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SUMMARY

Circadian rhythms in microbial communities regulate a variety of essential homeostatic functions
in the intestinal tract and distal tissues. Circadian disruption is often associated with sex-specific
disease risk, but studies on circadian rhythms, the microbiome, and health outcomes primarily
use male mice or collapse both sexes into one experimental condition. Here, we identify sex
differences in diurnal rhythms in the intestinal microbiota, the metabolites they produce, and the
expression of host genes, with more pronounced effects in females. The magnitude of these sex
differences also varies by time of day, suggesting that time of collection may influence the
capacity to detect sex differences in mice. Further, transitioning female mice to high-fat and low-
fiber diet abolished circadian rhythms in microbiota, metabolites, and host gene expression that is
entrained by a chow diet. As a result, consumption of a high-fat and low-fiber diet generated new
diurnal rhythms in the microbiota and host transcriptome in females. Together, we show that
circadian rhythms in the crosstalk between microbiota and their hosts are sex-specific and that

diet plays an essential role in maintaining these sex differences.
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INTRODUCTION
Differences between females and males in anatomical, physiological, and behavioral traits have
been described in all vertebrate species, including humans (Becker et al., 2007; Geary, 2010, 2016;
Korstanje et al., 2004; Mackay, 2004; Ober et al., 2008; Ueno et al., 2004). Maintenance of such sex
differences requires a delicate orchestration between genes, the endocrine system, and
environmental factors across the distinct life history stages of males and females (Becker et al., 2007;
Geary, 2010). A direct consequence of these biological sex differences is that diseases show a sex-
specific bias in prevalence, age of onset, severity, and treatment outcome (Ober et al., 2008). For
instance, women have an increased prevalence of autoimmune diseases, while a higher prevalence
of cardiovascular disease is observed among men (Choi and McLaughlin, 2007; Lockshin, 2006).
Despite clear links between sex-specific processes and lifelong health trajectories, their underlying
molecular mechanisms have not yet been explored.

Accumulating evidence suggests that microbial communities within the intestinal tract play a
key role in supporting sex differences in metabolism, immunity, and brain function (Jaggar et al., 2020;
Jasarevic et al., 2016). The composition of microbial communities in females and males are similar in
early life, diverging around puberty, and these sex differences are maintained across adulthood
(Yatsunenko et al., 2012). Sex-specific response to diet has been proposed as one crucial factor in
driving these differences in microbial communities, as highlighted by recent work showing that gut
microbiota respond to the same dietary challenge in a host sex-specific manner (Bolnick et al., 2014).
The relative importance of environmental and dietary effects on gut microbial structure and function
in the context of sex-specific susceptibility to disease and health outcomes remains poorly

understood.
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While the adult intestinal microbiota is often characterized by its long-term stability, recent
work suggests that the relative abundance of microbiota shows significant variation across the span
of twenty-four hours (Faith et al., 2013; Segers and Depoortere, 2021; Thaiss et al., 2014, 2016; Zarrinpar et
al., 2016). Diurnal variation in microbiota abundance is synchronized with feeding rhythms and,
together, controls a variety of essential homeostatic functions in the intestinal tract (Alvarez et al.,
2020; Heinemann et al., 2021). Presence of a gut microbiota is necessary for entrainment of intestinal
circadian rhythms, as highlighted by recent work showing that the microbiome coordinates with the
circadian clock and feeding patterns to generate diurnal rhythms in energy homeostasis, lipid
metabolism, and innate immune function (Brooks et al., 2021; Kuang et al., 2019; Wang et al., 2017). For
instance, loss of circadian rhythms in microbial attachment to the intestinal epithelium prevents a
release of antimicrobial peptides into the intestinal lumen, and, as a result, influences susceptibility
to infection (Brooks et al., 2021).

Peripheral circadian rhythms also influence the composition of microbial communities in a
sex-specific manner. Total bacterial load and microbial composition significantly change across the
day and these diurnal shifts are more pronounced in female mice than male mice (Liang et al., 2015).
Deletion of Bmall, the principal driver of the mammalian molecular clock, abolishes differences in
the microbiota composition between males (Liang et al., 2015). Additionally, sex differences in hepatic
gene expression, metabolism, and reproductive development are disrupted in germ-free mice,
suggesting that microbial-derived signals are necessary for sex-specific development and
phenotype (Weger et al., 2019). How circadian variations in an intact microbiome contribute to sex-
specific physiological processes is less well known. Individual variability in environmental and
lifestyle exposures, including jet lag, shift work, antibiotic exposure, and altered feeding times or
consumption of highly processed diets, are associated with disruption to diurnal rhythms in gut

microbiota (Altaha et al., 2022; Dantas Machado et al.,, 2022; Leone et al., 2015; Thaiss et al., 2014;
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Zarrinpar et al., 2014, 2018). In turn, microbial circadian misalignment is reported to increase the risk
for obesity, poor glycemic control, metabolic dysfunction, inflammation, and overall heightened
susceptibility to disease (Brooks and Hooper, 2020; Choi et al., 2021; Frazier and Chang, 2020; Penny et
al., 2022; Zheng et al., 2020). Although circadian disruption is often associated with sex-specific health
outcomes, most studies on circadian rhythms, the microbiome, and health outcomes use only male
mice or collapse both sexes into one experimental condition (Walton et al., 2022).

Here, we sought to determine whether the microbial, metabolic, and transcriptional capacity
in the intestinal tract show sex-specific circadian rhythms under normal feeding conditions. We
specifically examined the central hypothesis that sex differences in host-microbe interactions are
time-of-day-dependent. In addition, we determined whether chronic circadian disruption to feeding
patterns through consumption of a high-fat low-fiber diet influence sex-specific synchronization of
the microbiome, microbial metabolites, and host transcriptome. To test these hypotheses, we
applied an integrated multi-Omics approach to identify sex differences in diurnal dynamics of the
intestinal microbiota, production of microbial-derived metabolites, systemic availability of microbial

metabolites, and the host transcriptome.

RESULTS

Cecal microbiota composition varies by sex and time-of-day.

A recent report showed that circadian rhythms in fecal microbiota are more pronounced in female
mice than male mice (Liang et al., 2015). Informed by this work, we determined whether similar sex
differences exist in the luminal content microbiota in the cecum, the intestinal region where most of
the bacterial fermentation occurs, and a significant pool of the microbial metabolites short-chain fatty
acids (SCFAs) are produced (Donaldson et al., 2016; Rooks and Garrett, 2016). To determine whether

luminal microbiota show sex-specific diurnal rhythms, whole ceca were collected every 4h during a
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24-h period from mice consuming a chow diet (calories provided by 23.2% protein, 55.2%
carbohydrate, 21.6% fat; three female and male mice per time point). The community structure,
diversity, and composition of luminal cecal microbiota was determined by amplifying the
hypervariable V3-V4 region using 16S rRNA marker gene sequencing. Consistent with previous
observations, the relative abundance of Bacteroidota, Firmicutes, Verrucomicrobiota, and
Deferribacterota showed significant variation at Zeitgeber time (ZT) 12 and Z16 (where ZTO0 is lights
on and ZT12 is lights off) in the cecum of female and male mice (Fig. 1A) (Liang et al., 2015). A
survey of the most abundant genera showed sex-specific differences in relative abundance across
the day (Fig. 1B). Community alpha diversity, as measured by Shannon Diversity Index, showed
sex-specific variation across the day at both phylum and genus taxonomic levels (Fig. 1C). In both
cases, females had lower diversity than males during early periods of the behaviorally inactive
phase (ZTO to ZT4,; p < 0.01), followed by a disappearance of sex differences between ZT8 to ZT16
(p > 0.05) due to increased microbial diversity in females. A later reestablishment of sex differences
occurred at ZT20 to ZT24, driven by a diversity decrease in females (p < 0.001) (Fig. 1C).

