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Abstract: Gut microbiota and biological rhythms are emerging as key factors in the modulation of
several physiological and metabolic processes. However, little is known about their interaction and
how this may affect host physiology and metabolism. Several studies have shown oscillations of gut
microbiota that follows a circadian rhythmicity, but, in contrast, variations due to seasonal rhythms
have not been sufficiently investigated yet. Thus, the goal of this study was to investigate the impact
of different photoperiods, which mimic seasonal changes, on fecal microbiota composition and how
this interaction affects diet-induced obesity development. To this aim, Fisher 344 male rats were
housed under three photoperiods (L6, L12 and L18) and fed with standard chow diet or cafeteria
diet (CAF) for 9 weeks. The 16S ribosomal sequencing of collected fecal samples was performed.
The photoperiod exposure significantly altered the fecal microbiota composition under L18, espe-
cially in CAF-fed rats. Moreover, these alterations were associated with changes in body weight
gain and different fat parameters. These findings suggest a clear impact of seasonal rhythms on gut
microbiota, which ultimately translates into different susceptibilities to diet-induced obesity devel-
opment. This is the first time to our knowledge that the photoperiod impact on gut microbiota com-
position has been described in an obesity context although further studies are needed in order to
elucidate the mechanisms involved.

Keywords: gut microbiota; photoperiods; seasonal rhythms; obesity; cafeteria diet

1. Introduction

Gut microbiota composition has been described as critical for the maintenance of ho-
meostasis and metabolic function in the host [1]. Alterations in gut microbiota, also known
as dysbiosis, may interfere with this balance, contributing to the development of meta-
bolic diseases such as obesity and metabolic syndrome (MetS) [2]. Changes in dietary pat-
terns are one of the most critical, modifiable factors that significantly alter the gut micro-
biota composition [3]. Thus, traditional diets such as the Mediterranean diet, which con-
sists of high consumption of fiber and low consumption of sugar and fat, have long been
associated with an increase in gut microbiota diversity and with a higher health status [4].
By contrast, Western-style diets have been shown to have strong effects on gut microbiota
diversity and composition, often correlated with deleterious metabolic health effects [5].
For instance, the chronic consumption of a cafeteria diet significantly decreased gut bac-
terial diversity, reducing Firmicutes and increasing Bacteroidetes and Proteobacteria
abundances, which were correlated with altered levels of plasma leptin and glycerol, as
well as adipose tissue and liver inflammation, leading to the development of obesity and
MetS [6].
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In addition to diet, biological rhythms are emerging as a key factor to take into con-
sideration when investigating gut microbiota changes. Indeed, several studies have
shown oscillations of gut microbiota during 24 h cycles [7,8]. In the latest years, a growing
body of evidence has shown that circadian rhythms can interact with nutrients, influenc-
ing several metabolic and physiological functions [9,10]. This relatively new field is de-
scribed as “chrononutrition”. Hence, the food-intake pattern during the day has a signifi-
cant influence on postprandial glucose, consequently affecting metabolism. The presence
of these rhythms allows the organism to adjust to environmental factors such as changes
in food availability or climatic variability, ensuring reproductive success and survival [11].
The effects of circadian rhythms on metabolism and physiology have been the most stud-
ied but those related to circannual rthythms are recently receiving increasing interest due
to their important role in the regulation of physiological responses [12,13]. The synchro-
nization between seasonal rhythms and physiological processes is driven by changes in
the length of the daylight phase duration (photoperiods) [14,15]. The response to changes
in photoperiods is encoded by the suprachiasmatic nucleus in the hypothalamus through
the control of pineal melatonin production [15,16]. The melatonin signal communicates
photoperiod information to a variety of targets throughout the body and brain, being
therefore the hypothalamic-pituitary axis indispensable for the interaction between sea-
sonal changes and both metabolic and physiological processes [17]. Thus, seasonal
rhythms have been related to psychiatric disorders [18] and reproductive alterations in
humans [19]. Furthermore, recent studies have shown that exposure of normal-weight
rats to different photoperiods led to different metabolic changes suggesting that glucose-
and lipid-related pathologies, such as obesity and MetS, could be influenced by light var-
iations such as those observed in the different seasons [20]. However, little is known about
the specific mechanisms involved. In fact, the effects of seasonal rthythms on gut microbi-
ota which, as mentioned above, is one of the main links between diet and host metabolism,
have not been sufficiently investigated yet.

