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Abstract 
 

Both circadian rhythms and the gut microbiome play integral roles in host metabolism, and their 

reciprocal interactions are crucial for metabolic homeostasis. Disruption of either system can lead to 

physiological changes that contribute to chronic metabolic diseases, such as obesity. The intestine, in 

particular, plays an essential role in nutrient metabolism and maintaining gut microbial homeostasis. 

In this study, the aim was to investigate the impact of the intestinal circadian clock on host physiology, 

focusing on its interactions with the gut microbiome and macronutrient metabolism.  

To examine the role of the intestinal clock, a mouse model with specific loss of the core clock gene 

Bmal1 in intestinal epithelial cells (Bmal1IEC-/-) was generated. Disruption of the intestinal clock resulted 

in minor morphological alterations in intestinal parameters, including reduced mucus production. 

Importantly, it was identified that the peripheral intestinal epithelial cell (IEC) clock plays a vital role in 

regulating the circadian composition and functioning of both fecal and cecal bacteria. Specifically, it 

was observed that genera such as Ruminococcus, Alistipes, Clostridium, Desulfovibrio, Odoribacter, 

Eubacterium, and Oscillibacter, which are predominantly involved in carbohydrate- and amino acid 

metabolism, are under the control of the intestinal clock. Consequently, microbial-metabolic profiles 

were altered in Bmal1IEC-/- mice, revealing changes in branched-chain fatty acids, hyodeoxycholic acid, 

and taurine-conjugated bile acids. Additionally, intestinal clock deficiency disrupted the rhythmicity of 

30% of the measured cecal metabolites. To investigate the causal relationship between the intestinal 

clock-regulated microbiome and metabolism, Bmal1IEC-/- derived microbiota was transferred to germ-

free wild-type hosts. Recipient mice receiving an arrhythmic microbiome displayed an obese 

phenotype, with a 15% increase in body weight and increased fat mass.  

Bulk RNA-sequencing analyses further uncovered the regulatory role of IEC-specific Bmal1 in the 

rhythmic expression of genes involved in carbohydrate and lipid absorption and transportation. 

Bmal1IEC-/-  mice fed a high-fat, high-sugar western diet (WD) showed a disrupted metabolic phenotype, 

including significant weight gain and impaired carbohydrate metabolism compared to controls. 

Remarkably, these effects were independent of changes in microbial rhythmicity, as both genotypes 

exhibited equally suppressed microbial rhythmicity upon low-fermentable-fiber purified WD intake. 

The depletion of fiber within purified diets was accompanied by altered intestinal clock-gene 

expression in control mice. Nevertheless, dietary supplementation with a mixture of fermentable 

fibers significantly elevated clock-gene expression and microbial oscillations. However, 

supplementation with the fermentable fiber inulin alone was insufficient to target the intestinal clock 

and ameliorate metabolic abnormalities in control mice fed a high-fat diet. This highlights the need for 

a mixture of fermentable fiber to improve the intestinal clock and modulate microbial composition. 
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In summary, our study highlights the critical role of the intestinal peripheral clock in circadian microbial 

functioning and host metabolism. Given the impact of circadian desynchrony on health, interventions 

targeting the intestinal circadian clock, such as dietary modification, prebiotics, probiotics, and 

microbiota transplantation, hold promise in benefiting individuals with metabolic disorders.  
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Zusammenfassung 
 

Sowohl die zirkadianen Rhythmen als auch das Darmmikrobiom spielen eine wesentliche Rolle im 

Stoffwechsel des Wirtes, und ihre gegenseitigen Wechselwirkungen sind für die metabolische 

Homöostase entscheidend. Eine Störung beider Systeme kann zu physiologischen Veränderungen 

führen, die zu chronischen Stoffwechselkrankheiten wie Adipositas beitragen. Insbesondere der Darm 

spielt eine wesentliche Rolle im Nährstoffstoffstoffwechsel und bei der Aufrechterhaltung der 

mikrobiellen Homöostase im Darm. In dieser Studie sollten die Auswirkungen der zirkadianen Uhr des 

Darms auf die Wirtsphysiologie untersucht werden, wobei der Schwerpunkt auf den 

Wechselwirkungen mit dem Darmmikrobiom und dem Makronährstoffmetabolismus lag.  

Um die Rolle der intestinalen Uhr zu untersuchen, wurde ein Mausmodell mit spezifischem Verlust des 

zentralen Uhrengens Bmal1 in intestinale Epithelzellen (Bmal1IEC-/-) erzeugt. Die Unterbrechung der 

intestinalen Uhr führte zu geringfügigen morphologischen Veränderungen der intestinalen Parameter, 

einschließlich einer verminderten Schleimproduktion. Es wurde festgestellt, dass die Uhr der 

peripheren intestinalen Epithelzellen (IEC) eine wichtige Rolle bei der Regulierung der zirkadianen 

Zusammensetzung und Funktion von Fäkal- und Zäkalbakterien spielt. Insbesondere wurde 

festgestellt, dass Gattungen wie Ruminococcus, Alistipes, Clostridium, Desulfovibrio, Odoribacter, 

Eubacterium und Oscillibacter, die vorwiegend am Kohlenhydrat- und Aminosäurestoffwechsel 

beteiligt sind, unter der Kontrolle der Darmuhr stehen. Folglich waren die mikrobiell-metabolischen 

Profile in Bmal1IEC-/- Mäusen verändert, was sich unter anderem in verzweigtkettigen Fettsäuren, 

Hyodeoxycholsäure und Taurin-konjugierten Gallensäuren zeigte. Darüber hinaus wurde durch das 

Fehlen der Darmuhr die Rhythmik von 30 % der gemessenen Metaboliten im Zäkum gestört. Um den 

kausalen Zusammenhang zwischen dem durch die Darmuhr regulierten Mikrobiom und dem 

Stoffwechsel zu untersuchen, wurden die von Bmal1IEC-/- abgeleitete Mikrobiota auf keimfreien 

Wildtyp-Wirte übertragen. Empfängermäuse, die ein arrhythmisches Mikrobiom erhielten, zeigten 

einen fettleibigen Phänotyp mit einem um 15-prozentigen höheren Körpergewicht und einer erhöhten 

Fettmasse.  

RNA-Sequenzierungsanalysen deckten außerdem die regulatorische Rolle des IEC-spezifischen Bmal1 

bei der rhythmischen Expression von Genen auf, die an der Aufnahme und dem Transport von 

Kohlenhydraten und Lipiden beteiligt sind. Bmal1IEC-/- Mäuse, die mit einer fett- und zuckerreichen 

westlichen Diät (WD) gefüttert wurden, wiesen einen gestörten Stoffwechselphänotyp auf, 

einschließlich einer signifikanten Gewichtszunahme und eines gestörten Kohlenhydratstoffwechsels 

im Vergleich zu den Kontrollen. Bemerkenswerterweise waren diese Effekte unabhängig von 

Veränderungen der mikrobiellen Rhythmizität, da beide Genotypen bei der Aufnahme von gereinigter 
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WD mit wenig fermentierbaren Fasern eine gleichermaßen unterdrückte mikrobielle Rhythmizität 

aufwiesen. Der Mangel an Ballaststoffen in der gereinigten Nahrung ging bei den Kontrollmäusen mit 

einer veränderten Expression von Uhren-Gene im Darm einher. Eine Nahrungsergänzung mit einer 

Mischung fermentierbaren Fasern erhöhte jedoch die Expression von Uhren-Gene und mikrobiellen 

Oszillationen signifikant. Die Supplementierung mit dem fermentierbaren Ballaststoff Inulin allein 

reichte jedoch nicht aus, um die intestinale Uhr zu beeinflussen und metabolische Anomalien bei 

Kontrollmäusen, die mit einer fettreichen Diät gefüttert wurden, zu bessern. Dies unterstreicht die 

Notwendigkeit einer Mischung aus fermentierbaren Ballaststoffen, um die intestinale Uhr zu 

verbessern und die mikrobielle Zusammensetzung zu modulieren. 

Zusammenfassend unterstreicht unsere Studie die entscheidende Rolle der peripheren Uhr des Darms 

für die zirkadiane mikrobielle Funktion und den Stoffwechsel des Wirts. Angesichts der Auswirkungen 

der zirkadianen Desynchronität auf die Gesundheit versprechen Interventionen, die auf die zirkadiane 

Uhr des Darms abzielen, wie z. B. Ernährungsumstellung, Präbiotika, Probiotika und Mikrobiota-

Transplantation, Vorteile für Menschen mit Stoffwechselstörungen
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1. Introduction 
 

1.1 The biological clock  

 

The Earth's daily cycle of light and dark prompts adjustments in behavior and physiology across nearly 

all life forms, including animals, plants, and bacteria. The first indications of programmed daily rhythms 

were observed by Jean Jacques d’Ortous De Mairan in 1729, showing continues (nearly 24-h) leaf 

movements in Mimosa pudica plants under constant darkness (DD) (de Mairan, 1729).  Halberg was 

the first to describe these endogenous 24-hour rhythms under constant conditions in the absence of 

any environmental input as circadian (circa, “about”; dies “a day”) in 1959 (Chandrashekaran, 1998).  

Although it was not until the 20th century that the existence of the endogenous biological clocks in 

animals and humans was discovered, the study of biological rhythms is now widely studied in nearly 

all living organisms (Aschoff, 1965; Aschoff & Wever, 1962; Richter, 1922).  

Within mammals, the circadian pacemaker resides in the suprachiasmatic nucleus (SCN) within the 

ventrolateral hypothalamus, consisting of thousands of neurons (Wever, 1975). SCN lesion studies 

within rats resulted in complete arrhythmic activity, eating behavior and body temperature, therefore 

defining the SCN as the central clock (Stephan & Zucker, 1972). Environmental input signals, known as 

Zeitgebers (German for “time-giver”), can entrain the pacemaker to the 24-hour day (Aschoff, 1951, 

1954). One of the strongest Zeitgeber is light, which signals to the SCN via retinal cells (Moore, 1996). 

However, temperature, social interaction, food, and exercise can also act as Zeitgebers (Heyde & Oster, 

2019; Mistlberger & Skene, 2004; Rensing & Ruoff, 2002; Zbidi et al., 2016).  

In the chronobiology field, it is essential to differentiate between circadian rhythms and diurnal 

rhythms. Circadian rhythms are (1) endogenously generated and persist under constant conditions in 

the absence of a Zeitgeber (Aschoff, 1965; Menaker & Wisner, 1983). Additionally, circadian rhythms 

are (2) temperature compensated and (3) entrainable to Zeitgebers. A diurnal rhythm does not have 

to be circadian; it may be a simple response to environmental cues such as temperature changes, so-

called ‘masking’ (Pittendrigh, 1954). Although daily life is continuously exposed to entraining 

Zeitgebers like light and temperature, investigating the circadian clock in free-running conditions 

(constant darkness/light) is necessary to comprehend the underlying mechanisms of how a rhythm is 

generated. 
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1.2 The molecular clock  

 

Cell-autonomous clocks have been found in almost all mammalian tissues (Welsh et al., 2004). On a 

molecular level, the cell-autonomous clocks are composed of transcriptional–translational 

autoregulatory feedback loop (TTL), driving approximately 24-hour rhythms in RNA and protein 

expression and translation of core clock components (Takahashi, 2017). In mammals, the TTL consists 

of several key components, including the transcription factors Circadian Locomotor Output Cycles 

Kaput (CLOCK) and brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1 

(BMAL1), the negative regulators Period (PER) and Cryptochrome (CRY), and the accessory feedback 

regulators nuclear factors REV-ERB and retinoic acid receptor related orphan receptors (ROR). The 

CLOCK and BMAL1 proteins dimerize and bind to E-box elements of the Per (Per1, Per2, and Per3) and 

Cry (Cry1 and Cry2) promoter regions, activating their transcription. After translation, PER and CRY 

proteins accumulate within the cytoplasm, heterodimerize, and then translocate back to the nucleus, 

where they inhibit their own transcription by binding to the CLOCK-BMAL1 complex and preventing its 

activity (Figure 1). The proteasome continuously degrades the CRY-PER heterodimers, allowing the 

CLOCK-BMAL1 complex to resume its activity and initiate another round of transcription and 

translation  (Takahashi, 2017).  

In addition to the primary feedback loop, the CLOCK-BMAL1 complex also activates the transcription 

of Rev-Erb-α,-β and Ror-α,-β,-γ. Consequently, their protein transcription competes within the Bmal1 

promotor region for RORE elements, mediating Bmal1 expression. REV-ERB inhibits Bmal1 

transcription, while ROR promotes it (Takahashi, 2017). Together, the interconnection of both loops 

generates robust rhythms in mammals with a period of ∼24 hours (Takahashi, 2017).  

These core circadian clock genes regulate the transcription of clock-controlled genes (CCGs) by binding 

to ROREs, D-boxes, or E-boxes in their promotor regions (Takahashi, 2017). In mammals, up to 10% of 

all genes exhibit circadian rhythms, indicating that the circadian system plays a fundamental role in 

regulating a wide range of physiological processes, including key genes involved in immune regulation, 

metabolism, hormone regulation, and many more (Hughes et al., 2009; Panda et al., 2002).  
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Figure 1 Mammalian circadian clock mechanism.                                                                                                                                        
BMAL1 (red) and CLOCK (purple) bind to the E-box of indicated genes, including Per1-3 (blue), Cry1/2 (green), Rev-Erbα (light 
blue), and Rorα,β,γ (brown). PERs and CRYs locate back to the nucleus after binding casein kinase 1 (CK1δ/ϵ), repressing the 
expression of the previously mentioned genes. In an accessory loop, the by CLOCK and BMAL1 regulated transcription of REV-
ERBs and RORs compete for binding to rev-responsive elements (RRE) on the Bmal1 gene promotor. Where ROR positively 
regulates BMAL1 transcription and REV-ERB negatively.  In addition, CLOCK/BMAL1 regulates the transcription of clock-
controlled genes (CCGs) (grey box). BMAL; brain and muscle ARNT-like 1, CLOCK; circadian locomotor output cycles kaput, 
PER; period, CRY; cryptochrome, ROR; retinoic acid receptor-related orphan receptors, REV-ERB; nuclear receptor subfamily 
1 group D (adjusted from (Mohawk et al., 2012)). 

 

1.3 Organization of the circadian system  

 

Circadian clocks are not limited to the SCN but have been discovered in various organs, tissues, and 

cells throughout the body. These peripheral clocks exist in organs such as the liver, pancreas, lung, 

skin, muscle, gastrointestinal (GI) tract, and adipose tissue (Zhang et al., 2020). Similar to the SCN, 

peripheral clocks rely on the TTL molecular mechanism described earlier, regulating cell-specific 

functions (Balsalobre et al., 1998; Schibler, 2003). Studies utilizing primary cell culture models and 

tissue explant cultures have proven sustained peripheral clock gene rhythms, highlighting the intrinsic 

characteristics of these peripheral clocks (Yoo et al., 2004). 
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For all clocks to function as a coordinated circadian system, the SCN synchronizes peripheral clocks 

through various modes of communication, including humoral signaling, temperature, activity/rest 

cycle, and the autonomic nervous system (Mohawk et al., 2012). Additionally, apart from SCN 

synchronization, food intake patterns serve as a prominent Zeitgeber for peripheral tissues, influencing 

the phase of their circadian gene expression independent of the SCN (Damiola et al., 2000; Deota et 

al., 2023; Stokkan et al., 2001). For instance, altering the timing of food intake, such as restricting 

feeding to the daytime (6 a.m. till 6 p.m.) instead of the nighttime (6 p.m till 6 a.m.), can shift the phase 

of circadian genes by 12 hours in rodent-derived liver cells, while the SCN remains entrained to the 

light/dark cycle (Damiola et al., 2000; Stokkan et al., 2001). Time-restricted feeding, where food intake 

is limited to certain hours of the day, is therefore a commonly used method to rescue peripheral clock 

regulation, especially in metabolic-relevant organs such as the liver and kidney (Izumo et al., 2014).  

Misalignment or desynchronization of the circadian system, where peripheral clocks become 

uncoupled from the SCN, can occur due to factors such as shift work, frequent travel across time zones 

(jetlag), sleep disturbances, or irregular eating schedules. This misalignment has been implicated as a 

significant factor in various diseases like obesity, cancer, type 2 diabetes (T2D), and depression, 

emphasizing the significance of circadian clock mechanisms in maintaining host health (Bray et al., 

2013; Grosjean et al., 2023; Kervezee et al., 2020; Mota et al., 2017; Papantoniou et al., 2018; Scheer 

et al., 2009; Walker et al., 2020).  

