
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