In this regard, it has been shown that gut microbiota composition changes in both
winter and summer due to seasonal variations in both the length of the daylight phase [21]
and in dietary patterns [22]. Previous studies indicated that the relative abundance of cer-
tain bacteria differed for Siberian hamsters housed in long- versus short-day lengths
[21,23]. In addition, seasonal variations in gut bacteria related to dietary changes were
found in plateau pikas [24]. In another study in giant pandas, seasonal oscillations of gut
microbiota and higher short chain fatty acid (SCFA) production in the shoot-eating season
were observed [25]. In addition, seasonal changes including an increase in the breeding
season of the relative abundance of gut bacteria related to lipid metabolism, carbohydrate
metabolism, and nucleotide metabolism were observed in wild ground squirrels [26]. Sig-
nificant seasonal oscillations in structure and function of gut bacteria were also found in
forest and alpine musk deer [27]. In particular, a decrease in both the relative abundance
of Firmicutes and the ratio of Firmicutes to Bacteroidetes, as well as an increase in Bac-
teroidetes, was observed in summer compared to winter. Authors concluded that these
changes may contribute to a better environmental adaptation by promoting the digestion
and metabolism of food. In another study carried out in frogs, seasonal food and body
mass oscillations were significantly correlated with gut microbiota composition suggest-
ing that gut bacteria may change due to dietary pattern variations associated with sea-
sonal environmental changes [28]. Furthermore, a recent study in mice also demonstrated
that exposure to regular light/dark cycles or the constant darkness exposure promoted a
different gut microbiota profile [29]. In another recently published study with mice
housed under different photoperiod conditions, although no significant differences were
observed in the overall composition of the gut microbiota, authors were able to extract
amplicon sequence variants that were predictive of photoperiod conditions with >91%
accuracy [30]. Hence, these studies identify the photoperiod as an important factor which
can modulate the gut microbiota composition. However, all of them were done in healthy
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animals and, therefore, further studies are needed to elucidate the relationship between
photoperiod, gut microbiota and diet and its impact on metabolic diseases such as obesity.

Therefore, the aim of the current study was to investigate the effects of photoperiods
on fecal microbiota and its impact on body weight gain and different fat depots in healthy
and cafeteria-induced obese Fisher 344 rats.

2. Materials and Methods
2.1. Animals

Forty-eight 13-week-old male Fisher 344 rats from Janvier Laboratories (Le Genest-
Saint-Isle, France) were housed in pairs at standard conditions (22 °C, 65% relative hu-
midity and 12:12 h light/dark cycle). After one week of adaptation to the facility with free
access to food and water, animals were weighed and randomly distributed under specific
light-dark cycles to simulate three specific photoperiods: short photoperiod (L6, 6 h
light/18 h darkness), standard photoperiod (L12, 12 h light/12 h darkness), or long photo-
period (L18, 18 h light/6 h darkness). In each photoperiod, rats were fed either a standard
chow diet (STD) (72% carbohydrate, 8% lipid, and 19% protein; Safe-A04c, Scientific Ani-
mal Food and Engineering, Barcelona, Spain) or a cafeteria diet (CAF) composed of highly
palatable and energy-dense human foods (58% CH, 31% lipid, and 11% protein) for 9
weeks (6 groups, n = 7-8 per group) (Figure 1). CAF diet was freshly prepared every day
as previously described [31]. Body weight and food intake were recorded weekly during
the whole experimental procedure.