As these results suggested that the magnitude of sex differences in community diversity and
composition may vary across the day, we applied cosinor analysis to identify which taxa account for
sex-specific rhythms (Cornelissen, 2014). The relative abundance of 54 of 293 (~17%) taxa oscillated
in the cecum of females, while 46 of 306 (~15%) taxa showed diurnal variation in the cecum of
males (p < 0.05 by Cosinor test) (Fig. 1D). We next fitted the cosinor regressions for each taxon to
derive estimated acrophases, defined as the time-of-day that reflects peak relative abundance (Fig.
1E). The distribution of acrophases was localized to two time periods in females (ZT12 to ZT18, and
ZTO to ZT4), while acrophase distribution in males was extended across multiple time points (Fig.

1E). Of the microbiota whose relative abundance oscillated across the day, 14 showed similar
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patterns in males and females (Fig. 1F). This suggests that sex differences cecal microbiota involve
both differences in oscillating microbiota and the phase distribution of these rhythms across the day.

Previous work has shown that food-related cues, such as cyclic availability of dietary-derived
nutrients, exert strong effects on microbial composition and function (Brooks et al., 2021; Thaiss et al.,
2014). Based on this work, several predictions can be generated for day-night variation in feed
rhythms and nutrient availability in driving microbial rhythmicity: 1) microbiota that may show peak
relative abundance during maximal nutrient availability, 2) microbiota that may show peak relative
abundance during minimal nutrient availability, and 3) microbiota that may show no change in
relative abundance due to diurnal nutrient availability. Consistently, we detected sex-specific
patterns that fit the three criteria: 1) The SCFA butyrate producer Butyricicoccus showed similar
rhythmicity in males and females with peak abundance around ZT16 (main effect of time, Fg 23 =
3.098, p = 0.0226) (Fig. 1G). Segmented Filamentous Bacteria showed sex-specific rhythmicity
(time*sex, Fg, 27 = 2.850, p = 0.0279), with peak abundance occurring in females prior to males
(ZT12 vs. ZT16, respectively) (Fig. 1H). Relative abundance of cecal Mucispirillum shows sex-
specific rhythmicity (time*sex, Fs, 27 = 4.850, p = 0.0018), with peak abundance in males at ZT20
(Fig. 11). 2) Prevotellaceae UCG 001 showed sex-specific rhythmicity (time*sex, Fe, 27 = 6.414, p =
0.0004), whereby relative abundance is in anti-phase in males and females (Fig. 1J). Alistipes
showed a male-specific increase during the behavioral inactive phase but not females (time*sex, Fg
27 = 3.190, p = 0.0169) (Fig. 1K). Lactobacillus showed peak abundance during the light phase, with
females showing a higher overall abundance of this taxon (main effect of sex, F ,7 = 4.762, p =
0.0380) (Fig. 1L)). 3) Relative abundance of Muribaculaceae (formerly S24-7) is stable across time
of day in males and females (all p’s > 0.05) (Fig. 1M). Taken together, our observations suggest that
the composition and diversity of cecal luminal microbiota shows temporal sex-specific rhythms, and

that the magnitude of these sex differences varies by time-of-day.
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Local and systemic availability of microbial-derived metabolites varies by time-of-day
and differs by sex
Our analysis detected sex-specific diurnal variation in microbiota involved in fermentation and
production of the microbial metabolites SCFAs (Geirnaert et al., 2014; Segers et al., 2019). This class of
metabolites are potent regulators of physiological and molecular processes, including constraining
inflammation, controlling neural circuits involved in feeding and satiety, and regulating gene
expression via histone post-translational modifications and inhibition of histone deacetylase activity
(Chang et al., 2014; De Vadder et al., 2014; Smith et al., 2013). To determine whether availability of
SCFAs showed variation in the cecum of males and females across the day, luminal cecal contents
were collected every 4 h during a 24-h period (three female and male mice per time point). Cecal
weight showed significant variation across the day in males and females, whereby cecal weight
significantly decreased between ZT8 and ZT12 and then recovered in females compared with males
(Supplementary Fig. 1). Absolute quantification in the SCFAs formate, acetate, propionate,
butyrate, valerate, and hexanoate was measured using LC-MS/MS (Han et al., 2015). Valerate and
hexanoate fell below our level of detection in this assay. Cecal SCFA absolute quantities were
normalized per gram body weight to control for sex differences in cecal SCFA concentration that
may be attributed to baseline sexual dimorphism in mouse body weight. Plasma SCFA absolute
guantities were reported as a concentration ( pg/mL) based on volume and thus does not change
with body weight.

We next sought to detect sex differences in diurnal variation of SCFAs. Total luminal SCFA
availability in the cecum was similar in males and females across the day (Fig. 2A). Availability of
butyrate showed significant diurnal variation in the cecum of females (Cosinor p < 0.0001) and

males (Cosinor p = 0.0016) (Fig. 2C). Peak availability of cecal butyrate was also similar between
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females and males (ZT21.2 and ZT21.5, respectively) (Supplementary Fig. 2). The magnitude of
sex differences in availability of cecal butyrate changed across the day, with a sex difference
detected at ZT8 that later disappeared. Formate, acetate, and propionate were available in equal
guantities across the day in the female cecum (all Cosinor ps > 0.05) (Fig. 2B, D, E). Formate and
acetate were available in equal quantities across the day in male cecum (all Cosinor ps > 0.05) (Fig.
2B, E).

To determine whether SCFA availability in the cecum was synchronized with diurnal rhythms
in circulating SCFA availability, plasma samples were collected every 4h during a 24-h period (three
female and male mice per time point). Propionate was the only SCFA to show rhythmic availability in
plasma of females (Cosinor p = 0.007) (Fig. 2F-J). In contrast, acetate and butyrate showed
rhythmic availability in the plasma of males (acetate Cosinor p = 0.029; butyrate Cosinor p = 0.0032)
(Fig. 2F-J). We then integrated acrophase values from the microbiome and metabolite datasets to
examine correlations between peak abundance of specific taxa and peak availability of specific
SCFA. This analysis revealed that Butyricicoccus blooms prior to the peak availability of cecal
butyrate, followed by peak availability of plasma butyrate (Fig. 2K). The exact timing of these events
differed between males and females, suggesting synchronized sex-specific diurnal rhythms in
feeding patterns, microbial dynamics, and the subsequent local production and systemic availability
microbially derived metabolites.