 

1.4 The impact of circadian misalignment on host metabolism 

 

1.4.1 Genetic modification of core clock-genes 

 

Research focusing on the ablation of core clock genes in mice has provided valuable insights into the 

intricate relationship between circadian rhythms and physiological processes, particularly in relation 

to host metabolism. Notably, whole-body Clock-mutant mice (ClockΔ19/Δ19) exhibit a wide array of 

metabolic changes, such as increased body weight and adiposity, as well as symptoms reminiscent of 

metabolic syndrome (Turek et al., 2005). Additionally, these mutant mice exhibit a loss of diurnal gene 

expression in key metabolic genes involved in protein and lipid metabolism, suggesting a potential 

mechanism underpinning the observed metabolic alterations (McCarthy et al., 2007). Similarly, whole-

body Bmal1 mutations render mice more susceptible to diet-induced obesity, along with reduced 

glucose tolerance and impaired adipogenesis and adipocyte differentiation (Lamia et al., 2008; Rudic 

et al., 2004; Shimba et al., 2005). Furthermore, studies employing Per2 knockout and Cry1/Cry2 double 

knockout mice have revealed that these animals exhibit reduced body weight and glucose intolerance 
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under normal chow conditions. However, intriguingly, under high-fat diet (HFD) conditions, they 

experience significant increases in body weight and adiposity, underscoring the complex interaction 

between core clock genes and metabolic responses (Barclay et al., 2013; Grimaldi et al., 2010; Yang et 

al., 2009).  

Investigations into tissue-specific ablation of core clock genes have further elucidated their distinct 

effects on metabolic processes. For instance, specific deletion of Bmal1 in the pancreas results in 

impaired glucose homeostasis, while liver-specific Bmal1 deletion leads to elevated triglyceride and 

cholesterol levels (Marcheva et al., 2010; Pan et al., 2016). Similarly, Bmal1 deletion in adipocytes is 

associated with reduced energy expenditure and subsequent weight gain (Paschos et al., 2012), while 

in skeletal muscle, it impairs glucose uptake and oxidation (Harfmann et al., 2016). These findings 

underscore the significance of tissue-specific circadian clocks in regulating diverse aspects of 

metabolism.  

Research involving humans has also provided valuable evidence linking core clock genes to metabolic 

disorders. Polymorphisms in clock genes, including CLOCK and BMAL1, have been associated with 

obesity and T2D (Corella et al., 2016; Sookoian et al., 2008; Woon et al., 2007).  

 

1.4.2 Circadian environmental disruption  

 

An alternative approach to exploring the interplay between internal circadian rhythms and host 

metabolism is through studies using controlled lab settings that mimic circadian disruptions. In 

humans, such controlled settings include forced desynchrony protocols, which force subjects to follow 

a different day-night cycle that is substantially shorter or longer than the endogenous 24-hour rhythm. 

Individuals undergoing forced desynchrony protocols have exhibited hyperglycemia, hyperinsulinemia, 

and decreased leptin levels (Scheer et al., 2009). Similarly, shifting rodent activity to the rest phase 

leads to increased body fat and glucose intolerance (Salgado-Delgado et al., 2010). Moreover, 

exposure to dim light at night has been found to promote weight gain, insulin resistance, and disrupts 

the circadian clock in peripheral tissues and the SCN (Fonken et al., 2013; Fonken et al., 2010). In 

addition, altering the timing of food intake from the active phase to the rest phase results in 

desynchronization between peripheral clocks and the SCN clock, leading to increased body fat, reduced 

glucose tolerance, and altered lipid metabolism  (Arble et al., 2009; Bray et al., 2013; Damiola et al., 

2000; Stunkard & Allison, 2003). Conversely, feeding mice an HFD restricted to their active phase has 

been shown to improve diet-induced metabolic syndrome (Hatori et al., 2012).  
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1.4.3 Dietary composition  

 

The diet’s nutrient composition also plays a crucial role in host metabolism through its crosstalk with 

circadian clocks. For example, HFD (45% kcal) consumption in rodents leads to changes in rhythmic 

behavior, with active food consumption occurring during the light phase. Although core-clock genes 

maintain their rhythmicity, CCGs in metabolic-related tissues such as the liver and adipose tissue 

exhibit reduced rhythmicity, resulting in disruption of metabolic homeostasis (Eckel-Mahan et al., 

2013; Kohsaka et al., 2007; Pendergast et al., 2013). Interestingly, apart from the desynchronization 

between the SCN and peripheral clocks caused by altered feeding patterns, peripheral clocks 

themselves can also become misaligned under HFD conditions. For example, the liver shows a direct 

phase shift after just one week of HFD, while other organs, like white adipose tissue, spleen, and lung, 

may require more time to respond or may not be as responsive to HFD (Pendergast et al., 2013). It is 

important to note that these studies compared HFD to chow diet conditions, suggesting that the 

observed effects may be attributed to alterations in nutrient components other than dietary fat.   

In vitro studies examining the effects of carbohydrates on clock remodeling and metabolic homeostasis 

have shown that both glucose and fructose can alter the expression of core clock genes in cell cultures 

(Chapnik et al., 2016; Hirota et al., 2002). Moreover, excessive sucrose intake (65%) in rats has been 

associated with the development of metabolic syndrome and changes in the oscillations of core clock 

and metabolic-related genes, such as hexose transporter genes, in the small intestine. Notably, liver 

core clock genes remained unaffected by sucrose intake, indicating tissue-specific variations in the 

response to nutrient intake (Sun, Hanzawa, Kim, et al., 2019; Sun, Hanzawa, Umeki, et al., 2019).  

These collective studies underscore the importance of both central and peripheral circadian clocks in 

host metabolism. Further research using animal models is necessary to gain a better understanding of 

how nutrients and meal timing affect peripheral clock function and circadian host metabolism in vivo. 

 

1.5 Intestinal diurnal rhythms  

 

One important peripheral organ involved in host metabolism is the GI tract, playing a key role in 

nutrient uptake and supply. The presence of clock genes throughout the entire GI tract has been well-

documented in rodent models and humans (Davidson et al., 2003; Hoogerwerf et al., 2007; Pan & 

Hussain, 2009; Pardini et al., 2005; Polidarova et al., 2011; Sladek et al., 2007; Yamamoto et al., 2004). 

The stomach, duodenum, jejunum, ileum, and colon exhibit endogenous circadian rhythms, with each 

of these organs slightly differing in phase (Hoogerwerf et al., 2007; Moore et al., 2014; Polidarova et 

al., 2009; Sladek et al., 2007; Yamamoto et al., 2004). For instance, duodenal circadian rhythms 
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precede those in the colon, aligning with the progression of food through the digestive system 

(Polidarova et al., 2009). Further evidence for an intrinsic endogenous GI peripheral clock derives from 

the study of Moore et al., showing robust clock gene rhythmicity in intestinal explants and organoids 

(Moore et al., 2014). 

Apart from the intestinal epithelial cells (IECs) having their own core clock machinery, the GI tract 

exhibits a range of physiological rhythmic functions, including nutrient absorption and digestion, gut 

motility, gastric acid output, hormone release, epithelial barrier function, and microbial composition 

and activity (Figure 2). Subsequent subchapters will delve into these functions in greater detail. Of 

note, the precise control mechanisms behind most rhythmic processes, whether they are governed by 

the central clock or the peripheral intestinal clock or if they arise from other systemic influences, are 

still largely unknown. 

 

Figure 2 Rhythmic gastrointestinal functions.                                                                                                                                        
Summary of diurnal/circadian rhythms discovered throughout the gastrointestinal tract (adjusted from (Segers & Depoortere, 
2021)).   

 

1.5.1 Intestinal cell proliferation  

 

The GI tract consists of several layers, including the Serosa, Muscularis externa, Submucosa, and 

Mucosa (Young, 2006). The epithelium (part of the mucosa) comes in contact with the nutrients first 

and consists of several cell types responsible for nutrient absorption and digestion, mucus secretion, 

and hormonal release. The intestinal epithelium is one of the most rapidly renewing tissues in the 
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body, with a turnover time of 3-5 days, to maintain homeostasis of the GI. This turnover is regulated 

by a population of intestinal stem cells located in the crypts of Lieberkühn, which give rise to 

proliferative transit amplifying cells that differentiate into various cell types, including enterocytes, 

goblet cells, Paneth cells, and enteroendocrine cells (Cheng & Leblond, 1974). 

Studies have demonstrated that the circadian clock is a critical regulator of intestinal stem cell 

proliferation by governing DNA synthesis (Scheving et al., 1980). Diurnal variations in the cell cycle 

have been observed throughout the murine gastrointestinal tract, with DNA synthesis displaying a 

phase difference of 6-8 hours along its length from the tongue to the rectum. This temporal pattern 

commences approximately one hour before the onset of light in the esophagus, followed by the 

stomach, duodenum, jejunum, ileum, and ultimately the rectum (Scheving et al., 1980). These findings 

suggest a diurnal rhythm associated with nutrient intake, as alterations in feeding schedules can 

synchronize the proliferation rhythms to the time of food consumption (Burholt et al., 1985; Yoshida 

et al., 2015). However, even during fasting conditions, these rhythmic fluctuations persist in humans 

and mice, albeit with a slightly reduced amplitude, indicating its inherent circadian origin (Scheving, 

2000; Scheving et al., 1984).  

Interestingly, studies investigating diurnal rhythms in intestinal stem cell proliferation are scarce and 

inconclusive. The initial investigations into the regeneration of intestinal tissue reported that the 

proliferation of intestinal progenitor cells remained constant and did not exhibit any variation with 

respect to time of day (Bertalanffy, 1960; Leblond & Stevens, 1948; Pilgrim et al., 1963). Recent 

research tackled this inconsistency by revealing that proliferation rhythms are feeble before stress but 

become more apparent during regenerative phases with increased inflammation (Karpowicz et al., 

2013; Stokes et al., 2017; Stokes et al., 2021). The Wingless signaling pathways play a critical role in 

intestinal stem cell renewal. In the mouse intestine, Wingless signaling is boosted by R-spondins and 

their Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) to promote self-renewal of 

Lgr+ stem cells and intestinal crypt growth and proliferation. The circadian clock regulates the 

production of Wingless3A ligand by Paneth cells, resulting in 24-hour oscillations of signaling activity 

that couple circadian rhythms to proliferation (Matsu-Ura et al., 2016). Downstream components of 

the Wingless signaling pathway, including target genes such as c-Myc, have also been shown to be 

regulated by the circadian clock (Repouskou & Prombona, 2016). The bidirectional interaction 

between the circadian clock and c-Myc may enable a balance between circadian clock control and stem 

cell-driven processes to coordinate environmental signals with intestinal epithelial tissue renewal.  
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1.5.2 Intestinal barrier 

 

The intestinal epithelium forms a physical and immunological barrier that separates the gut lumen 

from the host's internal environment. This protective barrier is maintained through the presence of 

intercellular tight junctions that connect adjacent epithelial cells, effectively restricting the paracellular 

diffusion of harmful microorganisms and antigens (Groschwitz & Hogan, 2009). Notably, the 

expression of tight junction proteins, such as occludin and claudins, follows diurnal patterns within the 

colon and is directly regulated by the binding of CLOCK-BMAL1 to the E-boxes in the promotor region 

of these tight junction genes (Kyoko et al., 2014; A. Martchenko et al., 2020; Summa et al., 2013). 

Studies involving mice with disrupted global circadian clocks, through either genetic mutation or light 

cycle disruption, have demonstrated increased permeability in the intestines (Eum et al., 2023; Kyoko 

et al., 2014; Summa et al., 2013; Voigt et al., 2016). This increased permeability allows the movement 

of pro-inflammatory substances from the gut into the body, predisposing the mice to metabolic and 

inflammatory diseases. Furthermore, mice with IEC-specific deletion of RORα or Bmal1, as well as 

those experiencing circadian disruption by shifting the light-dark phase, display an increased 

susceptibility to induced colitis by dextran sulfate sodium (Amara et al., 2019; Jochum et al., 2022; Liu 

et al., 2017; Pagel et al., 2017; Preuss et al., 2008). These observations are accompanied by the 

downregulation of tight-junction proteins and the upregulation of systemic pro-inflammatory 

cytokines, such as IL-6 and TNF-α (Jochum et al., 2022). Those studies suggest that disruption of 

intestinal rhythms might be involved in intestinal inflammatory diseases.   

Apart from the mechanical barrier provided by the tight junctions, the intestinal immune barrier also 

exhibits diurnal rhythmicity. Most immune cells harbor a molecular clock (Labrecque & Cermakian, 

2015). For instance, the group 3 innate lymphoid cells (ILC3s), which act as a first line of defense within 

the innate immune system, contain clock genes. Disruption of these clock genes in ILC3s leads to 

intestinal dysbiosis and increased susceptibility to inflammation (Godinho-Silva et al., 2019; Teng et 

al., 2019). Specifically, clock-gene deletion within ILC3s results in disrupted expression of IL22 and IL17,  

as well as impaired lipid uptake (Godinho-Silva et al., 2019; Teng et al., 2019; Wang et al., 2019; Yu et 

al., 2013). Moreover, T-helper 17 cells (Th17), key players in the adaptive immune response, also 

exhibit daytime-dependent variations in the small intestine (SI) (Thu Le et al., 2017; Yu et al., 2013). 

The differentiation of Th17 cells derived from CD4+ T lymphocytes plays a crucial role in controlling 

bacterial infections and is regulated by RORγt, a circadian clock mediator (Korn et al., 2009; Yu et al., 

2013). In addition, deletion of the core-clock gene Rev-Erbα resulted in suppressed Th17 cell 

recruitment (Amir et al., 2018).  
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In summary, disrupting circadian rhythmicity is suggested to impair immune response and barrier 

integrity within the intestines, which, in turn, can promote inflammation and the onset of metabolic 

disorders. 

 

1.5.3 Intestinal motility   

 

Intestinal motility, a critical aspect of digestive function, displays diurnal patterns in the stomach, SI, 

colon, and rectum in both rodents and humans (Auwerda et al., 2001; Goo et al., 1987; Kellow et al., 

1986; Kumar et al., 1986; Lindberg et al., 1996; Rao et al., 2001). Electric rhythm measurements, which 

are indicative of motility and colonic pressure changes, have revealed that colonic movements are 

more prominent during the active phase following a meal, while activity during the rest phase is 

minimal. Interestingly, individuals with CLOCK/PER3 polymorphisms, as well as those who work night 

shift or travel across time zones, experience alterations in gut motility, leading to symptoms such as 

constipation and diarrhea (Vener et al., 1989; Yamaguchi et al., 2015). Studies on rodents have further 

demonstrated that mice lacking Per1 or Per2 genes display disrupted colonic motility and changes in 

fecal output (Hoogerwerf et al., 2010; Saito et al., 1976). The consistent presence of rhythmicity in 

stool output, intracolonic pressure changes, and tissue contractility, even under constant conditions, 

indicates that these measures of colonic motility are circadian in nature (Hoogerwerf et al., 2010; Saito 

et al., 1976).    

 

1.5.4 Nutrient intake, absorption and digestion 

 

The circadian system plays a crucial role in regulating metabolism, particularly in response to the 24-

hour variations in nutrient availability. The GI tract, as the primary organ responsible for processing 

nutrients, is of great importance in this regard. Enteroendocrine cells, present throughout the entire 

GI tract, have a significant influence on energy intake and glucose metabolism. Enteroendocrine cells 

exhibit diurnal rhythms in hormone production, including cholecystokinin, glucagon-like peptide 1 

(GLP-1), glucose–dependent inotropic polypeptide (GIP), and peptide YY (PYY) (Elliott et al., 1993; 

Martchenko, 2021). GIP and GLP-1, for instance, stimulate insulin secretion and slow gastric emptying, 

thereby regulating glucose and lipid metabolism as well as energy intake (Deane et al., 2010; Nauck et 

al., 1997). Remarkably, rats on a westernized diet (high-fat + high-sugar) exhibit disrupted diurnal GLP-

1 response, potentially due to the suppression of the L-cell clock within enteroendocrine cells induced 

by HFD (Gil-Lozano et al., 2016; Martchenko et al., 2018; S. E. Martchenko et al., 2020).  
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The SI is particularly crucial in the digestion and absorption of nutrients. Early research has 

demonstrated the existence of diurnal rhythms in intestinal nutrient absorption, which synchronizes 

with feeding time (Furuya & Yugari, 1974). Further investigations have revealed that many more SI 

metabolic functions, including enzyme activity, exhibit diurnal oscillations. Enzymes responsible for the 

degradation of carbohydrates (amylase, disaccharidase), proteins (protease pepsin), and fats (lipase) 

exhibit diurnal oscillations in rodents, peaking shortly before the active feeding phase (Barattini et al., 

1993; Furukawa et al., 2005; Oishi et al., 2006; Saito et al., 1976). Rhythmic transport of 

monosaccharides and the activity of disaccharidases persist even in the absence of nutrient delivery 

(Stevenson et al., 1980).  