Animals were sacrificed by decapitation. Fecal samples were freshly collected from
the colon and immediately snap-frozen until further microbiota analysis. The cecum as
well as white adipose tissue depots, including mesenteric (nMWAT), retroperitoneal
(RWAT), inguinal (iWAT), epididymal (eWAT) and subcutaneous, were collected,
weighed and immediately frozen in liquid nitrogen. The visceral mass was calculated as
the sum of visceral adipose tissue depots (IMWAT, RWAT and eWAT). Total body fat mass
was measured as the sum of the visceral fat and subcutaneous fat (iWAT and subcutane-
ous). The adiposity index was expressed as total body fat mass/final body weight. All the
samples were stored at —80 °C until further analyses. The Animal Ethics Committee of the
Rovira i Virgili University (Tarragona, Spain) and the Generalitat de Catalunya approved
all the procedures (number reference 9495) in accordance with the EU Directive
2010/63/EU for animal experiments.
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Figure 1. Animal experimental design. 13-week-old male STD- or CAF-fed Fischer 344 rats were
pair-housed under three different photoperiods (6, 12 or 18 h of light per day) for 9 weeks. (n =7-
8). g represents male sex; L6: short photoperiod (6 h light/18 h dark); L12: standard photoperiod
(12 h light/12 h dark); L18: long photoperiod (18 h light/6 h dark); STD: standard chow diet; CAF:
cafeteria diet.

2.2. Physical Activity Measurements

Physical activity was evaluated using OxyletProTM system (Panlab, Barcelona,
Spain). The measurements were performed at weeks 8 and 9 of the study. Animals were
transferred to a standard rodent home cage (Oxylet LE 405 gas analyzer, Panlab) to ensure
a contained sample environment. Rats were maintained at 22 °C under the different



Nutrients 2022, 14, 722

4 of 15

light/dark cycle conditions, according to the photoperiod, with free access to food and
water. The cages were placed on a platform with strain weight transducers to register
movements. Data were collected and analyzed.

2.3. 165 rRNA Analysis

DNA from fecal samples was isolated using QiAamp Fast DNA Stool mini kit (Qi-
agen Inc., Hilden, Germany) and stored at —20 °C until further analysis. The 165 ribosomal
RNA sequencing was carried out using an Ion S5 system (Life Technologies, Carlsbad,
CA, USA) as described previously [32]. Briefly, V3 and V4 regions were amplified using
the following primer pairs: 341F-532R (5'-CCTACGGGRSGCAGCAG-3'; 5-ATTAC-
CGCGGCTGCT-3") and 15F-806R (5-GTGCCAGCMGCCGCGGTAA-3; 5-GGAC-
TACHVGGGTWTCTAAT-3'). Specific Ion Torrent compatible adapters and a barcode se-
quence were added in order to sequence several samples simultaneously. Amplicons were
visualized by electrophoresis (2% agarose) and DNA purification was performed with
NucleoSpin (Macherey-Nagel, Berlin, Germany). Quality, length, and concentration of the
libraries were analyzed using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
USA). Individual libraries (40 pM) were combined in equimolar amounts in groups of 38
samples. Template preparation and analysis was carried out in an Ion 510 & 520 & Ion 530
Kit-Chef (A34019, Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Samples were loaded on a 530 chip (Ion 530TM Chip Kit—4 Reactions) and
sequenced using the Ion S5 system (Life Technologies, Carlsbad, CA, USA). Low-quality
reads (phred quality score < 17) and polyclonal sequences were removed by filtering with
the PGM software resulting in a total of 63,212,452 reads. Final sequences were further
analyzed by QIIME (quantitative insights into microbial ecology) and GreenGenes data-
base.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS software (IBM SPSS statistics 25, Ar-
monk, NY, USA). In the case of body weight gain, food intake, activity and fats depots
data, normality as well as homogeneity of variance were tested by Shapiro-Wilk and
Levene test, respectively. Body weight gain over time was analyzed using repeated-meas-
ured ANOVA followed by LSD post hoc test at each individual time point. AUC of body
weight gain, food intake, activity and fat parameters were analyzed by two-way ANOVA
followed by LSD post hoc test. Data were represented as mean * standard deviation (SD)
using Graphpad Prism (v.8.0; Graphapad software Inc., San Diego, CA, USA).