Host genetics and housing conditions exhibit strong effects on the magnitude of sex
differences in mice (Jonasson, 2005; Org et al., 2016; Voikar et al., 2001). To determine whether our
observed sex differences in diurnal rhythms in microbiota and metabolites reflect a generalizable
pattern in mice, we repeated these experiments with BALB/c mice reared in a different animal
housing facility. Cosinor analysis revealed similar sex differences in cecal weight and diurnal

rhythms in cecal availability of SCFAs in BALB/c males and females (Supplementary Fig. 4).
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Similarities in sex-specific diurnal rhythm in SCFA availability across mouse strains may suggest

that these rhythms are evolutionary conserved in mice and warrants further investigation.

The transcriptional landscape of the small intestine exhibits circadian rhythmicity that differs
by sex
Variation in microbial community composition and microbial metabolite availability influence
transcriptional patterns in host tissues (Grieneisen et al., 2020; Richards et al., 2016, 2019). To determine
whether diurnal variation in microbiota and microbial metabolites associate with sex-specific
rhythmic expression of host genes, small intestinal ileum segments were collected every 4h during a
24-h period (three female and male mice per time point). We used cosinor analysis to detect
oscillations in the ileum transcriptome datasets. We detected sex differences in the number of
rhythmic transcripts. Females showed diurnal rhythms in 3492 transcripts (~24%) compared with
278 rhythmic transcripts (2%) in males (p < 0.05 by Cosinor test) (Fig. 3A). Females and males
showed similar diurnal rhythms in only 53 transcripts, confirming presence of robust sex differences
in the diurnal gene expression within the small intestine (Fig. 3B). Consistently, analyses of
acrophases revealed sex-specific distribution pattern of peak gene expression. Females exhibit a
higher number of genes peaking between ZT8 to ZT12 and ZT16 to ZT20 and males showed a
higher number of genes peaking between ZT2 to ZT6 and ZT13 to ZT18 (Fig. 3C, D). An earlier
onset and acrophase of feeding have been observed in females (~4 hours earlier than males),
suggesting that these phase shifts in intestinal gene expression patterns may reflect sex differences
in feeding rhythms and microbial dynamics (Chen et al., 2015).

To determine whether sex differences in rhythmic expression of transcripts map onto
transcriptional networks and functional pathways. Acrophase values for each cycling gene were

collapsed into 4-hour bins and then analyzed for statistical overrepresentation using Gene Ontology:
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Biological Process terms (e.g., ZTO to ZT4, ZT4 to ZT8, ZT8 to ZT12, ZT12 to ZT16, ZT16 to ZT20,
ZT20 to ZT24). Analysis of female-specific cycling genes revealed significant enrichment of
functional pathways across the day (all pathways FDR < 0.05) (Supplementary Fig. 5). Pathways
involved in the response to hyperoxia, wound healing, and cholesterol import are enriched in the
early behaviorally inactive phase (ZTO - 4) (Supplementary Fig. 5A). Immune-related pathways
such as mucosal immune responses, antigen processing, and immunoglobulin production are
enriched in the late behaviorally inactive phase (ZT4 - 12) (Supplementary Fig. 5B, C). Consistent
with adaptations related to onset of feeding in the early behaviorally active phase, enrichment of
pathways involved in the regulation microvillus length, brush border assembly, intestinal absorption,
intestinal cholesterol absorption, and fatty acid oxidation (Supplementary Fig. 5D). Pathways
involved in chromatin remodeling, histone acetylation, histone methylation, and post-translational
modification of histone residues were specifically enriched during ZT16 to ZT20, suggesting the
possibility that peak expression of genes involved in chromatin remodeling exhibit important diurnal
rhythmic in the small intestine of females (Supplementary Fig. 5E). Lastly, the late phase of the
behaviorally active phase showed enrichment of pathways involved in leptin and insulin signaling
(Supplementary Fig. 5F). Surprisingly, analysis in male-specific cycling genes revealed no
significant overrepresentation in specific biological processes across all time bins examined, likely
due to the limited number of cycling genes detected by cosinor analysis. Together, our data support
the hypothesis that diurnal variations in microbiota and their metabolites may be associated with sex

differences in diurnal transcriptional patterns in the intestinal tract.

Circadian rhythms in microbiota and metabolites are disrupted by consumption of a high-fat

low-fiber diet in females
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Consumption of a high-fat low-fiber diet is associated with a shift in diurnal feeding patterns,
resulting in mice consuming most calories during the behaviorally inactive phase (Kohsaka et al.,
2007). These altered feeding patterns are associated with circadian disruption in hepatic
homeostasis, increased body weight gain, poor glycemic control, and low-grade inflammation in
male mice (Chaix et al., 2014; Gachon et al., 2018; Hatori et al., 2012). Consumption of a high-fat low-
fiber diet also disrupts circadian rhythms of the gut microbiota and host genes in male mice (Dantas
Machado et al., 2022; Leone et al., 2015; Zarrinpar et al., 2014). Building on our results showing more
significant amplitudes in the oscillations of microbiota in females, we next determined the influence
of diet-mediated circadian disruption on microbial composition and metabolite availability in female
mice (Fig. 4A). Pubertal females were randomly assigned to either high-fat low-fiber diet (calories
provided by 20% protein, 20% carbohydrate, 60% fat) or a chow diet (calories provided by 23.2%
protein, 55.2% carbohydrate, 21.6% fat) (Gohir et al., 2019; Jasarevic et al., 2021). An important note on
treatment group notation: We explicitly highlight the absence of soluble fiber in commercially
available refined high-fat diet formulations due to accumulating evidence that the lack of soluble
fiber in these dietary formulations is an important contributor to excessive weight gain, obesity, and
diabetes in mouse models of diet-induced metabolic syndrome and obesity (Chassaing et al., 2015;
Dalby et al., 2017; Jasarevic et al., 2021; Morrison et al., 2020; Pellizzon and Ricci, 2018, 2020). Females
had ad libitum access to respective diets for the duration of the experiment. Weekly body weights
were recorded, and glycemic control was evaluated in adulthood. This feeding paradigm produced a
phenotype characterized by excessive body weight gain and delayed glucose clearance relative to
females consuming a chow diet (Jasarevi¢ et al., 2021).

We next determined whether consumption of a high-fat low-fiber diet influenced diurnal
rhythms in the intestinal microbiota, and SCFA availability. For microbiome and metabolite analyses,

whole ceca were collected every 4 h during a 24-h period (three females per diet and time point).
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Consumption of a high-fat low-fiber diet disrupted the diurnal rhythms in microbial community
composition observed in the female mice consuming a chow diet (Fig. 4B, C). Analysis of cecal
microbial diversity, as measured by the Shannon Diversity Index, showed that consumption of a
high-fat low-fiber diet was associated with a bloom in phyla Defferribacterota, Desulfobacterota, and
Verrucomicrobiota in the early phase of the behaviorally inactive period (ZTO to ZT8), indicative of
circadian misalignment in these females. Owing to a reduction in the relative abundance of
Muribaculaceae, community diversity was increased, and diurnal rhythms were disrupted in females
consuming a high-fat low-fiber diet compared with females consuming a chow diet (Fig. 4C, D).