Furthermore, nearly all macronutrient transporters, including those responsible for lipid, 

carbohydrate, and protein transport, exhibit fluctuations over the 24-hour day. Glucose absorption 

entails both active transportation from the SI lumen to the enterocytes through sodium-glucose 

cotransporter 1 (SGLT1), as well as facilitated diffusion across the basolateral membrane of the 

enterocytes with the assistance of glucose transporter 2 (GLUT2). In contrast, fructose is primarily 

absorbed via GLUT5, expressed in the jejunum and ileum (Figure 3). The expression of these hexose 

transporter genes in the jejunum follows diurnal rhythms, with peak expression occurring at the onset 

of the active phase (Pan & Hussain, 2009; Rhoads et al., 1998). These genes are potentially regulated 

directly by BMAL1, as E-box sites on their promoter regions exhibit peak BMAL1 binding coinciding 

with peak expression levels (Iwashina et al., 2011).                                             

 

 

Figure 3 Diurnal carbohydrate absorption in the intestine.                                                                                                                     
Glucose, galactose and fructose are absorbed across the intestinal epithelial cells of the small intestine through active 
transport (SGLT1) or facilitated diffusion (GLUT5/2) to enter the bloodstream and go to the liver. Undigested carbohydrates 
will further pass to the large intestine. SGLT1: sodium/glucose co-transporter 1, GLUT2/5; glucose transporter 2/5, Na+ 
sodium, K+ potassium. 
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As mentioned earlier, food acts as a potent Zeitgeber for the intestinal peripheral clock. Daytime-

restricted feeding in rodents can entrain nutrient transporters to the food intake patterns (Hoogerwerf 

et al., 2007; Polidarova et al., 2011; Sladek et al., 2007). Interestingly, whole-body CLOCK mutant mice 

fail to exhibit this entrainment to food and lose the rhythmicity of transporter genes (Pan & Hussain, 

2009). Moreover, after vagotomy in mice, hexose transporters Sglt1 and Glut5, as well as intestinal 

clock genes, continue to display diurnal rhythmicity with peak levels during the active phase 

(Hoogerwerf et al., 2007; Houghton et al., 2006; Tavakkolizadeh et al., 2005). These results indicate 

that food entrainment can only occur in the presence of a functional clock that can act independently 

of autonomic nervous system input  

The circadian system also controls other macronutrient transport systems involved in lipid and protein 

absorption. In rodents, cholesterol and triglycerides absorption is upregulated during the active phase, 

and several lipid-related transport genes, including apolipoprotein B (ApoB), microsomal triglyceride 

transporter protein (Mtp), apolipoprotein AIV, and intestinal fatty acid binding protein (Fabp), exhibit 

diurnal rhythmicity (Pan & Hussain, 2007, 2009; Wang et al., 2001). Studies using a Nocturnin knockout 

mouse model, a CCG involved in post-transcriptional regulation of circadian genes, have shown 

alterations in lipid digestion and absorption, leading to resistance to diet-induced obesity (Douris et 

al., 2011).  

The protein transport gene PEPT1 (H+/oligopeptide cotransporter 1) has also been found to oscillate 

in rats, with peak expression during the active phase, and is capable of entraining to the feeding 

schedule (Pan & Hussain, 2007, 2009; Pan et al., 2002; Pan et al., 2004). PEPT1 is directly regulated by 

the clock gene Dbp, which binds to the D-box on the Pept1 promotor region (Saito et al., 2008). Once 

again, a functional core clock mechanism is necessary, as CLOCK-mutant mice exhibit arrhythmic 

expression of ApoB and Mtp (Pan & Hussain, 2007, 2009).  

Together, these highlight the close contact of the circadian system with the diurnal oscillation of 

macronutrient transporter genes. However, whether they are regulated by the circadian clock, global 

or peripherally (e.g., the intestinal clock), remains to be elucidated.  

 

1.5.5 Gut microbial composition  

 

The GI microbiota comprises a complex community of microorganisms, including bacteria, viruses, 

fungi, archaea, and bacteriophages, all playing crucial roles in regulating host physiology (Thursby & 

Juge, 2017).  Among these microorganisms, bacteria are currently recognized as the most diverse and 

dominant group in the GI tract. Bacterial composition varies substantially throughout the GI tract, with 
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the highest abundance found in the large intestine (1012  colony forming units/g of luminal content) 

(Backhed et al., 2005).  

Bacteria can be classified into various taxonomic levels, starting from phylum, which is further split 

into class, order, family, genus, and species. The most abundant phyla within the human and murine 

bacterial community are Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, with the first 

two making up about 95% of the total bacterial abundance (Arumugam et al., 2011). The importance 

of the GI microbiome in maintaining intestinal homeostasis has been widely studied, showing the 

involvement of bacteria in energy extraction, digestion and absorption of nutrients, mucosal 

maturation, and defense against pathogens (Thursby & Juge, 2017).  

Studies investigating diurnal microbial rhythmicity have mainly focused on bacterial composition, with 

less attention given to other microbiota members. Nevertheless, studies on fecal, cecal, and ileal 

bacterial composition have demonstrated clear compositional and functional diurnal rhythms 

throughout the GI tract (Kaczmarek et al., 2017; Liang et al., 2015; Mukherji et al., 2013; Thaiss et al., 

2016; Thaiss et al., 2014; Voigt et al., 2014; Zarrinpar et al., 2014). In rodents, 16S rRNA gene 

sequencing of the fecal microbiota showed that around 20% of taxa oscillate in relative abundance 

(Leone et al., 2015; Thaiss et al., 2014). Microbial rhythms have also been found in humans, albeit to a 

lesser extent (Kaczmarek et al., 2017; Reitmeier et al., 2020; Thaiss et al., 2014).  

Commonly observed trends across different studies include high bacterial richness (total number of 

bacterial species measured) during feeding or the active phase and low richness during the rest phase 

(Leone et al., 2015; Thaiss et al., 2014). Richness is often used as an indicator of microbial eubiosis, 

with a more diverse microbiota associated with a healthy state, whereas lower diversity is often an 

indication of pathophysiology (Levy et al., 2017). The major phyla, Firmicutes and Bacteroidetes, have 

been found to oscillate in antiphase, with Firmicutes peaking during the active feeding phase and 

Bacteroidetes during fasting in the light phase (Zarrinpar et al., 2014). This is to no surprise since 

members of the Bacteroidetes are capable of digesting mucus in the absence of nutrients and, 

therefore, can bloom during the fasting phase (Liang et al., 2015). In addition, several genera, including 

Clostridium, Lactobacillus, and Bacteroides, have been found in multiple studies to oscillate diurnally 

within fecal content (Liang et al., 2015; Thaiss et al., 2014; Zarrinpar et al., 2014).  

Of note, most studies have investigated bacterial diurnal rhythmicity and not circadian rhythms. In the 

absence of external timing cues, the endogenous origin of bacterial circadian rhythms can be observed 

(Wu et al., 2018). Additionally, it is essential to note that relative abundance is often used to analyze 

microbiota composition rather than quantitative (absolute) abundance, which may exaggerate 

microbial rhythmicity due to the masking of highly abundant rhythmic taxa. Indeed, a study that 
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investigated both quantitative and relative abundance of microbiota found the absence of rhythmicity 

in several taxa analyzed in quantitative abundance (Liang et al., 2015). Further research investigating 

bacterial oscillations in quantitative abundance under constant conditions is needed to prove their 

circadian origin.  

 

 

1.5.6 Gut microbial functioning 

 

In addition to their composition, microbial-produced metabolites exhibit diurnal rhythmicity, playing 

a crucial role in maintaining gut health. The gut microbiota is responsible for digesting dietary 

components such as fibers, oligosaccharides, sugars, starches, amino acids, and lipids. Bacterial dietary 

carbohydrate metabolism results in the production of short-chain fatty acids (SCFAs), including 

butyrate (C4), acetate (C2), and propionate (C3) (den Besten et al., 2013). SCFAs play a vital role in 

maintaining gut health by providing energy to intestinal epithelial cells, mainly through butyrate 

production by Firmicutes (den Besten et al., 2013). In addition, SCFA contributes to gut barrier 

integrity, mucus production, glucose metabolism, and protection against inflammation (Cherbut et al., 

1998; Gaudier et al., 2009; Lewis et al., 2010; Peng et al., 2009). They exert their local effects by 

activating SCFA receptors, such as free fatty acid receptors 2 and 3 (FFAR2/FFAR3), which stimulate 

the release of GLP-1 and PYY, thereby regulating food intake and host metabolism (Cherbut et al., 

1998). Additionally, SCFAs modulate histone deacetylase (HDAC) activity and the function of immune 

cells, such as CD8+ T cells, ILC3s, and macrophages, contributing to immune homeostasis (Bachem et 

al., 2019; Fawad et al., 2022; Kim et al., 2017; Sanchez et al., 2020). 

Studies have demonstrated the diurnal rhythmicity of SCFAs (butyrate, acetate, and propionate) in 

fecal, cecal, and plasma samples (Leone et al., 2015; Segers et al., 2020; Segers et al., 2019; Tahara et 

al., 2018). Whole-body knockout of the circadian clock gene Bmal1 resulted in the loss of cecal SCFA 

rhythmicity, but this disruption could be restored through restricted feeding (Segers et al., 2020). 

Conversely, butyrate and acetate have been found to influence the expression of clock genes in the 

liver and intestines, indicating the crosstalk of peripheral circadian clocks and SCFAs (Leone et al., 2015; 

Luzader et al., 2018; Tahara et al., 2018).  

Another important group of microbial-derived metabolites is secondary bile acids (BAs), which are 

produced by bacterial-specific transformations within the intestine of primary BAs derived from 

cholesterol. Primary BAs emanating from the liver can be converted through either deconjugation, 

dihydroxylation, or isomerization. Deconjugation of BAs requires bile salt hydrolase, which is produced 

by specific bacteria, including the genera Lactobacillus and Bacteroides (Song et al., 2019). The 

fluctuation of primary and secondary BA concentrations within the GI tract and serum follows diurnal 
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patterns in humans and mice (Duane et al., 1983; Gälman et al., 2005; Ma et al., 2009; Zhang et al., 

2011). Primary BAs measured in the serum of mice peak during feeding, while secondary unconjugated 

BAs, including deoxycholic acid (DCA) and chenodeoxycholic acid (CDCA), peak during the light phase 

(Zhang et al., 2011). Circadian disruption through genetic ablation of core clock genes or restricted 

feeding during the day in mice disrupted bile acid metabolism (Ma et al., 2009). In addition, bacterial 

bile salt hydrolase activity shows diurnal rhythmicity, which can be phase-shifted by feeding patterns 

(Kombala et al., 2023). Similar to SCFAs, unconjugated BAs, including DCA and CDCA, are capable of 

altering liver, ileum, and colon clock gene expression (Fawad et al., 2022; Govindarajan et al., 2016; 

Leone et al., 2015; Parkar et al., 2019; Tahara et al., 2018). Of note, other microbial-derived 

metabolites, including threonine, serotonin, methionine, choline, lysine, biotin, trimethylamine N-

oxide, and lactate, have been found to oscillate in either serum, cecal, or fecal content (Liu et al., 2023; 

Schugar et al., 2022; Thaiss et al., 2016).  

Together these studies highlight the bi-directional relationship between microbial-produced 

metabolites and circadian clocks. Results imply microbial-produced metabolites as essential mediators 

for gut microbiota-host circadian communication, however, this requires further investigation.  

 

1.6 Proposed mechanisms regulating microbial rhythmicity 

 

The mechanism behind microbial rhythmicity remains to be elucidated, however, several factors were 

found to alter its diurnal dynamics, including timing and components of food intake, gender, light 

cycles, and host circadian clocks (Frazier et al., 2022; Liang et al., 2015; Thaiss et al., 2014; Zarrinpar et 

al., 2014).   

 

1.6.1 Food timing and intake 

 

Similar to how the gut microbiota is configured, microbial rhythmicity is influenced by various factors, 

including diet. Multiple studies indicate timing of food intake as a major regulator of diurnal microbial 

oscillations. For example, restricted feeding (RF) during the light-phase reversed rhythms of a few 

microbial taxa compared to nighttime RF (Brooks et al., 2021; Thaiss et al., 2016; Thaiss et al., 2014). 

In addition, ablation of Per1/Per2 clock gene expression, resulting in loss of microbial rhythmicity, can 

be restored by RF (Thaiss et al., 2014), highlighting food intake as one of the mediators in diurnal 

microbial rhythmicity. However, mice submitted to continuous intravenous parenteral nutrition, which 

eliminates the feeding time effect, showed persistent microbial rhythmicity (Leone et al., 2015). The 

major phyla Bacteroidetes continued to exhibit diurnal rhythmicity, and mice fasted for 24 hours 
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showed continued microbial fecal rhythmicity (Pickel et al., 2022). These findings indicate that besides 

food intake, other mechanisms should be involved in regulating bacterial circadian fluctuation.  

Apart from food timing, nutrient content can also influence microbial rhythms. HFD and westernized 

diets (WD; high-fat, high-sugar) have been shown to attenuate diurnal microbial fluctuations, resulting 

in arrhythmicity in specific butyrate-producing bacteria from the Lachnospiraceae family, even when 

feeding time remained unaltered (Leone et al., 2015; Zarrinpar et al., 2014). Of note, in both studies, 

a low-fiber high-fat diet feeding has been compared to a regular high-fiber chow diet. The level of fiber, 

a critical regulator of microbial homeostasis, could play a substantial role in alternating microbial 

rhythmicity, as further elaborated in the subchapter entitled “Importance of dietary fiber in 

modulating microbiota composition and functioning”.   

 

1.6.2 Circadian clocks 

 

Another essential factor in maintaining microbial rhythmicity is the host circadian clock. Whole-body 

Bmal1 knockout mice show reduced overall microbial rhythmicity, as well as alterations in amplitude 

and phase of bacterial relative and absolute abundance, including Firmicutes and Bacteroidetes (Liang 

et al., 2015). Furthermore, rhythmicity in microbial metabolite production, including SCFAs, was also 

attenuated (Segers et al., 2020; Segers et al., 2019). In addition, Clock-mutant mice exhibited reduced 

microbial diversity, though rhythmicity was not directly assessed (Voigt et al., 2016). Moreover, the 

loss of key circadian genes Per1 and Per2 also results in the disruption of diurnal fecal and mucosal 

microbial abundance and microbial-genes oscillations (Liang et al., 2015; Thaiss et al., 2016; Thaiss et 

al., 2014). Consistent with these findings, environmental circadian disruption in mice induced by 

simulated jet lag (8-h light shift every three days) for four weeks, capable of altering core clock gene 

expression, was shown to suppress microbial rhythmicity (Thaiss et al., 2014). Similar observations 

were made in mouse models subjected to abnormal light exposure, further emphasizing the influence 

of the circadian clock on gut microbial rhythmicity (Godinho-Silva et al., 2019; Lee et al., 2022; Wu et 

al., 2018).  

Several molecular mechanisms have been proposed to explain how the circadian clock regulates 

microbial oscillations. For example, the circadian-clock-regulated molecule melatonin can reprogram 

the composition and diurnal rhythms of the gut microbiota in HFD-fed mice (Xia et al., 2023; Yin et al., 

2020). In addition, host control of mucosal immunity was shown to influence microbial rhythmicity 

(Godinho-Silva et al., 2019; Thaiss et al., 2016). Specifically, ILC-3-derived IL-22 release was found to 

activate STAT3 on IECs, resulting in the production of anti-microbial peptides and mucus, which 

supports the growth of commensal bacteria and out-competes pathogens. ILC-3 specific Bmal1 



 
  INTRODUCTION 

17 
 

knockout resulted in reduced mucus and anti-microbial peptide production and disrupted rhythmicity 

in Proteobacteria and Bacteroidetes relative abundance (Godinho-Silva et al., 2019; Teng et al., 2019; 

Wang et al., 2019).  

Interestingly, in vitro data reveals that specific non-photosynthetic bacterial strains, including 

Klebsiella aerogens and Bacillus subtilis, exhibit endogenous and temperature-compensated rhythms 

in swarming motility, gene expression, and biofilm formation (Eelderink-Chen et al., 2021; Paulose et 

al., 2016). Moreover, K. aerogens demonstrated synchronization to melatonin, a common metabolite 

secreted in the GI tract, indicating the ability of this species to entrain to host cues (Paulose et al., 

2016). Both species have been found in the mammalian gut, therefore, these studies suggest that gut 

microbes have their intrinsic circadian rhythms. However, it is worth noting that only 31-44% of the 

cultures of K. Aerogens exhibit circadian rhythmicity, highlighting the need for further research to fully 

comprehend circadian rhythms in non-photosynthesizing bacteria and their potential influence on 

community-wide rhythmicity within the intestine.  

Whether the rhythmicity of the gut microbiota arises from endogenous bacterial clocks or as a 

response to the host’s circadian process remains uncertain. There is a possibility that circadian clocks 

in specific gut bacteria may govern the rhythmicity of the entire gut microbial community through 

bacterial crosstalk. Therefore, further investigations into the rhythmicity of bacterial species in the 

presence and absence of a host are warranted to shed light on this intriguing phenomenon.   