MicrobiomeAnalyst web-based tool [32,33] was used for fecal microbiota analysis.
Relative abundance data was filtered (minimum count: 2; prevalence in sample: 10%) in
order to exclude low abundance data or those appearing in only one sample. After data
filtering, the number of features left was 35,759. Chaol index and Kruskal-Wallis test were
used to calculate and to elucidate alpha diversity differences between groups. Beta diver-
sity was calculated based on Bray—Curtis distances and analyzed by permutational mul-
tivariate analysis of variance (PERMANOVA). Differences in relative abundance of spe-
cific bacteria taxa were analyzed using either Mann-Whitney (if comparing two groups)
or Kruskal-Wallis test followed by Dunn’s multiple comparison with Bonferroni adjust-
ment of p values.

Spearman’s rank-order correlation analysis between fecal microbiota at different tax-
onomic levels with body weight gain and fat parameters was carried out using Python
script as previously described [31]. The FDR (false discovery rate) control for p-value cor-
rection in multiple comparisons was applied. The script was developed using PyCharm
software (v.2018.2.4, JetBrains s.r.o., Prague, Czech Republic) and Python version 3.7.7.

Statistical significances were depicted as follows: *indicating diet effect p < 0.05, and
ab letters indicating photoperiod effect p <0.05.
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3. Results
3.1. Photoperiod Effect on Body Weight

CAF-fed rats showed a significant increased body weight gain (p < 0.001) and corre-
sponding AUC compared to STD-fed rats under the three different photoperiod condi-
tions across the 9 weeks of the experiment (Figure 2a,b).

Exposure to different photoperiods did not affect body weight gain in STD-fed rats
(Figure 2). In contrast, CAF-fed rats exposed to the long photoperiod (L18) showed higher
body weight gain during the last 5 weeks of the experiment (weeks 5-9) and a significantly
higher corresponding area under the curve (AUC) when compared to rats exposed to the
short photoperiod (L6) (p < 0.05) (Figure 2). These changes in body weight gain were not
associated either with higher food intake (Figure Sla—f) or with lower activity in rats
housed under L18 conditions (Figure S1g-h).
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Figure 2. Effects of photoperiods on body weight gain in STD- and CAF-fed rats. (a) Body weight
gain under short (L6), standard (L12) and long (L18) photoperiods across the 9 weeks of the exper-
iment. * indicates significant CAF effect and a,b letters indicate significant CAF and photoperiod
effects respectively, analyzed by repeated measures ANOVA followed by LSD post hoc test (p <
0.05). (b) Area under the curve (AUC) of body weight gain. * indicates significant CAF effect and a,b
letters indicate photoperiod effect, analyzed by 2-way ANOVA followed by LSD post hoc test (p <
0.05). Data are plotted as the mean + SD (n = 7-8). L6: short photoperiod (6 h light/18 h dark); L12:
standard photoperiod (12 h light/12 h dark); L18: long photoperiod (18 h light/6 h dark); STD: stand-
ard chow diet; CAF: cafeteria diet.

3.2. Photoperiods Affect Fecal Microbiota Composition: Higher Impact on Cafeteria Diet-Fed
Rats

PERMANOVA analysis of fecal microbiota beta diversity revealed a significant CAF
effect under each photoperiod condition (Figure S2). In addition, a significant photoperiod
effect in both STD- (p <0.001) and CAF-fed (p <0.001) rats under L18 conditions was found
(Figure 3a,b). Interestingly, the CAF effect on rats housed under L18 conditions was
stronger than in both L6 and L12. Thus, samples were grouped according to diet type
along the PC1 axis. (Figure S2c).