We next sought to identify diet-specific effects on rhythmic microbiota. The number of
rhythmic microbiota was reduced from 51 to 11 in females consuming a high-fat low-fiber diet, with
only one taxon showing similar rhythmic patterns between chow and high-fat low-fiber fed females
(Fig. 4E, F). Analysis of acrophase distributions revealed a loss of the diurnal chow diet pattern and
a gain of rhythm characterized by peak relative abundance at ZT6 to ZT12 (Fig. 4G). At the
taxonomic level, females consuming the high-fat low-fiber diet lost rhythmicity in Butyricicoccus,
Segmented Filamentous Bacteria, and Prevotellaceae UCG 001 but gained rhythmicity in three
genera that are commonly associated with obesity, namely Acetatifactor, Blautia, and Bilophila (Fig.
4H-L). Recent work has shown that dietary lipids are required for the expansion of Bilophila,
indicating that the presence of excess dietary fat in the high-fat low-fiber diet may explain the
acquisition of a diurnal rhythm in Bilophila (Natividad et al., 2018). Further, gain of rhythmicity in
Acetatifactor, Blautia, and Bilophila was not detected in a recent study examining the impact of diet-
induced obesity on microbial diurnal rhythms in male mice, pointing to sex-specific effects of a high-
fat low-fiber diet (Dantas Machado et al., 2022).

The parallel diurnal rhythm loss of SCFA producer Butyricicoccus and rhythmicity gain in

SCFA producers Acetatifactor and Blautia suggests an alternate pathway for SCFA production in


https://doi.org/10.1101/2022.09.15.508006
http://creativecommons.org/licenses/by-nc-nd/4.0/

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.5080086; this version posted September 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the context of high-fat low-fiber feeding. Cosinor analysis of formate, butyrate, acetate, and
propionate showed significant reduction and loss of rhythmicity in the cecum of females consuming
a high-fat low-fiber diet compared with females consuming a chow diet (Supplementary Fig. 6). A
similar decrease in the availability and loss of rhythmicity of formate, acetate, and propionate was
observed in the plasma of females consuming a high-fat low-fiber diet. Although cecal butyrate
availability was significantly reduced in high-fat low-fiber females, plasma butyrate concentration
was indistinguishable from chow diet females, suggesting other sources of peripheral butyrate in
female mice. To further clarify whether presence of a microbiome is necessary for peripheral
availability of SCFAs, whole ceca from germ-free female mice were collected at ZT6, ZT10, ZT14
and ZT18 (Supplementary Fig. 7). Acetate, butyrate, and propionate were undetectable in the ceca
of germ-free female mice while all SCFAs were present at detectable levels in the plasma of germ-
free females. This may imply that a fraction of the total SCFA pool in circulation is derived

independent of the presence of a microbiome in female mice (Supplementary Fig. 7).

Circadian rhythms in host gene expression are disrupted by consumption of a high-fat low-
fiber diet in females

As our results showed synchronization between diurnal rhythms in microbial composition, metabolite
availability and host gene expression patterns, we next determined whether acquisition of new
rhythms in gut microbiota is associated with alterations to host gene expression patterns. Consistent
with this hypothesis, cosinor analysis of ileal transcriptome data revealed that consumption of a
high-fat low-fiber diet resulted in a ~80% reduction in the number of rhythmic transcripts (3492 to
573 transcripts) (Fig. 5A). Of the rhythmic transcripts, only 94 transcripts were shared between
high-fat low-fiber and chow diet females, suggesting that the remaining 479 transcripts gained

circadian oscillations (Fig. 5B). Analysis of acrophase distribution shows that the primary loss of
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rhythmic transcripts occurred during the ZT18 to ZT24 (Fig. 5C). Surprisingly, analysis of cycling
genes detected females consuming a high-fat low-fiber diet revealed no significant
overrepresentation in specific biological processes across all time bins examined (FDR > 0.05).
Additional analysis of candidate genes involved in regulation of the mammalian molecular clock
(Arntl, Rora, Nrldl), innate immunity (TIr4, Defa3), energy metabolism (Cd36, Lep, Irsl, Hsd17b2),
SCFA sensing (Ffar2), and histone post-translational modifications (Brd3, Hdac10) indicated that the
loss of transcriptional diurnal rhythms was primarily driven by flattened amplitudes of cycling genes
in females consuming a high-fat low-fiber diet compared with females consuming a chow diet
(Figure 5). Conversely, genes involved in autophagy (Ctsd), aerobic respiration (DId), histone
ubiquitination (Pafl, Rnf2), and inflammatory responses (ll17rc, Card9) gained oscillations in
females consuming a high-fat low-fiber diet compared with females consuming a chow diet
(Supplementary Figure 8A-F). These newly acquired cycling genes had small amplitudes,
suggesting that changes in the amplitude of cycling genes may occur within specific nutritional
contexts (Wang et al.,, 2015). To determine whether diet composition influences the amplitudes of
cyclic genes in the ileum, we calculated an amplitude ratio for every cycling gene that was shared
between females consuming a chow or high-fat low-fiber diet. Of the 94 shared cycling genes, 21
genes showed higher amplitude in high-fat low-fiber females while the remaining 73 genes showed
higher amplitude in the chow females (Supplementary Figure 8G). Paradoxically, while
consumption of high-fat low-fiber diets is often described as reflecting a state of overnutrition and
excess energy, our results suggest that the specific nutrients necessary for maintenance of high
amplitudes are either lacking or partitioned elsewhere for other physiological processes (Ainge et al.,
2011; Alfaradhi and Ozanne, 2011; Larter and Yeh, 2008; Stare, 1963). Taken together, these results show

that consumption of a high-fat low-fiber diet disrupts rhythms in microbiota, microbial metabolites,
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and host gene expression that is associated with consumption of a chow diet, and, in turn,

establishes new rhythms in microbiota and expression of host genes.

DISCUSSION

Sex differences in homeostatic functions are essential for life-long health trajectories, whereby
disruption is associated with sex-specific risk for metabolic, immune, and neural diseases (Ober et
al., 2008). Emerging evidence suggests that the gut microbiome may play a key role in meeting the
divergent metabolic and immunologic demands of males and females (Jaggar et al., 2020; Jasarevic et
al., 2016). These microbial communities show significant shifts across time-of-day, and disruption to
these circadian rhythms is associated with increased risk for metabolic dysfunction and
inflammation(Alvarez et al., 2020; Brooks and Hooper, 2020; Choi et al., 2021; Zarrinpar et al., 2016; Zheng
et al., 2020). Although circadian disruption is often associated with sex-specific health outcomes,
studies on circadian rhythms, the microbiome, and health outcomes commonly use only male mice
or collapse both sexes into one experimental condition (Walton et al., 2022). To address this potential
gap in our knowledge, we determined whether the microbial, metabolic, and transcriptional capacity
in the intestinal tract show sex-specific circadian rhythms. Additionally, we examined the female-
specific impact of diet on host-microbe interactions across time-of-day.