 

1.6.3 Host circadian clock and microbial crosstalk  

 

In addition to the circadian clock’s influence on microbial rhythmicity, the microbiome can also affect 

the host’s circadian function. A mono-colonization study revealed that rhythmic bacterial adherence 

can program the rhythmic liver transcriptome (Thaiss et al., 2016). In addition, in the absence of 

microbiota, the expression of rhythmic intestinal genes is reduced compared to microbial-rich specific 

pathogen-free (SPF) mouse models (Mukherji et al., 2013). Of note, in germ-free (GF) mice, core 

circadian clock genes remain rhythmic, showing only little alterations in amplitude and phase, 

indicating mainly the effect of gut microbiota on CCGs but not circadian core clock genes. Although the 

exact mechanism by which the microbiota induces these gene expression changes is largely unknown, 

several potential explanations are described in the following paragraphs.  

One possible explanation is that IECs can recognize microbial molecules through pattern recognition 

receptors, such as toll-like receptors (TLR), thereby influencing rhythmic gene expression (Mukherji et 

al., 2013). For instance, the attachment of segmented filamentous bacteria to the epithelium induces 
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diurnal IEC gene expression, including the expression of antimicrobial peptides like REG3y (Brooks et 

al., 2021). This process is mediated by rhythmic segmented filamentous bacteria-induced TLR signaling 

via Myd88, leading to the release of IL-23 by dendritic cells, followed by ILC3 IL-22 production, 

ultimately resulting in rhythmic Reg3y expression. Antimicrobial peptide expression is completely 

arrhythmic in GF mice, emphasizing the importance of microbiota in rhythmic host antimicrobial 

activity (Brooks et al., 2021). Microbial rhythmicity also specifically regulates the rhythmic metabolic 

transcriptome, including lipid metabolism, through activation of the IL-23-ILC3-IL22 pathway. This, in 

turn, upregulates STAT3 signaling within the IECs, which can bind to Rev-Erba and thereby regulates 

the rhythmic Nfil3 (a leucine-zipper protein) expression, which controls the rhythmic expression of 

lipid absorption and transport genes, including Scd1, Fabp4, and Cd36 (Wang et al., 2017). 

Consequently, the absence of intestinal Nfil3 results in reduced body weight gain under HFD. 

Furthermore, several studies have highlighted the impact of the microbiota on circadian IEC gene 

expression through acetylation. For instance, in SI-IECs, microbiota induces rhythmic histone 

deacetylase 3 (HDAC3) expression, thereby regulating diurnal oscillations in metabolic gene 

expression, particularly those involved in lipid metabolism (e.g., Cd36) (Fawad et al., 2022). Mice 

lacking HDAC3 in their IECs have reduced body fat content, similar to GF and NFIL3-deficient mice 

under HFD conditions. 

Finally, as indicated before, microbial-produced metabolites, such as unconjugated BAs and SCFAs, can 

alter liver and intestinal clock gene expression (Fawad et al., 2022; Govindarajan et al., 2016; Leone et 

al., 2015; Parkar et al., 2019; Tahara et al., 2018). For example, butyrate, acetate, isovaleric acid, and 

propionate have been shown to change the phase and amplitude of Per2 through the inhibition of 

HDAC within intestinal enteroids (Fawad et al., 2022). 

Although several factors capable of influencing microbial rhythmicity have been identified, there 

remains a requirement for further investigation to comprehensively understand the underlying 

mechanisms governing the rhythmicity of gut microbiota. It is crucial to ascertain whether the 

rhythmicity is self-sustained through microbial cellular clocks, influenced by peripheral circadian 

clocks, or affected by other external factors. Furthermore, investigating the potential contribution of 

nutritional dynamics in regulating gut microbial rhythmicity presents a significant and promising area 

for future research. 
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1.7 Importance of dietary fiber in modulating microbiota composition and 

functioning 

 

Laboratory animal models are extensively utilized in research due to their ability to provide controlled 

conditions, ensuring high comparability between experimental groups. However, it is crucial to 

acknowledge that the interpretation of data is significantly influenced by the selection of appropriate 

control conditions, particularly when studying the impact of nutrition. Unfortunately, the choice of 

control diet is often insufficiently addressed, despite its importance (Dalby et al., 2017; Pellizzon & 

Ricci, 2018; Warden & Fisler, 2008).  

In many animal studies investigating host and microbial physiology, unrefined chow diets composed 

of plant-based ingredients such as wheat, oat, soybean, and corn are commonly used. However, the 

nutritional composition of these diets can vary due to seasonal and locational changes in harvested 

plant materials, making them less well-defined (Pellizzon & Ricci, 2018). On the other hand, purified 

diets consist of precisely defined ingredients and can be easily modified, allowing for reproducible data 

(Pellizzon & Ricci, 2018). 

One of the most common differences between purified and chow diets is the concentration and type 

of fibers. Chow diets typically have four times higher fiber levels than purified diets, containing both 

soluble and insoluble fibers. In contrast, purified diets usually contain only 5% cellulose, which is an 

insoluble fiber resistant to microbial fermentation (Gonzalez-Blazquez et al., 2020). The solubility of 

dietary fibers plays a crucial role in regulating microbiota composition and subsequently affects the 

host. Studies in rodents and humans have shown that a low-fiber diet results in reduced microbial 

diversity and an increase in microbiota capable of using amino acids and lipids as energy sources, which 

is associated with adverse metabolic outcomes such as increased weight gain and insulin resistance 

(Chassaing et al., 2015). Conversely, the presence of soluble fiber promotes the growth of beneficial 

bacteria and the production of metabolites like SCFAs, leading to improved gut and metabolic host 

health (Gentile, 2018).  

Considering the lack of soluble fibers in most purified diets used in literature, significant differences in 

host health and microbial composition between laboratory animals fed purified diets and chow diets 

can be expected. It is essential to mention that purified diets cannot be directly compared to chow 

diets. However, in the field of circadian research discussed before, studies investigating the effects of 

diets on microbial composition and gut health often use chow diets as controls for purified high-caloric 

dietary interventions (Leone et al., 2015; Yu et al., 2021; Zarrinpar et al., 2014). Consequently, the 

results obtained in those studies, including dampened microbial rhythmicity in response to an HFD, 

could be attributed to the lack of fermentable fiber. In vitro studies have shown that the addition of 



 
  INTRODUCTION 

20 
 

fermentable fibers increases the amplitude of bacterial rhythms (Silva et al., 2022). Moreover, inulin 

has been found to regulate the expression and phase of circadian clock genes in the liver and 

hypothalamus of mice (Cheng et al., 2020). Additionally, previous reports have demonstrated phase 

shifts in Per2 clock gene expression in mice fed rapidly fermentable cellobiose fibers compared to 

cellulose (Tahara et al., 2018). Therefore, further research is necessary to elucidate the effect of fat 

and fiber on microbial oscillations and circadian clocks. Purified dietary alternatives enriched with 

fiber, such as pectin, inulin, or lignocellulose, may provide a viable option for maintaining murine 

health and improving the reproducibility of animal experiments.  

 

1.8 The role of gut microbial rhythmicity in host metabolism  
 

The gut microbiome plays a crucial role in maintaining host health, and disruptions of a balanced gut 

microbiome have been linked to metabolic diseases such as obesity and T2D (Janssen & Kersten, 2017; 

Li et al., 2017; Yassour et al., 2016). In mice, HFD-induced obesity dampened microbial oscillation and 

circadian metabolite production (Frazier et al., 2022; Leone et al., 2015; Zarrinpar et al., 2014). For 

instance, the rhythmicity of major phyla, Firmicutes and Bacteroidetes, is lost compared to a chow 

diet. Additionally, in a mouse model of T2D, remaining functional host circadian rhythmicity, diurnal 

gut microbial rhythmicity is disrupted, along with several metabolic pathways involved in protein 

metabolism, including histidine and methionine biosynthesis (Beli et al., 2019). Furthermore, 

simulated jet lag, accompanied by suppressed microbial rhythmicity and downregulation of butyrate-

producing bacteria, leads to increased body weight and impaired glucose tolerance (Altaha, 2022; 

Thaiss et al., 2014). Fecal microbial transplantation obtained from jet-lagged mice into GF wild-type 

recipient mice results in significant weight gain and glucose intolerance compared to fecal microbial 

transfer obtained from normal light-dark (LD) housed mice (Thaiss et al., 2014).  

Recent research highlights the disruption of microbial oscillation in humans with obesity or T2D, 

including the major phyla Bacteroidetes and Firmicutes (Reitmeier et al., 2020). Reitmeier et al. even 

identified the arrhythmicity of six bacterial species as a biomarker of T2D in humans (Reitmeier et al., 

2020). These species include Bifidobacterium longum, Clostridium celatum, Intestinibacter bartletti, 

Romboutsia ilealis, Fecalibacterium prausnitzii, and Escherichia coli. It is important to note that the 

average abundance of these species is also altered between healthy individuals and those with T2D, 

indicating potential compositional differences as a disease mediator. Nevertheless, this study supports 

the hypothesis that diurnal oscillations in microbiota composition and function may contribute to 

human metabolic health.  

Collectively, these findings suggest that the interaction between gut bacteria oscillation and the host 

circadian clock is crucial for maintaining host health and may play an essential role in the development 
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of metabolic diseases. Understanding this host-microbiota relationship will be essential for developing 

effective treatments for metabolic diseases.  

 

1.9 Intestinal epithelial cell-specific Bmal1 knockout studies 
 

While systemic ablation of the core clock genes has been extensively studied, research on the effects 

of peripheral circadian clocks is limited. It is well established that the contributions of individual 

molecular clock components can vary depending on the specific tissue being. Notably, the role of 

Bmal1 varies significantly across tissues, as highlighted in the previous paragraph, with tissue-specific 

ablation of Bmal1 resulting in several phenotypes, including disrupted behavior, altered glucose and 

lipid metabolism, arthropathy, shortened lifespan, and infertility (Bunger et al., 2005; Costello et al., 

2023; Laposky et al., 2005; Rudic et al., 2004; Shimba et al., 2005). Research on Bmal1 is explicitly of 

high interest in the circadian field, as it is the only core clock gene that, upon disruption, exhibits 

complete arrhythmicity (Bunger et al., 2000)  

In the context of gut-microbiome interactions and host metabolism discussed within this introduction, 

the peripheral clock in the intestine is hypothesized to play a crucial role. Table 1 summarizes the 

evidence found thus far in mouse models using intestinal-specific Bmal1 ablation. Two recent studies 

have specifically investigated the role of the IEC clock in host metabolism. Yu et al. demonstrated that 

mice lacking IEC-specific Bmal1, under an HFD (60% kJ), exhibited reduced body weight gain and 

decreased lipid absorption compared to mice with intact Bmal1. The authors propose that the 

arrhythmic and downregulated expression of Dgat2, encoding for an enzyme regulating triacylglycerol 

synthesis, could be a potential mechanism underlying these observations (Yu et al., 2021). Additionally, 

in the same study, the knockout of Rev-Erbα in IECs increased fat absorption and diet-induced obesity 

(Yu et al., 2021). Another study published in 2022 showed that IEC-specific deletion of Bmal1 led to 

arrhythmic expression levels of Sglt1 and Glut2, transporters involved in glucose absorption, 

accompanied by reduced serum glucose levels after an oral glucose tolerance test (Onuma et al., 2022).   

These findings highlight the importance of circadian rhythms in intestinal functionality and the specific 

role of the peripheral intestinal clock in host metabolism. It is reasonable to speculate that the gut 

microbiome influences host metabolic homeostasis, and microbial dysbiosis, often induced by dietary 

factors, may contribute to disease development. While it is evident that IECs play a crucial role in 

controlling the gut microbiota, it remains to be elucidated whether the IEC clock regulates circadian 

microbial rhythmicity, thereby influencing host health. Thus, more studies are required to investigate 

the role of the peripheral intestinal clock in host metabolism and host-microbe interactions, as current 

research in this area remains limited. 
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Table 1 Overview of papers using intestinal specific Bmal1 deficient mouse models 

Reference Journal Main findings 

(Kawai et al., 2019) JCI insight  Bmal1IEC-/- mice show reduced bone volume through arrhythmic VDR expression resulting in impaired Ca 

absorption 

(Yu et al., 2019) Theranostics  Bmal1IEC-/- mice show arrhythmic Mrp2 (multidrug resistance protein) gene expression 

 Dbp direct regulates Mrp2 through D-box 

 Bmal1 regulates Dbp direct through E-box 

(Tuganbaev et al., 

2020) 

Cell   Loss of intestine specific Bmal1 does not affect MHCII frequencies in Small-intestinal epithelial cells 

(Stokes et al., 2021) Cell Mol Gastroenterol Hepatol  Loss of intestine specific Bmal1 in an Apc (colorectal cancer) mouse model increased number of tumors  

 ApcminxBmal1IEC-/- mice show upregulation of Yap/Tead genes involved in Hippo signaling pathway  

(Chen et al., 2021) JPP  Bmal1IEC-/- mice show arrhythmic and reduced intestinal Ces1d/CES1 levels  

(Yu et al., 2021) Nature comm.  Bmal1IEC-/- mice are protected against diet-induced obesity (60% kJ HFD) 

 Bmal1IEC-/- mice show impaired lipid resynthesis 

 Circadian controlled Dgat2 promotes fat absorption 

(Penny et al., 2022) Science immunology  Bmal1IEC-/- mice show slightly elevated but rhythmic IgA concentrations 

(Onuma et al., 2022) Endocrinology  Bmal1IEC-/- mice show arrhythmic Sglt1/Glut2 expression 

(Jochum et al., 2022) Inflammatory Bowel Disease   Bmal1IEC-/- mice show worsened DSS induced colitis 

 DSS increased intestinal permeability in Bmal1IEC-/- mice 

 Bmal1IEC-/- show decreased SCFA levels  

(Ko et al., 2023)  Bone  Colonic specific Bmal1IEC-/- male, not female, mice show reduced bone volume 
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2. Aim 
 

The circadian clock has been shown to play a crucial role in host metabolism and gut microbial 

homeostasis. Despite a growing body of evidence, it remains unclear whether specific peripheral tissue 

clocks play a substantial role in this. Given the significant crosstalk between intestinal epithelial cells 

(IECs) and bacteria within the gastrointestinal (GI) tract, it is hypothesized that the peripheral clocks 

within the GI tract may be instrumental in regulating microbial composition. Furthermore, as the GI 

tract serves as the primary point of nutrient entry, IEC-specific clocks are likely to be involved in 

nutrient absorption and transportation, potentially influencing host metabolism.  

The aim of this study is to investigate the role of the peripheral intestinal clock in microbiome 

regulation and host metabolism. Toward this aim, the experimental setup of dietary interventions in a 

mouse model with an IEC-specific deletion of Bmal1, one of the core clock genes, was used. 

Circadian phenotyping of the newly generated Bmal1IEC-/- mice was conducted to assess potential 

alterations in feeding and activity patterns under the exposure to normal light-dark conditions and 

constant darkness. Additionally, through the application of 16S rRNA sequencing and (un)targeted 

metabolomics, the rhythmicity of bacterial composition and functionality in the feces and cecal 

content was investigated. To elucidate the functional role of intestinal clock-driven bacteria on the 

host, germ-free mouse transfer experiments were conducted. 

Furthermore, transcriptomic analyses of the small intestine (SI), a vital metabolic organ, were 

performed to gain insights into the control exerted by the intestinal clock on SI oscillating genes. 

Through several dietary interventions, including a high-fat diet (HFD), western diet (WD), purified 

control diet (CD), control diet enriched with fiber (CFI), and standard chow, the impact of diet on 

microbial rhythmicity, as well as the influence of the peripheral IEC clock on metabolic homeostasis, 

were explored.  

In summary, by dissecting the role of the peripheral intestinal clock, this study aims to enhance our 

understanding of the intricate interplay between circadian rhythms, gut microbiota, and metabolic 

health.



 
  MATERIAL AND METHODS 

24 
 

3. Material and methods 
 

3.1 Animal experiments  
 

3.1.1 Ethical statement 

All mouse experiments were conducted at the Technical University of Munich in accordance with 

Upper Bavarian Animal Health Care and Use Committee (Regierung von Oberbayern; TVA ROB-

55.2Vet-2532.Vet_02-18-14).  

3.1.2 Mouse models  

Mice with specific intestinal epithelial cell deletion of Bmal1 (Bmal1fl/fl x VillinCRE/wt; referred to as 

Bmal1IEC-/- ) were generated by crossing Bmal1flox/flox x VillinCRE/wt with Bmal1fl/fl xVillinwt/wt (referred to as 

control) on a C57Bl/6 N/J background. Several generations of mice were used to minimize littermate 

biases. Only male mice have been used in this study to avoid result variability due to hormonal cycle 

influences. Unless otherwise indicated, mice received ad libitum water and regular chow (V1124-300, 

Ssniff, Soest, Germany) and were kept in a 12:12 light/dark cycle (300lux, lights on; 5 a.m. (ZT0)- 5 p.m. 