CAF feeding significantly reduced fecal microbiota diversity independently of pho-
toperiod exposure (p < 0.01) (Figure 3c). Remarkably, fecal microbiota alpha diversity also
showed an interesting photoperiod effect. Both STD- and CAF-fed rats under L12 showed
a significant higher alpha diversity than rats under L6 and L18 (p < 0.05) (Figure 3c).

The relative abundance at phylum level was analyzed to evaluate photoperiod and
CAF effects on fecal microbiota composition. A significant effect of CAF feeding on phyla
relative abundance was observed independently of photoperiod exposure (Figure 3d, Ta-
ble S1). Thus, CAF feeding led to a significant increase in Bacteroidetes, Proteobacteria,
Verrucromicrobia and Cyanobacteria and a decrease in Firmicutes and Tenericutes (p <



Nutrients 2022, 14, 722

6 of 15

0.05). Moreover, the Firmicutes and Bacteroidetes alteration by CAF feeding caused a sig-
nificant decrease in the Firmicutes to Bacteroidetes ratio (p < 0.016) (Table S1).

Regarding the photoperiod effect, STD-fed rats did not show a photoperiod effect on
fecal bacteria relative abundance at phylum level, whereas CAF-fed rats showed a trend
towards decreased Firmicutes (p = 0.07) and increased Bacteroidetes (p = 0.08) relative
abundance levels under L18 compared to both L6 and L12 (Figure 3d). Besides this trend
effect under L18, no photoperiod effects were observed on the Firmicutes to Bacteroidetes
ratio (F/B ratio) (Table S1).
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Figure 3. Effect of photoperiods (Ph) on both fecal microbial diversity and bacteria phyla relative
abundance. Principal coordinates analysis (PCoA) 2D plot (PERMANOVA, p <0.001) of fecal micro-
biota beta diversity based on Bray—-Curtis distances in (a) STD- and in (b) CAF-fed rats; (c) alpha
diversity calculated by chao-1 index in STD- and CAF-fed rats under the three different Ph condi-
tions. Data are plotted as box and whiskers (median with interquartile ranges). * Indicates signifi-
cant diet effect between STD and CAF-fed rats under same photoperiod conditions, analyzed by U-
Mann-Whitney (p < 0.05); a,b letters indicate significant photoperiod effect analyzed by Kruskal-
Wallis test followed by Bonferroni correction for multiple comparisons (p <0.016); (d) relative abun-
dance of different bacteria taxa at phylum level. (n = 7-8). L6: short photoperiod (6 h light/18 h dark);
L12: standard photoperiod (12 h light/12 h dark); L18: long photoperiod (18 h light/6 h dark); STD:
standard chow diet; CAF: cafeteria diet.

When looking at genera level, several of the bacteria genera relative abundances were
affected by CAF feeding (Figure 4; Table S2). Thus, changes in genera belonging to Fir-
micutes and Bacteroidetes phyla were observed in CAF-fed rats while changes in less
abundant genera (relative abundance <0.1%) belonging to Actinobacteria, Bacteroidetes,
Firmicutes and Proteobacteria phyla were observed in STD-fed rats.

Furthermore, photoperiod housing conditions also affected gut microbiota composi-
tion at this taxonomical level, mainly in CAF-fed rats (Figure 4; Table 52). Thus, it is worth
highlighting some of the most abundant genera which altered significantly among photo-
periods. Bacteroides, one of the most abundant genera that was increased by CAF feeding,
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increased in rats housed under L18 conditions. Oscillospira and Ruminococcus, which
were significantly decreased by CAF feeding, showed significantly lower levels in rats
housed under L18 conditions compared to those housed under L6. Other bacteria genera
such as Coprococcus and Allobaculum, which were increased by CAF feeding, were also
altered by photoperiod (Figure 4).