We first determined whether the relative abundance of microbiota fluctuates across time-of-
day in a sex-specific manner. Our analyses focused on the cecal luminal microbiota given the
essential role of this community in digesting and producing key microbial substrates important for
metabolism (Donaldson et al., 2016). Consistent with earlier studies examining the fecal microbiota
(Liang et al., 2015), we observed significant sex differences in the diurnal rhythms in the diversity and
composition of microbial communities. These sex differences were not uniform across the day,

rather, the magnitude of difference between females and males was dependent on time-of-day. For
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instance, the relative abundance of Segmented Filamentous Bacteria (SFB) was higher in females
at ZT12 (e.g., 1800 EST) and males catch up by ZT16. This rhythmic abundance in SFB drives
diurnal rhythms in the expression of antimicrobial peptides as an anticipatory cue for food and
exposure of exogenous microbiota during the behaviorally active phase (Brooks et al., 2021).
Considering these observations, our results may suggest that sex differences in SFB abundance
may reflect sex differences in feeding rhythms. Indeed, a recent report showed that females begin to
eat about two hours prior to lights off, resulting in earlier onset and peak of the feeding rhythm and a
phase advancement in overall host-microbe interactions (Chen et al., 2015).

Consistent with the notion that feeding rhythms influence sex differences in microbiota, we
also observed sex-specific microbial dynamics during the fasting period that occurs during the
behaviorally inactive phase. The relative abundance of Alistipes and Prevotellaceae UCG 001 is
increased during the early behaviorally inactive phase in males but not females, while both sexes
showed increased abundance of Lactobacillus. The diurnal rhythm and acrophase in the relative
abundance of microbiota also influenced oscillations of microbial metabolites in the cecum and
circulation. For instance, a peak in the relative abundance of Butyricicoccus preceded peak
availability of the SCFA butyrate in the cecum, followed by peak availability of plasma butyrate six
hours later. Collectively, the results of these studies reconstruct some of the sex-specific temporal
dynamics in host feeding rhythms, microbial dynamics, and availability of microbial metabolites in
circulation. As microbial metabolites influence a variety of distal tissues, incorporating time-of-day
effects on microbiome-metabolite interactions may reveal novel epigenetic, metabolic, and immune
associations involved in health and disease.

Natural variations in microbial composition and microbial metabolite availability play a
significant role in regulating expression of host genes (Richards et al., 2019). We found that diurnal

rhythms in the microbiome and its metabolites were associated with similar patterns in gene
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expression and transcriptional networks. Unlike males, females showed stepwise changes in the
transcriptional networks across the day, showing time-of-day shifts from pathways involved in
defense mechanisms to cholesterol and lipid absorption and epigenetic processes. These distinct
shifts in transcriptional networks may reflect the ways in which physiological processes in the
intestinal tract are partitioned over the course of the day.

Borne out of these studies is a central question regarding the evolutionary origins of sex
differences in host-microbe interactions. Life history theory offers explanations for the evolutionary
pressures that shape the timing of life events in males and females (Cole, 1954; Hill and Kaplan, 1999;
Partridge and Harvey, 1988; Stearns, 1989). A specific focus of life history theory is on defining age-
schedules of growth, fertility, senescence, and mortality (Cole, 1954; Hill and Kaplan, 1999; Partridge
and Harvey, 1988; Stearns, 198g). As individuals grow and then reproduce, increasing quantities of
energy are required to balance homeostatic processes and reproduction. Thus, the timing of life
events, such as growth, maturation, and reproduction, depends on the ecology of energy substrate
availability and production (Cole, 1954; Eric Charnov, 1993; Partridge and Harvey, 1988; Roff, 1993;
Stearns, 1989; West-Eberhard, 1989). From the perspective of life history trade-offs, individuals cannot
continuously support all biological functions as the energy costs are too high. Circadian rhythms
enable individuals to partition and prioritize energy allocation towards life-history events relative to
predictable fluctuations in environmental conditions, such as daily fluctuations in food availability
(Martinez-Bakker and Helm, 2015). Given the essential role of the microbiome in harvesting energy,
recent efforts to integrate the microbiome into life history evolution propose that the composition and
activity of microbial communities set the pace and timing of life history transitions (Metcalf et al., 2019;
Turnbaugh et al., 2006). This idea is supported by reports showing that abrupt changes to microbial
composition and function coincide with the changes in energy allocations required to transition

across development, reproduction, and senescence (Al Nabhani et al., 2019; Jasarevi¢ et al., 2017;
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Yatsunenko et al., 2012). In this light, sex-specific circadian rhythms in host-microbe interactions may
be one proximate mechanism that links environmental factors such as food availability to the unique
energy demands of female and male life histories.

Another important question concerns the role of diet and the energetic costs needed for the
sex-specific maintenance of oscillations in microbes, metabolites, and host genes. Earlier work
highlighted that both the nutritional composition of diets and timing of specific nutrient intake
organize and entrain peripheral circadian rhythms in rodents and humans (Potter et al., 2016). For
instance, shifting animals from a low-protein, high-carbohydrate diet to a high-protein, low-
carbohydrate diet resulted in changes to the rhythmic expression of genes involved in
gluconeogenesis in the mouse kidney and liver (Oishi et al., 2012). Similarly, switching human
participants from a high-carbohydrate and low-fat diet to an isoenergetic diet composed of low-
carbohydrate and high-fat increased the amplitude of rhythmic expression of genes involved in
inflammation and metabolism (Pivovarova et al., 2015). One extrapolation of this work is that timing of
feeding patterns and the nutritional composition of diets function as entrainment signals for host-
microbe interactions. Microbial communities show preferences towards distinct dietary components,
including protein, fiber, lactate, and urea (Zeng et al., 2022). Proportional changes to the availability of
these nutrients results in an ecological advantage for bacteria that are supplied with their preferred
substrate (Zeng et al., 2022). From this perspective, it is not surprising that transitioning females from
a chow to a high-fat low-fiber diet eliminated circadian rhythms that are entrained by the
consumption of a chow diet. Loss of rhythmicity occurred in microbiota and microbial metabolites
that utilize soluble fiber, which may suggest that the parallel loss of rhythmicity in host genes is
related to decreased availability of soluble fiber and warrants further study (Geirnaert et al., 2014)

Conversely, the modulation of dietary fat and soluble fiber initiated rhythmic oscillations of