(ZT12)). At the age of 8 weeks, mice were single-housed under specific-pathogen-free (SPF) conditions 

unless otherwise stated (22 ± 1°C), according to the recommendations of FELASA.  

3.1.3 Long-term dietary interventions 

For the diet interventions, mice received chow diet till the age of 8 weeks and were then switched to 

a purified control diet (y-irradiated) (CD; S5745-E902, Sniff, Soest, Germany) till the age of 12 weeks. 

At the age of 12 weeks, mice either remained on CD till the age of 20 weeks or got a high-fat diet (HFD, 

20% palm oil-based, S5745-E912, Ssniff, Soest, Germany), high-fiber HFD (HFDinulin, 10% inulin, Sniff, 

Soest, Germany), or a western diet (WD, 30% sucrose in drinking water + HFD) (Table 2).   
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Table 2 Dietary composition 

Ingredients 

 

Chow Control 

diet (CD) 

Fiber-enriched 

Control diet  

(CFi))  

High-fat diet 

(HFD) 

High-fat high 

fiber diet 

(inulin)  

(HFDinulin) 

 

Casein   

 

 

 

U 

N 

K 

N 

O 

W 

N 

* 

24.0 24.0 24.0 24.0 

Corn starch 47.8 35.8 27.8 22.8 

Maltodextrin 5.6 5.6 5.6 5.6 

Sucrose 5.0 5.0 5.0 5.0 

Cellulose 5.0 5.0 5.0 - 

Oat Fiber 0F90 - 8.0 - - 

Lignocellulose - 2.0 - - 

Inulin (chicory) - 1.0 - 10 

Pectin (apple) - 1.0 - - 

L-Cystine 0.2 0.2 0.2 0.2 

Vitamin premixture 1.2 1.2 1.2 1.2 

Mineral & trace element mix 6.0 6.0 6.0 6.0 

Choline Cl 0.2 0.2 0.2 0.2 

Soybean oil 5.0 5.0 5.0 5.0 

Palm oil - - 20.0 20.0 

Cholesterol - - - - 

Butter fat - - - - 

Proximate contents      

Crude protein 22.0 21.1 21.1 21.1 21.1 

Crude fat 4.5 5.1 5.1 25.1 25.1 

Crude fiber 3.9 5 13.6 5.0 9.4 

NDF 13.1 (4.1) 13.1 (4.1) Unknown 

ADF 6.0 - - - - 

Crude ash 6.5 5.4 5.4 5.4 5.4 

Starch 34.2 45.9 34.4 26.7 21.9 

Sugar 

 

5.1 6.1 6.2 6.1 6.1 
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Fatty acids % in the diet      

C12:0 - 0.01 0.01 0.01 0.01 

C14:0 0.01 0.02 0.02 0.02 0.21 

C16:0 0.54 0.61 0.61 9.41 9.41 

C18:0 0.14 0.19 0.19 1.11 1.11 

C20:0 0.02 0.02 0.02 0.10 0.10 

C16:1 0.02 0.01 0.01 0.04 0.04 

C18:1 1.03 1.28 1.28 9.18 9.18 

C18:2 2.42 2.63 2.63 4.46 4.46 

C18:3 0.28 0.29 0.29 0.32 0.32 

ME (Atwater) A           MJ/kg 14.0 15.3 13.9 19.7 18.9 

Protein kcal% 27 23 26 18 19 

Fat kcal% 12 13 14 48 50 

Carbohydrates kcal% 61 64 60 34 31 

* Chow dietary composition: Wheat and wheat products, soybean products, corn (maize), minerals, soybean oil, brewer’s yeast, vitamins & 

trace elements, L-lysine HCl, DL-methionine. Exact content is variable between batches.  A physiological fuel value. 

 

3.1.4 Fiber dietary intervention paradigm 

Single-housed Bmal1IEC-/- and control mice received ad libitum standard chow until the age of 12 weeks. 

After, all mice were switched to a fiber-depleted purified control diet (CD; S5745-E902, Sniff, Soest, 

Germany) for two weeks, followed by a high-fiber CD (CFi; S5745-E918, Sniff, Soest, Germany) for two 

weeks. Finally, mice received two more weeks of chow diet before sacrifice. Fecal pellets were 

collected over a 24-hour day at the end of every second week of dietary intervention.  

3.1.5 Tissue collection  

All animals were sacrificed by cervical dislocation at the age of 16-20 weeks during the second day of 

darkness (DD), unless otherwise specified. Eyes were removed prior to dissection, and tissues were 

collected in RNA stabilizer overnight and stored at -80°C until further processing. Fecal pellets, cecal 

content as well as blood plasma were snap-frozen using dry ice.  

3.1.6 Body composition measurements 

Fat mass, lean mass, and free fluid were measured with the use of an NMR (Minispec, Bruker). Mice 

were put alive into the NMR in a restrainer tube. Mice were measured before and after dietary 

interventions.  
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3.1.7 Food intake  

Average daily food intake was measured over five consecutive days by weighing the remaining food of 

single-housed mice. Food intake over the 24h day was measured with the use of an automated food 

monitor system (TSE LabMaster Home Cage Activity, Bad Homburg, Germany) at the age of 10-12 

weeks. After a 3-day habilitation, data was collected for a full 24-hour in an LD cycle. Food basket 

weights were summed up in 1 min intervals. Total food intake was calculated as first derivative of 

cumulative food intake, and intake was summed up at intervals of 1 hour. A similar record of food 

basket weight gain as weight loss within a 3-minute period was excluded.  

3.1.8 Complete gastrointestinal transit time 

Complete gastrointestinal transit time (GITT) was measured by gavaging six hour starved mice natural 

carmine red (6%, Sigma Aldrich) dissolved in 0.5% methylcellulose (Sigma-Aldrich). T0 indicates the 

time of gavage. Every 10 minutes, fecal pellets were checked for a red color. If a red color was visible, 

the time was registered as GITT. GITT was measured at CT1, CT13, and ZT13. 

3.1.9 Oral glucose tolerance test (OGTT) 

Baseline glucose measurements (either at ZT1 or ZT13) were performed after six hour starvation from 

tail blood, with the use of a glucometer (FreeStyle, Abbott) and glucose measuring stripes (FreeStyle, 

Abbott). Directly afterward, 2 mg glucose/g body weight (G-40% glucose concentrate, B. Braun, 

Melsungen, Germany) was orally administered to the mice. Blood glucose levels (mmol/L) were 

measured after 15, 30, 60, and 120 min of gavage. The area under the curve (AUC) was measured in 

mg/dl as described in Table 3. 

Table 3 OGTT area under the curve analyses 

 Time Formula 

A 0-15 min: AUC = 0,5 *(t0 + t15) *15 

 

B 15-30 min: AUC = 0,5 *(t15 + t30)*15 

C 30-60 min:  AUC = 0,5 *(t30 + t60)*30 

D 60-120 min:  AUC = 0,5 *(t60 + t120)*60 

E total AUC: sum of all AUCs (A-E) 

F Incremental AUC: total AUC (E) – t0*120 
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3.1.10 Germ free experiments 
 

3.1.10.1 Housing conditions 

Germ-free (GF) mice on a C57Bl6 background were held at the Technical University of Munich in the 

gnotobiotic facility. Mice were located in isolators equipped with HEPA filters (LD 12:12, 24-26°C) and 

were fed ad libitum autoclaved chow (V1124-300, Ssniff, Soest, Germany) and had ad libitum access 

to autoclaved water. Before microbial transfer, germ-free status was confirmed by gram staining of 

fecal suspension as well as by cultivation of feces in Wilkins-Chalgren Anaerobe (WCA) agar plates 

(OXOID, UK) under aerobe and anaerobe conditions. Presence of fungus was checked by fungi-traps.  

3.1.10.2 Colonization of germ-free mice 

Fresh cecal content of Bmal1IEC-/- or their controls (Bmal1fl/fl) was suspended in glycerol (40% 

glycerol/PBS), followed by snap freezing (-80°C). Gavage was prepared by centrifugation of glycerol 

aliquot, followed by supernatant transfer under anaerobic conditions to exclude the presence of 

residual matter. The supernatant was transferred to Hungate anaerobic tubes. Cecal content was orally 

gavaged at ZT13 (100µl, of 7 × 106 bacteria/µl) with the use of a 20 Gauge gavage needle (Fine Science 

Tool). The body weight of mice was monitored weekly, and feces was sampled after week 5 of gavage 

in DNA stabilizer. Native fecal samples were taken at ZT4 and ZT16 for metabolic measurements. Mice 

were sacrificed at the second day of darkness by cervical dislocation after 6 weeks of gavage. Prior to 

dissection, eyes were removed.  

3.1.11 Antibiotic treatments 

Mice were treated at the age of 8 weeks with a mixture of vancomycin (0.25 g/l)/metronidazole (1.0 

g/l) in their drinking water for a total duration of 4 weeks. At the age of 12 weeks, mice were gavaged 

(100µl, of 7 × 106 bacteria/µl) with either a mixture of control or Bmal1IEC-/- derived cecal microbiota. 

Body weight was measured weekly. Mice were sacrificed after five weeks of colonization by cervical 

dislocation. Prior to dissection, eyes were removed.  

 

3.2 Energy assimilation 
 

Fecal samples were collected from individual mice over 5 days and dried at 55 °C for another 5 days. 

Dried fecal pellets were ground using the TissueLyserII (Qiagen, Retsch, Haan, Germany) and pressed 

into two pellets of 1 gram (technical duplicates). Gross fecal energy content was measured using a 

6400 bomb calorimeter (Parr Instrument Company, Moline, IL, USA). Total fecal caloric value was 

measured by incorporating the energy equivalence value of the bomb calorimeter (EE), the increase in 

combustion temperature (ΔT), energy released by the ignition thread (Ethread=20 kJ), weight and energy 
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released by combustion aid (if used, Ecombustion aid=26.45 kJ/g) and the weight of the sample (see formula 

below).  

𝐶𝑎𝑙𝑜𝑟𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 [ 𝐽 ∗ 𝑔−1]  =  
(EE∗ΔT)−𝐸𝑡ℎ𝑟𝑒𝑎𝑑−(𝐸𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑎𝑖𝑑∗𝑀𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑎𝑖𝑑) 

𝑀𝑠𝑎𝑚𝑝𝑙𝑒
  

Assimilation efficiency was calculated by recording the food intake and feces production over the fecal 

collection days, as indicated in the formula below.  

𝐴𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
(Food intake [g]∗ Efood [kJ∗g−1]) − (Feces production [g]∗ Efeces [kJ∗g−1])

Food intake [g] ∗ Efood [kJ∗g−1] 
  * 100 

 

3.3 Behavior analyses 
 

Mice were individually housed in cages equipped with running wheels. Handling and activity 

measurements during experiments were performed as described (Jud et al., 2005). The wheel-running 

activity was analyzed using ClockLab software (v6.0.52, Actimetrics). The last days of each condition 

were used to determine the period (tau, calculated using an X2 periodogram and confirmed by fitting 

a line to the onsets of activity), the duration of the active period (alpha), the amount of activity, and 

the subjective day/night activity ratio (where the subjective day under DD conditions is the inactive 

period between the offset of activity and the onset of activity and the subjective night is the active 

period between the onset of activity and the offset of activity). 

 

3.4 Tissue processing, H&E staining, and histological scoring 

 

Intestinal tissue cross-sections, as well as gonadal fat, were collected directly after sacrifice. Tissue 

sections were 4% formaldehyde fixed for 48h, followed by dehydration (Leica TP1020) and paraffin 

embedding (Table 4, each step 60min) (VWR, Ismaning, Germany). Paraffin-embedded tissues were 

cut into five μM slices (Leica RM2255, Soest, Germany) and stained with hematoxylin and 0.2% eosin 

(H&E, Leica ST5020, Leica Microsystems, Table 5). DPX’s new mounting media (Merck, Darmstadt, 

Germany) was added to preserve the tissues with a glass coverslip (VWR, Ismaning, Germany). 

Histological scores were assessed blindly based on the degree of immune cell infiltration of all colonic 

wall layers (mucosa, submucosa and muscularis), crypt hyperplasia, goblet cell depletion and mucosal 

damage, resulting in a score from 0 (not inflamed) to 12 (severely inflamed) according to Katakura 

method (Katakura et al., 2005). For adipocyte quantifications, sections were scanned (PreciPoint M8, 

Freising, Germany), and the average surface area of adipocytes was measured with the help of the 

Adiposoft program (ImageJ). The crypt depth and villus length were measured in 20 well-oriented 

crypts/villi.  The length from crypt/villus base to the top was measured using the ViewPoint Light 

software (Precipoint, Freising, Germany), and the average length was calculated for each section.  



 
  MATERIAL AND METHODS 

30 
 

Table 4 Dehydrating and paraffin embedding   

Step Reagent  Step Reagent 

1 70% EtOH 7 100% EtOH 

2 70% EtOH 8 100% EtOH 

3 80% EtOH 9 Xylene 

4 96% EtOH 10 Xylene 

5 96% EtOH 11 Paraffin 

6 100% EtOH 12 Paraffin 

 

Table 5 Deparaffinization, rehydration and H&E staining 

Deparaffinization and rehydration 

Step Reagent Time  

1 Xylene 5 min 

2 Xylene 5 min 

3 100% EtOH 5 min 

4 100% EtOH 5 min 

5 96% EtOH 2 min 

6 96% EtOH 2 min 

7 70% EtOH 2 min 

8 70% EtOH 2 min 

9 dH2O 30 sec 

H&E staining 

1 Hematoxylin 2 min 

2 Tab H20 15 sec 

3 Bluing reagent  30 sec 

4 dH2O 30 sec 

5 96% EtOH 30 sec 

6 Eosin 2 min 

7 96% EtOH 30 sec 

8 96% EtOH 30 sec 

9 100% EtOH 30 sec 

10 100% EtOH 30 sec 

11 Xylene 1.5 min 

12 Xylene end 
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3.5 Alcian blue / Periodic acid-Schiff (AB/PAS) staining 

 

Formaldehyde-fixed small intestinal (jejunum) sections were deparaffinized, rehydrated, and stained 

with alcian blue (Fisher, Dreieich, Germany) solution of 1% v.v. in 3% acetic acid at a pH 2.5 for 5 

minutes to detect acidic mucins in goblet cells. Following that, the sections were treated with periodic 

acid (1% v/v) for 10 minutes and co-stained with Schiff’s reagent (Sigma-Aldrich, Taufkirchen, 

Germany) for 15 minutes (dark) to stain for neutral mucins. Hematoxylin was used to counterstain the 

nuclei, and the tissue sections were dehydrated and mounted using DPX new (Merck KGaA, Darmstadt, 

Germany). The slides were scanned and analyzed further using a PreciPoint M8 microscope (Precipoint, 

Freising, Germany). For quantification, 50 well-oriented crypts were selected, and PAS+ cells were 

counted. The number of PAS+ cells was calculated as a total number per 100 μm2. 

 

3.6 RNA isolation and qPCR 

 

RNA was extracted from snap-frozen tissue samples in RNAlater (Sigma Aldrich) with the use of RA1 

buffer (Macherey Nagel) and the NucleoSpin RNAII kit (Macherey-Nagel) following the manufacturer’s 

protocol. RNA quality and quantity were measured using a NanoDrop (ND-10000 spectrophotometer, 

Thermo Fisher Scientific). cDNA was synthesized from 1000ng RNA using the cDNA synthesis kit 

Multiscribe RT (Thermofischer Scientific) (Table 6). Samples were incubated in the thermocycler for 5 

min 25°C, 10 min 25°C, 120 min 37°C, 5 sec °C. Quantitative real-time PCR (qPCR) was performed in a 

Light Cycler 480 system (Roche Diagnostics, Mannheim, Germany) using the Universal Probe Library 

system according to the manufacturer’s instructions. In short, 10 μM UPL-Probe, 20 μM forward and 

reverse primer, 1000 ng/μl cDNA, and 2x Master Mix were used. The primers and probes used are 

described in Table 7. RNA abundance was normalized to the housekeeping gene Ef1α. Relative 

expression values were determined using the 2-ΔΔCt method (Livak & Schmittgen, 2001).   