00
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Allobaculum
Streptococcus
Lachnospira
Anaerotruncus
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204
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| ]
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Figure 4. Relative abundance at genus level of the most abundant genera significantly altered by
photoperiods. Stacked bar plots showing the relative abundance of each taxa at genus level. (n=7-
8). L6: short photoperiod (6 h light/18 h dark); L12: standard photoperiod (12 h light/12 h dark); L18:
long photoperiod (18 h light/6 h dark); STD: standard chow diet; CAF: cafeteria diet.

3.3. Correlations between Fecal Microbiota Taxa, Body Weight Gain and Fat Parameters

Bacteria taxa significantly altered by CAF or photoperiod conditions were selected in
order to investigate if they correlated with body weight and fat parameters (fat depots
accumulation, fat mass, visceral mass and adiposity index; Figure S3). Several correlations
were observed (Table S3) and two main clusters were identified at phylum level. The first
cluster involved Proteobacteria, Bacteroidetes, Cyanobacteria and Verrucromicrobia
phyla showing positive correlations with the different fat parameters. The second cluster
included Actinobacteria, Firmicutes and Tenericutes phyla showing negative correlations
with these parameters (Figure 5). Proteobacteria and Firmicutes, two of the most abun-
dance phyla, showed the highest number of strong to moderate significant correlations
with iWAT, RWAT, visceral fat, fat mass and adiposity index (rho < 0.5/rho <-0.5, p <0.05,
FDR < 0.05) (Table S3). The analysis at family level showed strong and moderate positive
correlations of Lachnospiraceae, Bacteroidaceae, Streptococcaceae and Verrucomicrobiaceae with
the different analyzed parameters (rtho = 0.7-0.5, p <0.05, FDR < 0.05), while, Clostridiaceae
and Ruminococcaceae presented strong negative correlations (rho =-0.7—0.5, p <0.05, FDR
<0.05) (Table S3).
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Figure 5. Correlations between fecal microbiota and body weight gain and fat parameters analyzed
by Spearman’s rank correlation coefficient (rho) at phylum level. Heat map with hierarchical clus-
tering based on correlation coefficient between bacteria and biometric parameters at phylum level.
Positive and negative correlations are represented in red and blue respectively. The higher the color
intensity the higher the degree of correlation.

Since the assessment of these results revealed significant correlations between the
relative abundance of different bacteria taxa and the different fat parameters, we further
investigated these associations at genera level, focusing only on bacteria significantly al-
tered by photoperiod conditions. Two clear clusters were identified: a first remarkable
cluster positively correlated with the fat parameters, involving principally bacteria be-
longing to the Firmicutes, Bacteroidetes and Proteobacteria phyla, and a second cluster
negatively correlated with the different fat parameters, involving mostly bacteria belong-
ing to the Firmicutes phyla (Figure 6a). It is worth highlighting the strongest correlations
observed in both clusters. Thus, Bacteroides and Coprococcus genera (belonging to Bac-
teroidetes and Firmicutes phyla respectively) showed a higher positive correlation with
mWAT, RWAT, fat mass, visceral fat, adiposity index and body weight gain (rho = 0.67-
0.6, p < 0.001, FDR < 0.05) (Figure 6b). On the other hand, in the second cluster, strong
negative correlations with the different fat depots and body weight gain were observed
for Oscillospira and Ruminococcus genera (rho = 0.6-0.7, p < 0.001, FDR < 0.05) (Figure 6b).
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Figure 6. Correlations between fecal microbiota and fat parameters analyzed by Spearman’s rank
correlation coefficient (rho) at genus level. (a) Heat map with hierarchical clustering based on cor-
relation coefficient between bacteria and fat parameters at genus level. Positive and negative corre-
lations are represented in red and blue, respectively. The higher the color intensity the higher the
degree of correlation. (b) Locally weighted linear regression (Lowess model) analysis of the strong-
est observed correlation in several bacteria genera affected by photoperiod.
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4. Discussion