Blautia and Bilophila, a genus that favors dietary lipids for growth and expansion (Natividad et al.,
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2018). We observed a similar gain-of-rhythmicity pattern in the ileal transcriptome of females
consuming the high-fat low-fiber diet. Interestingly, the amplitudes of these newly cycling genes
remained small. Amplitudes of cycling genes are influenced by host metabolic conditions, such that
high nutrient flux results in large amplitudes while low nutrient flux results in small amplitudes (Wang
et al., 2015). While animals consuming a high-fat low-fiber diet are commonly described as being in a
state of excess energy and overnutrition, our results may suggest that such diets lack the nutrients
or energy substrates for supporting oscillating genes with large amplitudes (Alfaradhi and Ozanne,
2011; Fleming et al.,, 2018; Stare, 1963). Thus, identification of specific nutrients necessary for
supporting large amplitudes in cycling genes involved in homeostatic processes may provide key
insight into novel approaches for the restoration of circadian rhythms and warrants further study.
Lastly, our studies may provide some practical considerations for the study of sex differences
in preclinical and clinical settings. Homeostatic and biological functions vary across time of day, and
our results show that when these processes are assessed may affect whether sex differences are
detected (Nelson et al., 2021, 2022). Our reconstruction of some, but certainly not all, sex differences
in the onset, acrophase, and amplitude of circadian rhythms in host-microbe interactions may
provide guidance in selecting the right time of day to collect data. Moreover, crosstalk between
microbiota and their hosts has far-reaching effects on health and disease trajectories (Belkaid and
Hand, 2014; Collins and Belkaid, 2022; Helmink et al., 2019; Kostic et al., 2014; McDonald and McCoy, 2019;
Round and Mazmanian, 200g). Additional experiments are now needed to consider sex differences in
circadian rhythms of host-microbe interactions, and the ways in which disruption to these processes
influence sex-specific disease risk. In all, our data highlights the importance of investigating sex
differences in circadian rhythms across the microbiome, metabolites, and expression of host genes
and how a better understanding of these fundamental processes may provide novel insight into

diseases process that show a significant sex-bias in onset, severity, and treatment outcomes.
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Materials and Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and tissue collection

All experiments were approved by the University of Pittsburgh and Magee-Womens Research
Institute Institutional Animal Care and Use Committee and performed in accordance with National
Institutes of Health Animal Care and Use Guidelines. C57BI/6N mice from Taconic Biosciences
(C57BI/6NTac) and C57BI/6 from Jackson Laboratories (C57Bl/6Jax) arrived at the animal facility
aged three weeks. Mice were allowed to acclimate to animal facilities until aged 10 weeks prior to
experimentation. All mice were maintained on a 12-hour light/dark cycle (lights on: 0600, Zeitgeber
time (ZT) 0; lights off: 1800, ZT 12). An Onset HOBO MX2202 Wireless Temperature/Light Data
Logger (HOBO Data Loggers, Wilmington, NC) was used to confirm stability of light: dark
photoperiod. Ad libitum access was provided to water and a chow diet (PicoLab Mouse Diet 20, St.
Louis, MO; 23.2% protein, 55.2% carbohydrate, 21.6% fat). For circadian collections, three mice
from each condition from separate cages were euthanized and whole blood, ileum, cecum, and
brain samples were during a 24h period for each of the 6 timepoints on the Zeitgeber time scale
(ZTO, ZT4, ZT8, ZT12, ZT16, ZT20). Due to limitations in after-hours access to gnotobiotic facilities,
circadian collections of germ-free mice occurred at 4 timepoints (ZT4, ZT8, ZT12, ZT16). lleum,

cecum, and brain samples were rapidly frozen on dry ice and stored at -80C until further processing.

METHOD DETAILS
Cecal luminal content DNA extraction and 16S rRNA marker gene sequencing
The MagAttract PowerMicrobiome DNA/RNA Kit (Qiagen) extracted genomic DNA from fifty

milligram of cecal luminal contents, using bead-beating on a TissueLyser Il (Qiagen), according to
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the manufacturer’s instructions. 16S libraries were generated using a two-step PCR protocol.
Amplicon PCR was performed as follows for amplification of the 16s rRNA V3-V4 region from cecal
luminal contents: initial denaturation at 95°C for 3 minutes, following by 25-cyles 95°C for 30
seconds, 55°C for 30 seconds, 72°C for 30 seconds, and a final extension at 72°C for 5 minutes.
Resultant 16S V3-V4 amplicons were then purified using AMPure XP beads at a 0.8 ratio of beads
to amplicon volume. Illumina Nextera XT Index Primer 1 (N7xx) and Nextera XT Index Primer 2
(S5xx) were used as index primers. Index PCR was performed as follows for amplification of the 16s
rRNA V3-V4 region from cecal luminal contents: initial denaturation at 95°C for 3 minutes, following
by 8-cyles 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and a final extension at
72°C for 5 minutes. Results indexed libraries were cleaned up using AMPure XP beads at a 0.8 ratio
of beads to indexed library. The concentration of indexed libraries was quantified using Qubit and
library fragment size was quantified using an Agilent Tapestation 4200 with D5000 ScreenTapes.
Libraries were normalized, pooled, and a paired-end sequencing of pooled libraries was done on an

lllumina iSeq 100 System using 2x150bp run geometry in our laboratory.

lleum RNA extraction and preparation for RNA-seq

Frozen tissue samples were homogenized in TRIzol Reagent (Life Technologies #15596026) using
a MiltenyiBiotec gentleMACS Octo Dissociator for 30s. RNA was isolated with Qiagen RNeasy Mini
Kits according to the manufacturer’'s instructions. RNA integrity was quantified on an Agilent
Tapestation 4200 using TapeStation RNA ScreenTapes. All samples had an RIN score above 8.
Sequencing libraries were prepared using lllumina Stranded mRNA prep, Ligation kits with IDT for
lllumina RNA UD Indexes Set A, Ligation index adapters. The concentration of indexed libraries was
guantified using Qubit and library fragment size was quantified using an Agilent Tapestation 4200

with D5000 ScreenTapes. Sequencing was performed on an lllumina NextSeq 2000 using P3 flow
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cells and 2x100 paired end-run geometry at the Health Sciences Sequencing Core at Children's
Hospital of Pittsburgh. Sequencing was repeated twice on the same library pool to achieve sufficient
resolution and minimize batch effects, producing a yield of an average of 30 — 60 million reads per

sample.

Quantification of 3NP-Short Chain Fatty Acids

Cecal samples were homogenized with 50% aqueous acetonitrile at a ratio of 1:15 vol: wt. 5ug/mL
Deuterated internal standards: (D2)-formate, (D4)-acetate, (D5)-butyrate, (D6)-propionate, (D2)-
valerate and (D4)-hexanoate (CDN Isotopes, Quebec, Canada) were added. Samples were
homogenized using a FastPrep-24 system (MP-Bio), with Matrix D at 60hz for 30 seconds, before
being cleared of protein by centrifugation at 16,000xg. Plasma samples were cleared of protein
using 4x volumes ice cold 1:1 MeOH: EtOH with vortexing, followed by centrifugation at 16,000xg.
60uL cleared supernatants were collected and derivatized using 3-nitrophenylhydrazine. Each
sample was mixed with 20 puL of 200 mM 3-nitrophenylhydrazine in 50% aqueous acetonitrile and 20
pL of 120 mM N-(3-dimethylaminopropyl)-NO-ethylcarbodiimide -6% pyridine solution in 50%
agueous acetonitrile. The mixture reacted at 60_C for 40 minutes and the reaction was stopped
with 0.45 mL of 50% acetonitrile. Derivatized samples were injected (50 pL) via a Thermo Vanquish
UHPLC and separated over a reversed phase Phenomenex Kinetex 150mm x 2.1mm 1.7uM patrticle
C18 maintained at 55°C. For the 20-minute LC gradient, the mobile phase consisted of the
following: solvent A (water / 0.1% FA) and solvent B (ACN / 0.1% FA). The gradient was the
following: 0-2min 15% B, increase to 60%B over 10 minutes, continue increasing to 100%B over 1
minute, hold at 100%B for 3 minutes, reequillibrate at 15%B for 4 minutes. The Thermo IDX tribrid
mass spectrometer was operated in both positive ion mode, scanning in ddMS2 mode (2 uscans)