Table 6 cDNA synthesis protocol 

cDNA synthesis component Volume per sample [μl] 

10x Reaction buffer 2 

RIboLock RNAse inhibitor (20u/μl) 1 

10x Random hexamer primers 2 

dNTP mix 10mM 0.8 

M-MulV Reverse Transcriptase (20u/μl)  1 

PCR grade H20 3.2 

 



 
  MATERIAL AND METHODS 

32 
 

 

Table 7 Primer sequences and UPL probe numbers used for qRT-PCR analysis 

Gene F 5’-3’ R 5’-3’ Probe 

Bmal1 ATTCCAGGGGGAACCAGA GGCGATGACCCTCTTATCC 15 

Per2 TCCGAGTATATCGTGAAGAACG CAGGATCTTCCCAGAAACCA 5 

Rev-Erbα AGGAGCTGGGCCTATTCAC CGGTTCTTCAGCACCAGAG 1 

Cry1 ATCGTGCGCATTTCACATAC TCCGCCATTGAGTTCTATGAT 85 

Fabp2 ACGGAACGGAGCTCACTG TGGATTAGTTCATTACCAGAAACCT 56 

Sglt1 CTGGCAGGCCGAAGTATG TTCCAATGTTACTGGCAAAGAG 49 

Glut2 TTACCGACAGCCCATCCT TGAAAAATGCTGGTTGAATAGTAAAA 3 

Glut5 TGGTTGGAACCTTGGTGAATA TGGTTGGAACCTTGGTGAATA 58 

Ef1a GCCAAT TTCTGGTTGGAATG GGTGACTTTCCATCCCTTGA 67 

Ocln CACGACAGGTGGGGAGTC TTGATCTGAAGTGATAGGTGGATATT 17 

Cdh1 ATCCTCGCCCTGCTGATT ACCACCGTTCTCCTCCGTA 18 

 

3.7 RNA-sequencing  
 

RNA quality was verified using an Agilent2100 Bioanalyzer (Agilent) with RNA 6000Nano Reagents 

(Agilent). Library preparation and rRNA depletion was performed using the TruSeq Stranded mRNA 

Library Prep Kit. After the final quality control, the libraries were sequenced in a paired-end mode 

(2x150 bases) in the Novaseq6000 sequencer (Illumina) with a depth of ≥ 12 Million paired reads per 

sample. 

3.7.1 Pre-processing 

The quality of Next Generation Sequencing data was assessed with FastQC v0.11.5.  Adapter content 

and low-quality reads were removed using Trimmomatic v0.39 (Bolger et al., 2014). Trimmed FASTQ 

files were then mapped against the mouse mm10 genome with the STAR v2.7.5c aligner (Dobin et al., 

2013). Format conversions were performed using samtools v1.3.1 (Li et al., 2009). The featureCounts 

program v1.4.6 (Liao et al., 2014) was used to count reads located within an exon that do not overlap 

multiple features, with a threshold of mapping quality (MAPQ) > = 4, and are not chimeric. 

3.7.2 Normalization and differentially expressed genes analysis 

DESeq2 version 1.22.0 (Love et al., 2014) was used to normalize the read count matrix and perform 

differential expression analysis. Bioconductor package ‘‘biomaRt’’ version 2.38 (Durinck et al., 2009) 
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was used to map mouse genome informatics (MGI) symbols to Ensembl gene IDs. Gene ontology 

enrichment analyses were carried out using GOnet (qvalue<0.05) (Pomaznoy et al., 2018). 

3.7.3 Circadian analysis 

The (differential) rhythmicity of normalized transcripts was measured through both JTK_cycle and 

CompareRhythms R packages. JTK_cycle (Hughes et al., 2010) was used through the MetaCycle R 

package (Wu et al., 2016) with a period of 24h and adj. p-value < 0.05 to identify significant oscillating 

transcripts. CompareRhythms (Pelikan et al., 2022) was used to find altered rhythms between 

genotypes with the method Deseq2 and just_classify=FALSE.   

 

3.8 Gut permeability measurements 

 

Intestinal tissues were directly isolated after sacrifice and put in ice-cold carbonated (95% O2 - 5% CO2) 

Krebs buffer (113.6 mM NaCl, 2.4 mM Na2HPO4, 0.66 mM NaH2PO4, 21 mM NaHCO3, 5.4 mM KCL, 1.2 

mM CaCl2, 1.2 mM MgCl2x6H2O, 10 mM glucose, pH 7.4). Intestinal tissue of ~1.5 cm segments was 

longitudinally opened along the mesenteric border, washed, and mounted in 0.44635 cm2 ussing 

chambers (Mund, Scientific Instruments, Aachen, Germany). Mucosal and serosal sides were filled with 

3ml of 37°C Krebs buffer, continuously carbonated, and maintained at 37°C. After 30min of 

equilibrating, transepithelial electrical resistance (RT, Ohm cm2) was measured in open circuit mode, 

followed by the mucosal addition of 250μl 1.8mM fluorescein sodium salt (FITC) to measure 

permeability. Serosal samples were taken after 45 min and 60 min of FITC addition and consequently 

measured by a Fluoroskan Ascent FL (Thermo labsystem, Waltham, USA) fluorometer with λexc 485nm 

and λem 538nm. Data was collected with the use of the software package Clamp (version 2.14, Mund 

Scientific instruments). 

Permeability (P) was calculated using the following equations: 

(1)               J(flux)
𝑢𝑀

ℎ 𝑥 𝑐𝑚2 
=  

(𝐶𝑜𝑛𝑐. 1 − 𝐶𝑜𝑛𝑐. 2) 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)

(𝑡𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡 1 − 𝑡𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡 2) 𝑥 𝑡𝑖𝑠𝑠𝑢𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑚2)
 

(2)               𝑃
𝑐𝑚

𝑠
=  

𝐽 (𝑓𝑙𝑢𝑥)

𝑐
 

c= Concentration (µM) of FITC at the serosal site at time point 0.  
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3.9 Glucose uptake experiments 

 

Intestinal tissue was prepared as mentioned above, modified by the addition of 10 mM mannitol Krebs 

buffer instead of 10 mM glucose at the serosal side. Tissues were kept in a short-circuited state. To 

measure Na+-dependent glucose transport, 100 mM of glucose was added to the mucosal side and 

osmotically balanced by equimolar amounts of mannitol on the serosal side. The change in ∆ Isc was 

measured over a 20 min period. Overall glucose transport was measured using a fluorescent-labeled 

glucose tracer 2-NBDG ([2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose]-glucose, 

Sigma) in a 100 mM glucose solution. After adding 2-NBDG to the mucosal side, samples were taken 

over a 20 min period and measured at 488 nm/540 nm emission using Multiskan® spectrophotometer 

(Thermo Scientific).  

 

3.10 High-throughput 16S Ribosomal RNA (rRNA) gene sequencing and 

microbial analysis  

 

The genomic DNA was extracted from snap-frozen fecal pellets and cecal content using a modified 

protocol based on Godon et al. (Godon et al., 1997). In short, samples were put in stool stabilizer 

(Stratec) with 400 mg of 0.1 mm silica beads and 200 μl of Guanidinethiocyanat (protein denaturation), 

and 500μl of N-laurolylsarcosine (surfactant). Samples were incubated for one hour at 70°C (700rpm). 

Next, bacteria were lysed using a FastPrep (40 sec 6.5 m/s, 3x). Polyvinylpyrrolidone (PVPP, 15mg) was 

added to remove polyphenols, and samples were centrifuged for 3 min (15000g 4°C). The clear 

supernatant was transferred to a new 2mL tube, and 1:100 RNase (10mg/ml) was added, followed by 

30min incubation at 37°C (700 rpm). Purification of DNA was carried out using DNA NucleoSpin gDNA 

columns (Machery-Nagel, No. 740230.250). To amplify the V3-V4 region of the 16S rRNA gene, a two-

step PCR was performed with the primers 341F-ovh and 785r-ov, using 24 ng of DNA. The resulting 

PCR products were sequenced on an Illumina HiSeq using the Rapid v2 chemistry in paired-end mode 

(2x250 bp), following the procedure described in Reitmeier et al. (Reitmeier et al., 2020). To control 

for artifacts and ensure reproducibility, two negative controls containing DNA stabilizer without stool 

or cecal sample were included for every 45 samples. Only high-quality sequences with read counts 

exceeding 5000 were used for the analysis of the 16S rRNA data. The reads in the FASTQ files were 

processed using an in-house NGSToolkit (Version Toolkit 3.5.2_64) based on USEARCH 11 (Edgar, 

2010). Trimming with a score of 5 was performed on both ends of the R1 and R2 reads, followed by 

chimera removal using the FASTQ mergepair script of USEARCH (Edgar, 2010; Edgar et al., 2011). The 

quality-filtered reads were then merged, deduplicated, and clustered using a denoised clustering 
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approach to generate zero-radius operational taxonomic units (zOTUs) (Edgar, 2016). The use of zOTUs 

allows for higher resolution in 16S rRNA sequencing analysis by correcting sequencing errors 

(denoising) and identifying each unique sequence (with 100% similarity) as a distinct microbial strain. 

In contrast, the previous approach used operational taxonomic unit (OTU) analysis, which merges 

different strains with more than 97% similarity into a single OTU and assigns it to one microbial strain 

(Edgar, 2018). Taxonomic assignment was performed using the EZBiocloud database (Yoon et al., 

2017). The data were further analyzed using the R-based pipeline RHEA (Lagkouvardos et al., 2017). 

Phylogenetic trees were constructed using a maximum likelihood approach, with alignments 

generated by MUSCLE and MegaX software (Kumar et al., 2018). The trees were visualized and 

annotated using the online tool EvolView (Subramanian et al., 2019). In order to determine the 

quantitative copy numbers of 16S rRNA genes per gram of fecal sample, 12 artificial DNA standards 

mimicking 16S rRNA genes were added to each weighted fecal sample before DNA extraction. The 

same amount of artificial DNA (6 ng) was added to each sample. After sequencing, the FASTQ files 

were mapped against the spike FASTA sequences using bowtie2 (Langmead & Salzberg, 2012), 

resulting in the removal of the spike reads and the generation of a new FASTQ file. By comparing the 

spike sequencing reads to the fecal bacterial reads, the quantitative number of 16S rRNA gene copies 

per gram of sample was calculated. The copy number of the 16S rRNA gene is proportional to the 

number of bacteria present in the sample. This approach allows for the estimation of microbial 

abundances relative to each other, making it suitable for comparative analysis (Tourlousse et al., 2017). 

 

3.11 Fluorescence–activated cell sorting (FACS) 

 

3.11.1 Intestinal epithelial cell isolation  

Freshly isolated tissue was used for immune cell isolation. Intestinal tissues were flipped, washed out 

with PBS, and cut into 1cm segments. Epithelial cells were removed by incubation in Dulbecco’s 

modified Eagle’s medium (DMEM, Gibbco) supplemented with 10% fetal calf serum, 1% 

antibiotics/antimycotics, 0.8% L-glutamine and 20 µL of 1 M DTT while shaking for 15 minutes at 37 °C. 

The remaining sections were incubated at 37°C  for 10 min in 200 µL of 150 mM EDTA in PBS. The cell 

suspension was pelleted by centrifugation. Using a 40%/20% (PBS/DMEM) percoll gradient, intestinal 

epithelial cells were purified by centrifugation at 600g for 30 min, followed by washing with PBS. 

Purified IECs were lysed in RA1 RNA lysis buffer (Machery-Nagel) for further processing.  

3.11.2 Immune cell isolation  

Leftover intestinal tissues after DTT/EDTA previously described steps were washed three times in 

Hanks buffer and digested for 15 min in Thermoshake (200 rpm) with 0.6 mg/ml type VIII collagenase 



 
  MATERIAL AND METHODS 

36 
 

(Sigma-Aldrich) for jejunum. Colonic tissues were digested with Collagenase D (1.25 mg/ml, Sigma-

Aldrich), Collagenase V (0.85 mg/ml, Sigma-Aldrich), Dispase II (1mg/ml), DNAse-V (10U/μl, Sigma) and 

Amphotericin (100x). Gonadal fat was isolated with the use of Collagenase II (4mg/ml), followed by 

erythrocytes lysis with ACK buffer (150 mM NH4CL, 10 mM KHCOO3, 0.1mM Na2EDTA). Following 

digestion, cells were passed through a 40 µm strainer. The spleen and mesenteric lymph nodes were 

directly passed through a 40 µm strainer. Cells were fixed with 2% PFA, washed, and stored in RPMI at 

4 °C until further processing.  

3.11.3 Staining and FACS measurements 

Surface stainings were performed for 30 minutes with conjugated antibodies, depicted in Table 8. Cells 

were analyzed on a Flow Cytometer (InvitrogenTM AttuneTM NxT), and analysis was performed using 

FlowJo software (FlowJo, LLC, version 10.7.2). Gating strategies are illustrated in Figure 4.  

Table 8 FACS antibodies 

Target Fluorophore Dilution Source 

CD8 PE 1/100 Bioscience 

CD3 PerCP/Cy5.5 1/50 Biolegend 

CD4 FITC 1/100 Bioscience 
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Figure 4 FACS gating strategy Gating strategy of CD3+CD4+, CD3+CD8+. Plots are shown from a representative sample. The 
Gating strategy of CD3+CD4+, CD3+CD8+. Plots are shown from a representative sample. The numbers in the plots indicate 
percentage of cells within each gate.  

 

3.12 Complement 3 ELISA 

 

Concentrations of complement 3 (C3) in fecal supernatant were measured with the use of an ELISA kit 

(Immunology Consultants Laboratory) according to manufactures protocol and determined by 

absorbance at 450/620 nm using Multiskan® spectrophotometer (Thermo Scientific).  

 

3.13 Untargeted metabolite measurements 

 

Cecal samples were collected from Bmal1IEC-/- mice and their controls every 4 hours over the course of 

a 24h day. Samples were directly snap-frozen and stored at -80 °C upon metabolite extraction. The 

untargeted analysis was performed using a Nexera UHPLC system (Shimadzu, Duisburg, Germany) 

coupled to a Q-TOF mass spectrometer (TripleTOF 6600, AB Sciex, Darmstadt, Germany) as previously 
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described (Weiss et al., 2022). Separation of the fecal samples was performed either using a UPLC BEH 

Amide 2.1 × 100 mm, 1.7 µm analytic column (Waters, Eschborn, Germany) with a 400 µL/min flow 

rate or with a Kinetex XB18 2.1 x 100 mm, 1.7 µm (Phenomenex, Aschaffenburg, Germany) with a 

300 µL/min flow rate. For the HILIC-separation, the settings were as follows: The mobile phase was 

5 mM ammonium acetate in water (eluent A) and 5 mM ammonium acetate in acetonitrile/water 

(95/5, v/v) (eluent B). The gradient profile was 100% B from 0 to 1.5 min, 60% B at 8 min and 20% B at 

10 min to 11.5 min, and 100% B at 12 to 15 min. For the reversed-phase separation, eluent A was 0.1% 

formic acid, and eluent B was 0.1% formic acid in acetonitrile. The gradient profile started with 0.2% 

B, which was held for 0.5 min. Afterwards, the concentration of eluent B was increased to 100% until 

10 min, which was held for 3.25 min. Afterwards, the column was equilibrated at starting conditions. 

A volume of 5 µL per sample was injected. The autosampler was cooled to 10 °C, and the column oven 

heated to 40 °C. Every tenth run, a quality control sample which was pooled from all samples, was 

injected. The samples were measured in a randomized order and in the Information Dependent 

Acquisition (IDA) mode. MS settings in the positive mode were as follows: Gas 1 55, Gas 2 65, Curtain 

gas 35, Temperature 500 °C, Ion Spray Voltage 5500, declustering potential 80. The mass range of the 

TOF MS and MS/MS scans were 50–2000 m/z, and the collision energy was ramped from 15–55 V. MS 

settings in the negative mode were as follows: Gas 1 55, Gas 2 65, Cur 35, Temperature 500 °C, Ion 

Spray Voltage –4500, declustering potential –80. The mass range of the TOF MS and MS/MS scans 

were 50–2000 m/z and the collision energy was ramped from –15–55 V. 

The “msconvert” from ProteoWizard (Adusumilli & Mallick, 2017) was used to convert raw files to 

mzXML (de-noised by centroid peaks). The bioconductor/R package XCMS (Smith et al., 2006) was used 

for data processing and feature identification. More specifically, the matched filter algorithm was used 

to identify peaks (full width at half maximum set to 7.5 s). Then the peaks were grouped into features 

using the “peak density” method (Smith et al., 2006). The area under the peaks was integrated to 

represent the abundance of features. The retention time was adjusted based on the peak groups 

presented in most of the samples. To annotate possible metabolites to identified features, the exact 

mass and MS2 fragmentation pattern of the measured features were compared to the records in 

HMBD (Wishart et al., 2007) and the public MS/MS database in MSDIAL (Tsugawa et al., 2015), referred 

to as MS1 and MS2 annotation, respectively. The quality control samples were used to control and 

remove the potential batch effect, t-test was used to compare the features’ intensity between the 

groups.  