In the latest years, several studies have demonstrated that gut bacteria significantly
affect host metabolism and physiology [1]. This has led to an increasing interest in under-
standing how gut microbiota composition is modulated. Dietary pattern is among the
main factors that shape these gut microbes [34], but other environmental and intrinsic
factors such as antibiotic intake [35], age [36], gender [37], physical activity [38] or stress
[39] may be also involved. In addition to these factors, the exposure to different light cycles
has recently been demonstrated to impact gut microbiota composition [21,29]. This is im-
portant as changes in gut microbiota composition may lead to different metabolic and
physiologic responses, contributing to the adaptation to changes in environmental condi-
tions associated to the different seasons. However, the relationship between seasonal
rhythms and gut microbiota and its impact on the host physiology is still poorly under-
stood. Hence, as mentioned earlier, only a few studies have focused on investigating sea-
sonal variations of gut bacteria. Moreover, these studies have used non-obese animals and
therefore the effects of seasonal variations under an obesogenic context has not been suf-
ficiently investigated yet [24,25,27,40]. Therefore, we investigated the effect of different
photoperiods on gut microbiota composition in both healthy and obese rats and how those
changes correlated with parameters related to obesity development such as body weight
gain and fat depots accumulation.

Obesity was induced by cafeteria diet feeding. This diet is a well-established model
to induce obesity and other pathologies related to the metabolic syndrome and consists of
highly palatable foods that lead to high caloric intake with poor nutritional value contrib-
uting to the development of different disorders such as insulin resistance, metabolic dis-
ruption and alterations of the gut microbiota composition [41,42]. Indeed, CAF-fed rats
showed higher body weight gain, higher adiposity accumulation and gut microbiota
dysbiosis compared to STD-fed rats. Additionally, obesity has been widely related with a
reduction of alpha microbial diversity [43] and an increase of the Firmicutes to Bacteroide-
tes ratio in obese humans and animals [44]. In this context, CAF-fed rats showed lower
alpha diversity but the Firmicutes/Bacteroidetes ratio was decreased due to the increase
of Bacteroidetes and the reduction of Firmicutes relative abundance. However, this is in
accordance with other studies using this type of cafeteria diet [4,45]. This discrepancy re-
garding Firmicutes/Bacteroidetes ratio with other high fat diets induced obesity models
may be promoted by differences in the type of fat present in the diets, mainly lard and
milk-derived fat-based diets [46]. Thus, the conflicting effects of CAF and other high fat
diets on the Firmicutes/Bacteroidetes ratio may be explained by higher consumption of
milk fat in CAF and higher intake of lard in other high fat diets. Indeed, clinical studies
have also demonstrated that increased Firmicutes/Bacteroidetes ratio is not always related
to obesity [47]. Hence, the association of this ratio with obesity should be considered care-
fully. Moreover, it is worth highlighting that CAF feeding did also significantly alter other
phyla such as Proteobacteria and Verrucromicrobia, and other bacteria relative abun-
dances at different taxonomic levels such as Clostridiaceae, Lachnospiraceae and Prevotel-
laceae at family level and Bacteroides, Oscillospira, Ruminococcus and Akkermansia at genus
level, which have been related with obesity and metabolic disorders [48].