from 75 to 1000 m/z at 120,000 resolutions with an AGC target of 2e5 for full scan, 2e4 for ms2
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scans using HCD fragmentation at stepped 15,35,50 collision energies. Source ionization setting
was 3.0kV spray voltage respectively for positive mode. Source gas parameters were 45 sheath
gas, 12 auxiliary gas at 320°C, and 3 sweep gas. Calibration was performed prior to analysis using
the PierceTM FlexMix lon Calibration Solutions (Thermo Fisher Scientific). Integrated peak areas
were then extracted manually using Quan Browser (Thermo Fisher Xcalibur ver. 2.7). SCFA are

reported as the area ratio of SCFA to the internal standard (Han et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing and analysis of 16S rRNA marker gene sequencing data

The sequences were demultiplexed on the BaseSpace Sequence Hub using the bcl2fastg2
conversion software version 2.2.0. Quality control on the resulting demultiplexed forward fastq files
were performed using DADA2 denoise-single function with trimming 33bp of the primer sequence. A
Naive Bayes feature classifier was trained using SILVA reference sequences with the g2-feature-
classifier for taxonomic analysis. The average count per sample was 24,717, with maximum count
per sample at 39,048 and minimum count per sample at 10,161. MicrobiomeAnalyst was used for
statistical and meta-analysis of the data. Data filtering was set to include features where 20% of its
values contain a minimum of four counts. In addition, features that exhibit low variance across
treatment conditions are unlikely to be associated with treatment conditions, and therefore variance
was measured by interquartile range and removed at 10%. Data were normalized by using trimmed
mean of M-values. For quality control purposes, water and processed blank samples were
sequenced and analyzed through the bioinformatics pipeline. Taxa identified as cyanobacteria or
‘unclassified’ to the phylum level were removed. Oscillation of microbiota abundance and period of
oscillation were detected using Cosinor analysis using the R package DiscoRhythm (Carlucci et al.,

2019). Taxa with p < 0.05 over a 24-h oscillation period are reported.
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Processing and analysis of bulk RNA-seq data

Concatenated FASTQ files generated from Illumina were used as input to kallisto, a program that
pseudoaligns high-throughput sequencing reads to the Mus musculus reference transcriptome
(version 38) and quantifies transcript expression. We used 60 bootstrap samples to ensure accurate
transcript quantification. Gene isoforms were collapsed to gene symbols using the Bioconductor
package tximport (version 3.4). Genes were filtered to counts per million >1 in at least three
samples. The filtered gene list was normalized using trimmed mean of M-values in edgeR.
Oscillation of microbiota abundance and period of oscillation were detected using Cosinor analysis
using the R package DiscoRhythm (Carlucci et al., 2019). Transcripts with p < 0.05 over a 24-h
oscillation period are reported. Over-representation analysis of Gene Ontology: Biological Process
terms to identify enriched molecular pathways/processes in both the top enriched and top rhythmic

gene lists was performed with clusterProfiler and PantherDB.

Analysis of targeted metabolomics data
Oscillation of absolute or relative metabolite abundance and period of oscillation were detected
using Cosinor analysis using the R package DiscoRhythm (Carlucci et al., 2019). Metabolites with p

< 0.05 over a 24-h oscillation period are reported.

Quantification and statistical analysis
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Statistical information including sample size, mean, and statistical significance values are shown in
the text or the figure legends. A variety of statistical analyses were applied, each one specifically
appropriate for the data and hypothesis, using the R statistical environment. For standard metabolic
endpoints, analysis of variance (ANOVA) testing with repeated-measures corrections and Tukey
post-hoc tests were used, with significance at an adjusted p1<70.05. Processing of RNA-Seq data
was conducted using standardized and published protocols. Cytobank and Astrolabe Diagnostics
were used for analysis of CyTOF data using default settings. GraphPad Prism and Adobe lllustrator
were used for generating figures. No custom script was used to analyze RNA sequencing or

cytometric data.

Statistical analysis of data

Number of samples used per time point and condition are described under ‘Animals and tissue
collection’ section and in the caption of each associated figure along with the statistical method used
for analysis. All analyses were performed in python version 3.6.12 (Python Software, 2020) or R

version 4.1.0 (R Core Team, 2021).
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Figure 1. Cecal microbiota composition is time-of-day dependent and differs by sex.

A) Schematic representation of study design and sample collections.

B) Relative abundance of top eight phyla by time points for each condition.

C) Relative abundance of top twelve genera by time points for each condition.

D) Measures of alpha-diversity (Shannon Diversity Index) across time in males and females at phyla (top)
and genus (bottom) level. Top panel, phylum-level alpha diversity differed by time-of-day in males and

females (time*sex interaction, Fg, 3 = 3.260, p = 0.0181). Bottom panel, genus-level alpha diversity
differed by time-of-day in males and females (time*sex interaction, Fe, 5, = 4.373, p =0.0033).
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E) Sex differences in non-rhythmic and rhythmic microbiota detected in the cecum using cosinor
analysis.

F) Rose plot showing sex differences in acrophase distribution of microbiota in the cecum of adult
females (left) and males (right).

G) Venn diagram depicting sex-specific and shared rhythmic cecal microbiota.

H) Relative abundance of cecal Butyricicoccus shows similar rhythmicity in males and females with peak
abundance around ZT16 (main effect of time, Fs, .3 =3.098, p = 0.0226)

) Relative abundance of cecal Segmented Filamentous Bacteria shows sex-specific rhythmicity
(time*sex, F¢, », = 2.850, p = 0.0279), with peak abundance occurring in females prior to males (ZT12 vs.
ZT16, respectively).

J) Relative abundance of cecal Mucispirillum shows sex-specific rhythmicity (time*sex, F¢, ,; = 4.850, p =
0.0018).

K) Relative abundance of cecal Prevotellaceae UCG oo1 shows sex-specific rhythmicity (time*sex, Fg, ., =
6.414, p = 0.0004).

L) Relative abundance of cecal Alistipes shows sex-specific rhythmicity (time*sex, Fs, -, = 3.190, p =
0.0169), with a male-specific increase during the behavioral inactive phase but not females.’

M) Relative abundance of cecal Lactobacillus shows sex-specific abundance regardless of time-of-day
(main effect of sex, F,, ,; = 4.762, p = 0.0380), with females showing higher overall abundance of this taxa.