JTK_cycle (Hughes et al., 2010) was used to identify metabolite circadian oscillations. Lists of 

statistically significant differential (rhythmic) metabolites were uploaded on the MetaboloAnalyst 5.0 

(Pang et al., 2021) platform for pathway annotation and enrichment analysis.  
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3.14 Targeted metabolite analyses 

 

3.14.1 Sample preparation for targeted metabolite analyses 

Approximately 20 mg of mouse cecal content was weighed in a 2 mL bead beater tube (CKMix 2 mL, 

Bertin Technologies, Montigny-le-Bretonneux, France) filled with 2.8 mm ceramic beads. 1 mL of 

methanol-based dehydrocholic acid extraction solvent (c=1.3 µmol/L) was added as an internal 

standard for work-up losses. The samples were extracted with a bead beater FastPep-24TM 5G, MP 

Biomedicals Germany GmbH, Eschwege, Germany) supplied with a CoolPrepTM (MP Biomedicals 

Germany, cooled with dry ice) for 3 times each for 20 seconds of beating at a speed of 6 m/sec and 

followed by a 30 seconds break. 

3.14.2 Targeted bile acid measurement 

20 µL of isotopically labeled bile acids (ca. 7 µM each) were added to 100 µL of sample extract. Targeted 

bile acid measurement was performed using a QTRAP 5500 triple quadrupole mass spectrometer 

(Sciex, Darmstadt, Germany) coupled to an ExionLC AD (Sciex, Darmstadt, Germany) ultrahigh 

performance liquid chromatography system. A multiple reaction monitoring (MRM) method was used 

for the detection and quantification of the bile acids. An electrospray ion voltage of −4500 V and the 

following ion source parameters were used: curtain gas (35 psi), temperature (450 °C), gas 1 (55 psi), 

gas 2 (65 psi), and entrance potential (−10 V). The MS parameters and LC conditions were optimized 

using commercially available standards of endogenous bile acids and deuterated bile acids for the 

simultaneous quantification of selected 27 analytes. For separation of the analytes a 100 × 2.1 mm, 

100 Å, 1.7 μm, Kinetex C18 column (Phenomenex, Aschaffenburg, Germany) was used. 

Chromatographic separation was performed with a constant flow rate of 0.4 mL/min using a mobile 

phase consisting of water (eluent A) and acetonitrile/water (95/5, v/v, eluent B), both containing 5 mM 

ammonium acetate and 0.1% formic acid. The gradient elution started with 25% B for 2 min, increased 

at 3.5 min to 27% B, in 2 min to 35% B, which was held until 10 min, increased in 1 min to 43% B, held 

for 1 min, increased in 2 min to 58% B; held 3 min isocratically at 58% B, then the concentration was 

increased to 65% at 17.5 min, with another increase to 80% B at 18 min, following an increase at 19 

min to 100% B which was hold for 1 min, at 20.5 min the column was equilibrated for 4.5 min at 

starting. The injection volume for all samples was 1 μL, the column oven temperature was set to 40 °C, 

and the auto-sampler was kept at 15 °C. Data acquisition and instrumental control were performed 

with Analyst 1.7 software (Sciex, Darmstadt, Germany) (Reiter et al., 2021).  

 BAs  measured are Cholic acid (CA), chenodeoxycholic acid (CDCA),  a-Muricholic acid (aMCA), b-

Muricholic acid (bMCA), Taurocholic acid (TCA), Taurochenodeoxycholic acid (TCDCA), 
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Tauroursodeoxycholic acid (TUDCA), Taurohyodeoxycholic acid (THDCA), Taurolithocholic acid (TLCA), 

Taurodeoxycholic acid (TDCA), Tauro-a-Muricholic acid (TaMCA), Glycochenodeoxycholic acid 

(GCDCA), Glycocholic acid (GCA), Deoxycholic acid (DCA), Lithocholic acid (LCA), y-Muricholic acid (y-

MCA), 12-Dehydrocholic acid (12-DHCA), 12-Ketolithocholic acid (12-keto-LCA), 3-Dehydrocholic acid 

(3-DHCA), 6-Ketolithocholic acid (6-keto-LCA), 7-Dehydrocholic acid (7-DHCA), 7-Sulfocholic acid (7-

sulfo-CA), Allocholic acid (ACA), Cholic acid-7ol-3one (CA-7ol-3one), Ursocholic acid (UCA), 

Dehydrolithocholic acid (DHLCA), Hyodeoxycholic acid (HDCA), Murideoxycholic acid (MDCA), 

Ursodeoxycholic acid (UDCA).  

3.14.3 Targeted short-chain fatty acid measurement 

The 3-NPH method was used for the quantitation of SCFAs (Han, Lin et al. 2015). Briefly, 40 µL of the 

fecal extract and 15 µL of isotopically labeled standards (ca 50 µM) were mixed with 20 µL 120 mM 

EDC HCl-6% pyridine-solution and 20 µL of 200 mM 3-NPH HCL solution. After 30 min at 40°C and 

shaking at 1000 rpm using an Eppendorf Thermomix (Eppendorf, Hamburg, Germany), 900 µL 

acetonitrile/water (50/50, v/v) was added. After centrifugation at 13000 U/min for 2 min, the clear 

supernatant was used for analysis. The same system as described above was used. The electrospray 

voltage was set to -4500 V, curtain gas to 35 psi, ion source gas 1 to 55, ion source gas 2 to 65, and the 

temperature to 500°C. The MRM-parameters were optimized using commercially available standards 

for the SCFAs. The chromatographic separation was performed on a 100 × 2.1 mm, 100 Å, 1.7 μm, 

Kinetex C18 column (Phenomenex, Aschaffenburg, Germany) with 0.1% formic acid (eluent A) and 

0.1% formic acid in acetonitrile (eluent B) as elution solvents. An injection volume of 1 µL and a flow 

rate of 0.4 mL/min was used. The gradient elution started at 23% B, which was held for 3 min, 

afterwards the concentration was increased to 30% B at 4 min, with another increase to 40%B at 6.5 

min, at 7 min 100% B was used, which was held for 1 min, at 8.5 min the column was equilibrated at 

starting conditions. The column oven was set to 40°C and the autosampler to 15°C. Data acquisition 

and instrumental control were performed with Analyst 1.7 software (Sciex, Darmstadt, Germany).  

3.14.4 Targeted metabolite analyses 

MultiQuant 3.0.3 Software (AB Sciex) was used to integrate the data and calculate the concentration. 

Isotopically labeled standards were used for SCFA quantitation. For bile acid quantitation, we used 

Dehydrocholic acid as an internal standard to correct for losses during sample preparation and 

isotopically labeled references to correct for ionization effects during measurement, according to the 

paper of Reiter et al. 2021 (Reiter et al., 2021). For comparison between the two groups, Mann-

Whitney U test was used to test for statistical significance. Metabolite-microbiota correlation analyses 

were performed on relative abundance zOTU level within the rhythmic in male control (Bmal1fl/fl), but 

not Bmal1IEC-/-  samples with at least a 30% prevalence. Spearman correlation and adjusted p-values 



 
  MATERIAL AND METHODS 

41 
 

between targeted metabolomics and zOTUs were calculated using the rcor() function in R. Correlation 

matrixes were visualized within the R package “corrplot” (Wei, 2021). Only correlations were plotted 

with a P-value of <0.05 and coefficient values R ≤ −0.5 and ≥0.5. Furthermore, M2IA online platform 

(Ni et al., 2020) was used for the global similarity analyses (PA plot) between metabolome and 

microbiota data. 

 

3.15 PICRUST 2.0 

 

For the prediction of metagenomics functionality, the sequences of the intestinal clock-controlled 

zOTUs, captured as described above, were used to construct the metagenome using PICRUST2.0 

(Douglas et al., 2020). The corrected zOTU 16 s rRNA gene copy number was multiplied by the 

predicted functionality to predict the metagenome. Resulted enzymatic genes classified according to 

Enzyme Commission (EC) numbers were mapped to Metacyc pathways. Superclasses were removed, 

and Metacyc pathway abundance was used for rhythmicity analyses over time with the use of 

JTK_analyses (Hughes et al., 2010).  

 

3.16 Statistical Analyses 

 

Statistical analyses were performed with the use of R and GraphPad Prism (GraphPad Software V8).  

Rhythmicity analyses and differential rhythm analyses were done with the use of JTK_cycle and 

CompareRhythm R scripts (Hughes et al., 2010; Pelikan et al., 2022). In addition, the circadian phase 

was calculated with the use of the cosine-wave equation: y=baseline+(amplitude∙cos(2∙π∙((x-[phase 

shift)/24))), with a fixed 24-h period. Connected straight lines of individual 24h period graphs within 

the figures indicate significant rhythmicity based on cosine analyses, whereas dashed lines indicate 

non-significant cosine fit. Analysis between two groups were performed using the non-parametric 

Mann-Whitney U test. Statistics of more than two groups and dietary conditions was performed with 

a two-way ANOVA. A p-value ≤ 0.05 was assumed as statistically significant. Rhea pipeline 

(Lagkouvardos et al., 2017) was used for microbial diversity calculations using generalized UniFrac v1.1. 

distances and illustrated with MDS. Heatmaps were generated using the heatmap.2 R script. Heatmaps 

were sorted based on the peak phase of controls. Abundance plots and fold change plots were 

generated using SIAMCAT package in R using the “check.associations() function”. Polargraphs were 

made with the use of ggplot R package. Visualisation of zOTUs and sample trees were conducted using 

the online platform “evolgenius.info”. Spearman correlation and adjusted p-values between targeted 

metabolomics and zOTUs were calculated using the rcor() function in R. Correlation matrixes were 

visualized within the R package “corrplot” (Wei, 2021). 
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4. Results 
 

4.1 Loss of intestinal Bmal1 does not alter circadian behavior 
 

The circadian clock plays a vital role in regulating the rhythmic functions of the host’s physiological 

processes, thereby contributing to overall host health. In mouse models, system-wide and tissue-

specific loss of brain and muscle ARNT-Like 1 (Bmal1), an essential circadian clock gene, leads to 

disruptions in glucose and lipid metabolism, adipocyte differentiation, and arrhythmic production of 

microbial metabolites (Lamia et al., 2008; Rudic et al., 2004; Shimba et al., 2005). These studies 

emphasize the significance of maintaining a functional circadian clock for proper host metabolism. 

Notably, the gastrointestinal (GI) tract plays an essential role in metabolic homeostasis, as it is the first 

organ to encounter nutrients. Previous studies have indicated several rhythmic intestinal processes 

related to metabolism. However, whether the circadian clock regulates them remains to be elucidated 

(Hoogerwerf et al., 2008; Sladek et al., 2007). In this study, the aim was to investigate whether the 

peripheral intestinal clock controls rhythmic intestinal processes that are important for metabolism. 

To achieve this, a mouse model with a specific knockout of the core clock gene Bmal1 in intestinal 

epithelial cells (IECs) was generated. 

To create the mouse model, transgenic Villin-Cre mice were crossed with mice carrying Bmal1 exon 8 

floxed allele (Bmal1fl/fl). This breeding strategy allowed us to selectively delete the core clock gene 

Bmal1 in IECs, referred to as Bmal1IEC-/- mice. Mice were sampled at six different time points (CT1, CT5, 

CT9, CT13, CT17, CT21) over the circadian day in constant darkness (DD). In DD, endogenous rhythms 

can be measured as entrainment by light is eliminated. As expected, Bmal1 circadian core clock gene 

expression was both arrhythmic and downregulated in all tissue sections of the intestine, including the 

jejunum, cecum, and proximal colon in Bmal1IEC-/- mice (Figure 5A). The residual Bmal1 expression was 

likely derived from (non)intestinal cells in which Villin-Cre is not expressed, such as tuft cells, vascular 

epithelial cells, and muscle or immune cells (Esmaeilniakooshkghazi et al., 2020; Madison et al., 2002). 

Additionally, the circadian rhythms of the clock gene expression of the nuclear receptor subfamily 1 

group D member 1 (Rev-Erbα) were abolished in the jejunum and proximal colon, while they were 

dampened in the cecum (Figure 5B). Importantly, the peripheral clock gene expression in the liver 

remained rhythmic, confirming the specific ablation of the circadian clock in the intestine of Bmal1IEC-

/- mice (Figure 5A, B).  
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Figure 5 Confirmed deletion of Bmal1 in intestinal tissue sections of Bmal1IEC-/- mice.                                                           
(A) Core Bmal1 and (B) Rev-Erbα clock gene expression profiles within intestinal tissues and liver measured in constant 
darkness every 4 hours.  Data are presented as mean ± SEM. Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are 
illustrated with fitted cosine-wave curves; data points connected by dotted lines indicate no significant cosine fit curves (p-
value > 0.05) and thus no rhythmicity. 

 

Deletion of core clock genes can have a significant impact on circadian behavior, including locomotor 

and feeding activity, as observed in studies with whole-body Bmal1 knockout mice (Bunger et al., 

2000).  In this study, circadian locomotor activity in Bmal1IEC-/-   mice was investigated using running-

wheel cages under different light conditions. Under a 12-hour light: 12-hour dark paradigm (LD), 

Bmal1IEC-/- mice exhibited rhythmic activity primarily during the dark phase, similar to their control 

counterparts (Figure 6A, B). To examine the endogenous rhythms, Bmal1IEC-/- mice were subsequently 

exposed to constant darkness (DD) after two weeks in the LD cycle. Notably, the Bmal1IEC-/- mice 

maintained intact circadian locomotor activity (Figure 6A-B), indicating that the function of the 

suprachiasmatic nucleus (SCN), the central pacemaker, remained unaffected. In addition, food intake 

patterns, total food intake, and fecal output remained unaltered in the absence of a functional 

intestinal clock (Figure 6C-E). These findings highlight the presence of a functional central pacemaker 

in intestinal clock-deficient mice, allowing further investigations of the intestinal clock in isolation from 

other clocks while considering regular circadian feeding and locomotor activity.   
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Figure 6 Mice with intestinal specific Bmal1 deletion do not exhibit a circadian phenotype.                                             
(A) Actogram depicting wheel running activity of Bmal1IEC-/- and control (Bmal1fl/fl) mice in light-dark (12:12) (LD) and 
continuous darkness (DD). (B) Total activity (wheel counts) over the 24-hour day (left) and total circadian activity over the full 
day (middle) as well as the period (τ) (right). (C) Total food intake over 24-hours in LD conditions and their quantification 
summed up over the light phase (ZT1-12) and dark phase (ZT13-24).  (D) Total food intake over 24-hours in DD conditions. (E) 
Total fecal weight measured over 24-hour in DD conditions.  

 

Further characterization of Bmal1IEC-/- mice revealed no significant changes in the weight of dissected 

organs, including the liver, cecum, stomach, gonadal fat (eWAT), subcutaneous fat (sWAT), pancreas, 

spleen, and mesenteric lymph nodes (mLN), when compared to control mice (Supplementary Figure 

1A, B). However, the total length of the jejunum and the colon density (weight per cm) exhibited a 

significant increase in Bmal1IEC-/- mice (Figure 7A, B). Nonetheless, morphological analysis of the 

jejunum revealed no alterations in the length of crypts or villi (Figure 7C). Interestingly, intestinal 

Bmal1 ablation led to a significant phase shift of 6.3 hours (p=0.016) in jejunal permeability, as 

evidenced by fluorescein translocation (Figure 7D). Despite this shift, the total jejunal permeability, 

gastrointestinal transit time (GITT), as well as the expression of the tight-junction marker Occludin and 

adherens junction E-cadherin remained similar between the genotypes (Figure 7D, Supplementary 

Figure 1C, D).   

Alterations in jejunum permeability and length could potentially influence the interactions between 

luminal content and intestinal epithelial cells. Of particular interest, goblet cells play a pivotal role in 

producing mucus, which forms a protective barrier on the luminal surface of the intestinal epithelium. 

This mucus layer acts as a first-line defense against harmful pathogens and toxins present in the gut 

lumen and is crucial for mediating the cross-talk between gut microbes and the host. Specifically, cross-
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feeding interactions, where microbial metabolism of mucin glycans influences the abundance of other 

microbial taxa, have been implicated in shaping the gut microbiome composition (Fang et al., 2021). 

To assess the status of mucin production, staining of mucin was performed with Periodic acid Schiff-

alcian blue (PAS-AB) on jejunal tissue from Bmal1IEC-/- mice and their controls. The results demonstrated 

a significant loss of mucus-filled goblet cells in the jejunal epithelium of Bmal1IEC-/- mice (Figure 7F).  

Collectively, these findings demonstrate that the specific loss of Bmal1 in the intestine leads to minor 

alterations in intestinal parameters, including increased colon density, altered permeability, and 

reduced mucus production. These changes suggest potential implications for intestinal function and 

microbial interactions in the absence of a functional intestinal clock.  