Different photoperiod conditions were used to simulate seasonal rhythms. Thus, the
short photoperiod conditions emulated the hours of light in short days typical of the win-
ter season while the long photoperiod conditions simulated the long days typical of the
summer season. Interestingly, the photoperiod conditions significantly affected the over-
all fecal microbiota profile, and these changes were associated with differences in body
weight gain and fat content. These results are in accordance with previous studies in Si-
berian hamsters, which showed variations in gut microbiota composition caused by dif-
ferent photoperiod conditions [23,21]. In particular, we observed a decreased alpha mi-
crobial diversity under L6 and L18 compared to L12 in both STD- and CAF-fed rats. This
is in accordance with a previous studies that found that alpha diversity of fecal microbiota
was significantly decreased in mice under 24 h light conditions compared to those under
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normal 12-h LD cycles , suggesting that light cycles help to maintain a higher variety of
gut microbiota [49]. In addition, rats housed under L18 conditions showed a significant
different overall gut microbiota composition as elucidated by beta diversity analysis in
both the STD- and CAF-fed diet. Interestingly, CAF-fed rats housed under this photoper-
iod condition also showed higher body weight gain and fat content. Remarkably, the in-
crease in these parameters was not due to a change either in diet or in activity. This is
common in mammals which are able to adapt to changes in the environment driven by
changes in the light and dark cycle during the different seasons [50]. Hence, one specific
trait of seasonal manifestation in mammals is a more efficient pattern of energy harvest-
ing, expenditure and storage during the reproductive part of the year, which usually hap-
pens under the long photoperiod. In contrast, energy exploitation is scarce during the
short photoperiod, which usually corresponds to the unproductive season [51,52]. Thus,
it seems that the enhanced masses may be due to differences in the ability of the rats to
harvest energy from the consumed food, being more efficient under L18 conditions. In
addition, the gut microbiota profile from obese animals has been shown to have a higher
capacity to harvest energy from the diet due to an increased glucose absorption and fatty
acid absorption and production [53,54]. CAF-fed rats housed under L18 showed higher
abundance of Bacteroidetes and lower abundance of Firmicutes. Indeed, Bacteroidetes was
positively correlated with the body composition while Firmicutes was negatively corre-
lated with these parameters. Interestingly, both phyla are often involved in carbohydrate
metabolism [55,56]. The products of carbohydrate fermentation provide the host with en-
ergy, supporting the idea that these phyla are associated with an obesity susceptibility in
the host [57]. In CAF-fed rats, most of the bacteria genera altered by photoperiod belonged
to Firmicutes and Bacteroidetes phyla. Interestingly, two of the most abundant genera,
Oscillospira and Ruminococcus were decreased in CAF rats under L18 and correlated neg-
atively with the biometric parameters. These genera have been shown to be decreased in
obese subjects and are known as potential butyrate producers [58,59]. This short chain
fatty acid has been demonstrated to exert beneficial effects against obesity by increasing
energy expenditure and lipid oxidation [60]. In addition, Bacteroides genera, prominent
among obese individuals, was increased in this group and correlated positively with body
composition. Therefore, these results revealed a relationship between gut microbiota and
body weight gain and fat depots that might be driven by photoperiod conditions.

Finally, it is remarkable that STD-fed rats also showed a photoperiod effect on the
fecal microbiota composition. However, these changes were observed in genera with a
low relative abundance (<0.1%). In addition, these changes were not associated with dif-
ferences in the body weight gain and fat depots, which were not affected by photoperiod
in STD-fed rats. These findings were in agreement with previous work by our laboratory
[20,61], but in contrast with other studies that showed significant changes in body weight
gain and fat depot accumulation after a chronic exposure to different photoperiods in
STD-fed rats [62,63]. This absence of variation in these parameters may be due to a poten-
tial adaptative response to chronic short photoperiod exposition, ensuring survival and
avoiding reproductive suppression [64]. Thus, these results could mean that there is an
interaction between photoperiod, diet and gut microbiota, obese-induced diet rats being
more susceptible to photoperiod.

5. Conclusions

In conclusion, the current study suggests an interaction between photoperiod and
gut microbiota being linked to metabolic disorders such as obesity. This interaction, which
affects the body composition, may also affect physiological responses. Therefore, our re-
search can set the basis to understand the potential benefits of microbiota-targeted thera-
pies and to continue the study of the mechanisms regulating seasonal shifts associated
with the development of metabolic diseases such as obesity.
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