N) Relative abundance of cecal Muribaculaceae (formerly S24-7) is stable across time-of-day in males and
females (all p’s > 0.05).

Three murine-pathogen free C57BI/6NTac females and males were used for each condition, for a total of
18 males and 18 females. Acrophases were calculated by cosinor analysis (period = 24 h). Threshold for
the cosinor test was set to p < 0.05. Data is represented as mean + SEM. *plJ<"0.05, ** p < 0.01, *** p
<['lo.001 following Bonferroni correction for multiple testing.
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Figure 2. Local and systemic availability of microbial metabolite varies by time-of-day and differs by sex.

A) Availability of total SCFA in cecal lumen is similar across time-of-day in males and females (all p’s >

0.05).

B) Availability of formate in cecal lumen is similar across time-of-day in males and females (all p’s > 0.05).

C) Availability of butyrate in cecal lumen shows sex-specific rhythmicity (main effect of sex, F,, =8.90, p
= 0.0435; main effect of time, F¢., = 6.795, p = 0.0003) characterized by a transient sex difference in
butyrate availability ZT8 that later disappears during the behavioral active phase.

D) Availability of acetate in cecal lumen is similar across time-of-day in males and females (all p’s > 0.05).
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E) Availability of propionate in cecal lumen is similar across time-of-day in males and females (all p’s >
0.05).

F) Availability of total SCFA in plasma is similar across time-of-day in males and females (all p’s > 0.05).
G) Availability of formate in plasma is similar across time-of-day in males and females (all p’s > 0.05).

) Availability of butyrate in plasma shows sex-specific rhythmicity, with males showing greater
availability than females during the behavioral inactive phase (ZT4, t,, =1.935, p = 0.0636).

) Availability of acetate in plasma differs between males and females (main effect of sex, F,, = 28.97, p =
0.0058, with males showing greater availability than females.

J) Availability of propionate in plasma is similar across time-of-day in males and females (all p’s > 0.05).

K) Comparison of acrophases of cecal microbiota abundance and cecal and plasma short-chain fatty acid
concentration in females (left) and males (right). Light and dark phases are shaded in white and blue,
respectively.

Three murine-pathogen free C57BI/6NTac females and males were used for each condition, for a total of
18 males and 18 females. Acrophases were calculated by cosinor analysis (period = 24 h). Data is
represented as mean +SEM.
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Figure 3. Transcriptional landscape of the adult ileum is time-of-day dependent and differs by sex.

A) Sex differences in non-rhythmic and rhythmic transcripts detected in the ileum using cosinor analysis.

B) Venn diagram depicting sex-specific and shared rhythmic transcripts.

C) Rose plot showing sex differences in acrophase distribution of genes in the adult ileum of females (left)

and males (right).

D) Heatmap showing expression levels of 3492 genes that have circadian cycling in the adult female

ileum, as detected by cosinor analysis.

E) Heatmap showing expression levels of 278 genes that have circadian cycling in the adult male ileum, as

detected by cosinor analysis.

F) Heatmap showing expression levels of 53 genes that have circadian cycling in the adult ileum of both

sexes, as detected by cosinor analysis.
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Three murine-pathogen free C57BI/6NTac females and males were used for each condition, for a total of
18 males and 18 females. Acrophases were calculated by cosinor analysis (period = 24 h). Threshold for
the cosinor test was setto p < 0.05.
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Figure 4. Consumption of a high-fat low-fiber diet drives acquisition of new diurnal rhythms in the
cecal microbiota of females.

A) Schematic representation of study design and sample collections.

B) Relative abundance of top eight phyla by time points for each condition.

C) Relative abundance of top twenty genera by time points for each condition.

D) Measures of alpha-diversity (Shannon Diversity Index) across time in females consuming a chow or
high-fat low-fiber diet at phyla (top) and genus (bottom) level. Top panel, phylum-level alpha diversity

differed by time-of-day and diet (time*sex interaction, Fg, »; = 4.245, p = 0.0051). Bottom panel, genus-
level alpha diversity differed by time-of-day and diet (time*sex interaction, Fs ., =3.289, p =0.017).

E) Female-specific diet differences in non-rhythmic and rhythmic microbiota detected in the cecum using
cosinor analysis.

G) Venn diagram depicting diet-specific and shared rhythmic cecal microbiota.
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F) Rose plot showing sex differences in acrophase distribution of microbiota in the cecum of females
consuming either chow (left) or high-fat low-fiber diet (right).

H) Relative abundance of cecal Butyricicoccus shows diet-specific rhythmicity (main effect of diet, F,, , =
20.41, p = 0.011)

) Relative abundance of cecal Prevotellaceae UCG oo1 shows diet-specific rhythmicity (main effect of
diet, F,, ., =72.92, p=0.001).

J) Relative abundance of cecal Segmented Filamentous Bacteria shows diet-specific rhythmicity
(time*diet, F¢, ;6 = 4.58, p = 0.0027).

K) Relative abundance of cecal Acetatifactor shows diet-specific increase in females consuming a high-fat
low-fiber diet across the day (time*diet, Fg, ,, = 11.50, p <0.0001).

L) Relative abundance of cecal Blautia shows diet-specific increase in females consuming a high-fat low-
fiber diet across the day (time*diet, Fs .c = 8.88, p < 0.0001).

M) Relative abundance of cecal Bilophila shows diet-specific increase in females consuming a high-fat
low-fiber diet (main effect of diet, F,, , =21.29, p = 0.009).

Three murine-pathogen free C57BI/6NTac females consuming either a chow or high-fat and low-fiber
diet were used for each condition, for a total of 18 males and 18 females. Acrophases were calculated by
cosinor analysis (period = 24 h). Threshold for the cosinor test was set to p < 0.05. Data is represented as
mean + SEM. *plJ<To.05, ** p <[J0.01, *** p <[Jo.001 following Bonferroni correction for multiple
testing.
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Figure 5. Diet-mediated disruption of genes involved in the molecular clock, metabolism, and
histone post-translational modification.
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A) Female-specific diet differences in non-rhythmic and rhythmic transcripts detected in the ileum using
cosinor analysis.

B) Venn diagram depicting diet-specific and shared rhythmic transcripts.

C) Rose plot showing sex differences in acrophase distribution of transcripts in females consuming either
chow (left) or high-fat low-fiber diet (right).

(D-F) Expression of genes involved in the mammalian molecular clock in the ileum is disrupted by
consumption of a high-fat low-fiber diet.

(G-H) Expression of genes involved in innate immunity in the ileum is disrupted by consumption of a
high-fat low-fiber diet.

(I-M) Expression of genes involved in metabolic function in the ileum is disrupted by consumption of a
high-fat low-fiber diet.

(N-O) Expression of genes involved in histone post-translational modifications in the ileum is disrupted
by consumption of a high-fat low-fiber diet.

Three murine-pathogen free C57BI/6NTac females consuming either a chow or high-fat and low-fiber
diet were used for each condition, for a total of 18 males and 18 females. Threshold for the cosinor test
was set to p < 0.05. Data is represented as mean + SEM.
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