 

 

Figure 7 Slight alterations in jejunal parameters in Bmal1IEC-/- mice.                                                                                              
(A) Total intestinal segment length (cm). (B) Intestinal segment density (weight/cm). (C) Jejunum crypt and villus length. (D) 
Permeability measured by Ussing chamber over time in constant darkness (left) and total permeability quantified (right). (E) 
Resistance measured by Ussing chamber over time (left) and quantified (right). (F) PAS-AB staining for mucus-filled goblet 
cells. Asterisks indicate significant differences * p<0.05, ** p<0.01. Significant rhythms (cosine-wave regression, p-value ≤ 
0.05) are illustrated with fitted cosine-wave curves; data points connected by dotted lines indicate no significant cosine fit 
curves (p-value > 0.05) and thus no rhythmicity. 
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4.2 The intestinal clock regulates fecal microbial rhythmicity. 

 

The alterations in intestinal morphology and functioning observed in Bmal1IEC-/- mice raise intriguing 

questions regarding the potential impact on circadian microbial dynamics within the gut. The circadian 

clock has been shown to play a crucial role in shaping the rhythmic composition and activity of the gut 

microbiota (Liang et al., 2015; Thaiss et al., 2014). To investigate the consequences of intestinal clock 

deficiency on the circadian microbial landscape, 16S rRNA sequencing was performed targeting the 

V3/V4 variable regions using fecal samples obtained from mice kept under constant darkness.  

The analyses of microbial profiling unveiled a clear separation in β-diversity, indicating a dissimilarity 

of the fecal microbiota between control and Bmal1IEC-/- mice (Figure 8A). In control mice, distinct 

rhythmic patterns in alpha-diversity (richness) were observed over the circadian day, with the lowest 

richness occurring at CT9, a few hours prior to the onset of activity (Figure 8B). Intriguingly, intestinal 

ablation of Bmal1 resulted in complete arrhythmicity in alpha-diversity (Figure 8B). To further 

investigate the microbial composition, the relative abundance over time was analyzed, as well as the 

relative quantification of the copy number of 16S rRNA genes using synthetic DNA spikes, a technique 

known as "quantitative abundance" analysis (Tourlousse et al., 2017). This approach prevents the 

masking of rhythmic microbial communities based on the presence of highly abundant taxa. 

Quantitative abundance analyses revealed a loss in rhythmicity of the highly abundant phylum 

Firmicutes in Bmal1IEC-/- mice, despite observing comparable rhythmicity in relative abundance between 

genotypes (Figure 8C). In control mice, Firmicutes and Bacteroidetes oscillated in antiphase, with 

Bacteroidetes peaking at CT12, corresponding to the day-night transition, and Firmicutes peaking 

during the early night (CT1) (Figure 8C). This rhythmic pattern was consistent across both relative and 

quantitative abundance analyses (Figure 8C). Furthermore, Bmal1IEC-/- mice exhibited a significant 

downregulation of total bacterial abundance and quantitative abundance of both Firmicutes and 

Bacteroidetes compared to their controls (Figure 8C, Supplement Figure 2).  
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Figure 8 Intestinal Bmal1 deletion results in arrhythmicity of major phyla.                                                                               
(A) Beta-diversity (MDS plot) of fecal microbiota analyzed by generalized UniFrac distances stratified by genotype (B) 
Circadian (DD) profile of richness (C) Circadian rhythms of major phyla measured by relative (top) and quantitative (bottom) 
abundance. Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted cosine-wave curves; data 
points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no rhythmicity.  

 

To investigate the rhythmicity of individual bacterial taxa, a subset of 580 prevalent (>10%) and 

abundant (>0.1%) zero-radius operational taxonomic units (zOTUs) was focused on and subjected to 

analysis using the JTK_CYCLE algorithm (Hughes et al., 2010). Approximately 60% of all zOTUs exhibited 

circadian rhythmicity, as demonstrated by both quantitative and relative analyses (Figure 9A-F). 

Notably, visualized by heatmaps ordered on the phase of zOTUs abundance in control mice, as well as 

in phase vs. amplitude plots, there was an apparent time clustering of zOTUs during the onset and end 

of the active phase, indicating distinct temporal patterns of specific bacteria (Figure 9A,C,D,F). 

However, in the absence of a functional intestinal clock, approximately two-thirds of the total zOTUs 

lost their rhythmicity (Figure 9B, E).  

Further examination of specific bacterial taxa that lost rhythmicity in Bmal1IEC-/- mice highlighted the 

families Lachnospiraceae, Muribaculacea, and Ruminococcaceae as being predominantly under the 

influence of the intestinal clock (Figure 10). Within these families, the genera Oscillibacter, Fusimonas, 

Lactobacillus, Muribaculum, Pseudoflavonifractor, Roseburia and Ruminococcus were significantly 

altered in rhythmicity (Figure 10). Of note, it was observed that the overall abundance of zOTUs, 

including Lactobacillus, Oscillibacter, Ruminococcus, and Muribaculum, was significantly decreased in 

Bmal1IEC-/- mice. Conversely, Bmal1IEC-/- mice exhibited an upregulation of zOTUs belonging to 

Parasutterella, and Roseburia (Supplementary Figure 3).  

Together, these findings highlight the extensive impact of the intestinal clock on the rhythmicity and 

abundance of several bacterial taxa within the fecal microbiota.  
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Figure 9 The intestinal clock regulates fecal microbial rhythmicity.                                                                                                 
(A) Heatmap showing the relative abundance of 580 fecal zOTUs (mean relative abundance > 0.1%; prevalence > 10%). Every 
row represents one zOTU and every column one circadian time point. zOTUs are ordered based on the phase of control mice. 
(B) Pie-charts indicating the amount of rhythmic and arrhythmic zOTUs based on relative analyses. (C) Significance, amplitude 
and phase of oscillation of rhythmic and arrhythmic zOTUs based on relative analyses. (D) Heatmap, as described in (A), 
showing the quantitative abundance of 580 zOTUs. (E) Pie-charts indicating the amount of rhythmic and arrhythmic zOTUs 
based on quantitative analyses. (F) Significance, amplitude and phase of rhythmic and arrhythmic zOTUs based on 
quantitative analyses.  

Phase (h) 
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Figure 10 The intestinal clock mainly regulates the rhythmicity of the families Lachnospiraceae, Ruminococcaceae, and 
Muribaculaceae.  
Taxonomic tree of fecal microbiota rhythmic in control mice but not in Bmal1IEC-/- mice. Rhythmicity calculations were 
performed on the quantitative abundance of zOTUs with the use of JTK_CYCLE. The outer dashed ring indicates phylum 
taxonomic rank, followed by family name (middle ring) and genera (inner ring, indicated by the individual branches).  
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4.3 Targeted fecal metabolomics reveals intestinal clock regulation of microbial 

metabolite production 

 

Intestinal clock-controlled bacterial genera, including Lactobacillus, Eubacterium, Clostridium, and 

Bacteroides (Figure 10), are capable of metabolizing bile acids (BAs) and carbohydrates (Yntema et al., 

2023). To investigate the functional aspects of the intestinal clock-controlled microbiota, targeted 

measurements of short-chain fatty acids (SCFAs) and BAs in fecal samples were performed using a 

mass spectrometer coupled to liquid chromatography (LC-MS).  

Procrustes analyses (PA) identified a significant association between intestinal clock-controlled zOTUs 

and SCFA concentrations (Figure 11A). When considering all time points, the total levels of SCFAs were 

comparable between genotypes. However, the level of valeric acid and low-abundant branched-chain 

fatty acids (BCFAs), including isovaleric acid, isobutyric acid, and 2-methylbutyric acid, were 

significantly upregulated in intestinal clock-deficient mice (Figure 11B).  

Positive significant correlations were observed between acetate, butyrate, BCFAs, and zOTUs 

belonging to the phylum Firmicutes, including the well-known SCFA-producing families 

Lachnospiraceae and Ruminococcaceae (Figure 11C). Conversely, concentrations of SCFAs negatively 

correlated with the relative abundance of intestinal clock-driven taxa mainly belonging to the family 

Muribaculaceae of the phylum Bacteroidetes (Figure 11C). Despite overall concentrations being 

altered, circadian rhythms in SCFAs, valeric acid, and BCFAs persisted in both genotypes, with 

significantly increased amplitudes for all BCFAs in Bmal1IEC-/-  mice (Figure 11D). Notably, propionate 

did not exhibit oscillations in either control or Bmal1IEC-/-  mice (Figure 11D). 
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Figure 11 Bacterial alterations in intestinal clock-deficient mice results in altered fecal branched-chain fatty acids and 
valeric acid concentrations.                                                                                                                                                                             
(A) Procrustes analyses (PA) of fecal microbiota and SCFA levels. The length of the line is proportional to the divergence 
between the data from the same mouse. (B) Total SFCA, BCFA and Valeric acid levels in feces. (C) Spearman correlation (p-
value ≤ 0.05 and R ≤ − 0.5; red or R ≥ 0.5; blue) between SCFA and taxa that lost rhythmicity in Bmal1IEC-/- mice. (D) Circadian 
profiles of short-chain fatty acids, branched-chain fatty acids and valeric acid. Significant rhythms are illustrated with fitted 
cosine-regression (solid line); data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) 
and thus no rhythmicity. 
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Similar to SCFAs, there were significant associations between intestinal clock-controlled zOTUs and BA 

levels (Figure 12A). Nearly half of the measured BAs differed between genotypes, with most of the 

alterations observed in microbial-derived secondary BAs (Figure 12B,C). BAs that were significantly 

upregulated in Bmal1IEC-/- mice included DCA, 6- and 12-keto-lithocholic acid (keto-LCA), 

murideoxycholic acid (MDCA), glycinecholic acid (GCA), cholic acid-7ol-3one (CA-7ol-3one), and 

hyodeoxycholic acid (HDCA). On the other hand, the BAs 7-Sulfocholic acid (7-sulfo-CA) and 

taurochenodeoxycholic acid (TCDCA) were downregulated in the absence of a functional intestinal 

clock (Figure 12B,C).  

It is worth noting that not all BAs exhibited circadian rhythmicity in fecal samples obtained from control 

mice. For example, most of the conjugated BAs, DCA, and its derivatives were found to be arrhythmic 

(Supplementary Figure 4). However, the taurine-conjugated primary BA taurourso-DCA (TUDCA), 

tauro-α-muricholic acid (TαMCA), taurine-DCA (TDCA) and the secondary BA 7-sulfo-CA acid were 

rhythmic in control mice and lost rhythmicity in Bmal1IEC-/-   mice (Figure 12D). In addition, TCDCA 

significantly reduced its amplitude in intestinal clock-deficient mice (Figure 12D).  

 

 

 
Figure 12 Bacterial alterations in intestinal clock-deficient mice results in altered fecal secondary bile acid concentrations.     
(A) Procrustes analyses (PA) of fecal microbiota and bile acid levels. (B) Conjugated and secondary (C) fecal bile acid levels 
combining all time points. (D) Circadian profiles of bile acids. Significant rhythms are illustrated with fitted cosine-regression 
(solid line); data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no 
rhythmicity. P-values were calculated with the use of Mann-Whitney U test  
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Taurine-conjugated BAs exhibited positive association with various intestinal clock-controlled 

taxonomic members, while secondary BAs showed negative associations with taxa from the Firmicutes 

phyla (Figure 13A,B). For example, 7-sulfo-CA negatively correlated with Oscillibacter, Enterocloster, 

and Eubacterium (Figure 13A,B), whereas taurine-conjugated BAs positively correlated with Alistipes, 

Odoribacter, and multiple zOTUs belonging to the Lachnospiraceae family (Figure 13A,B).  

In summary, our findings demonstrate that the intestinal clock-controlled microbiota plays a role in 

modulating microbial-related metabolites, particularly BCFAs, secondary BAs, and taurine-conjugated 

BAs, suggesting its involvement in host metabolism.  

 

 

 

 

Figure 13 Intestinal clock controlled bacteria show significant correlations with bile acid concentrations.                              
(A) Spearman correlation of bile acids (p-value ≤ 0.05 and R ≤-0.5 (red) or R ≥ 0.5 (blue)) with gut-clock controlled bacterial 
taxa (B) and their examples.  
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4.4 The intestinal clock regulates the rhythmic cecal microbiota  

 

It is widely recognized that microbial communities vary across different gastrointestinal sites. The 

cecum, in particular, possesses unique properties important for host immune functioning, nutrient 

absorption, and carbohydrate fermentation (Brown et al., 2018; Chambers et al., 2018; Laurin et al., 

2011). Additionally, due to its isolation from direct fecal stream exposure, the cecal microbiota is 

relatively more homogenous and consistent compared to the fecal microbiota. Here, the aim was to 

investigate whether the intestinal clock also influences the composition of the more homogenous cecal 

microbiome.  

Irrespective of the genotype, significant differences in microbial beta-diversity were observed between 

cecal and fecal samples, indicating distinct microbial community compositions (Figure 14A).  In terms 

of cecal microbial characteristics between genotypes, both beta-diversity and total bacterial 

abundance did not exhibit significant differences (Figure 14B,C). However, alpha-diversity was found 

to be arrhythmic in Bmal1IEC-/- mice (Figure 14C). Furthermore, the major phyla Bacteroidetes and 

Proteobacteria displayed loss of rhythmicity in quantitative abundance upon intestinal Bmal1 deletion 

(Figure 14D). On the other hand, relative data demonstrated sustained microbial rhythmicity of these 

phyla in both genotypes (Supplement Figure 5A).  

Approximately 30% of the total cecal zOTUs displayed rhythmicity in both relative and quantitative 

analyses in control mice (Figure 14E, Supplementary Figure 5B), which was notably lower compared 

to the rhythmicity observed in the fecal microbiota. Of note, upon intestinal clock deficiency, there 

was a significant loss of zOTU rhythmicity, with approximately 50% of the zOTUs showing disrupted 

rhythmic quantitative abundance patterns (Figure 14E,F). Relative abundance analyses uncovered a 

total of 50 cecal zOTUs to be arrhythmic in Bmal1IEC-/-   mice compared to controls (Supplementary 

Figure 5B,C).  

Consistent with the fecal data, the cecal microbial taxa under the control of the intestinal clock 

included genera such as Pseudoflavonifractor, Desulfovibrio, Odoribacter, Oscillibacter, 

Agathobaculum, Eubacterium, Clostridium, and Ruminococcus (Figure 14G,H, Supplementary Table 1). 

Notably, within the cecal microbiota, a higher number of taxa belonging to the Muribaculacea family 

were found to be regulated by the intestinal clock compared to fecal data (Figure 14G,H, 

Supplementary Table 2). On the contrary, genera such as Roseburia, Anaerotignum, and Lactobacillus 

exhibited unique intestinal clock control in fecal content (Supplementary Table 3). Overall abundance 

analyses within cecal content revealed an upregulation of Parasuterella and Turicibacter in mice with 

intestinal clock deficiency (Supplementary Figure 5D).  
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To profile the putative microbial functions from intestinal clock-controlled zOTUs, PICRUSt2 (Douglas 

et al., 2020) was used. PICRUSt2 is capable of predicting the functional potential of microbial 

communities based on their 16S rRNA gene sequencing data. Arrhythmic taxa were found to play 

essential roles in the regulation of carbohydrate and amino acid metabolism, vitamin and nucleotide 

biosynthesis, as well as fermentation, identified by MetaCyc pathway abundances (Figure 15).  

Taken together, these findings underscore the significance of the intestinal clock in governing the 

composition and dynamics of both the fecal and cecal microbiota. The observed differences in 

rhythmicity and taxonomic control between these two sites highlight the distinct functional roles and 

interactions of the gut microbiota across different gastrointestinal compartments. 
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Figure 14 The intestinal clock controls the rhythmicity of the cecal microbiota.                                                                                   
(A) Beta-diversity MDS plot of cecal and fecal content based on generalized UniFrac distances stratified by genotype and 
location. (B) Beta-diversity MDS plot of cecal microbiota based on generalized UniFrac distances stratified by genotype. (C) 
Circadian profile of alpha-diversity and total 16s copy numbers. (D) Circadian profiles of Bacteroidetes and Proteobacteria. 
(E) Heatmap showing the quantitative abundance of 580 zOTUs. (F) Pie-charts indicating the amount of rhythmic and 
arrhythmic zOTUs based on quantitative analyses (top). Significance, amplitude and phase of rhythmic and arrhythmic zOTUs 
(bottom). (G) Taxonomic tree of cecal microbiota uniquely rhythmic in control mice but not in Bmal1IEC-/- mice identified by 
quantitative analyses. The outer dashed ring indicates phylum taxonomic rank, followed by family, and genera in the inner 
ring. (H) Circadian profiles of zOTUs losing rhythmicity in Bmal1IEC-/- mice. Significant rhythms are illustrated with fitted cosine 
regression (solid line); data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus 
no rhythmicity. 
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Figure 15 Functional pathways in the cecal microbiota controlled by the intestinal clock.   
Heatmap of MetaCyc Pathways predicted using PICRUST2.0 on intestine clock-controlled zOTUs rhythmic in control (left) 
and arrhythmic in Bmal1IEC-/- (right) mice within cecal content. Pathways are colored according to their subclass depicted in 
the legend. Abundance is color coded with high abundance (yellow) or low abundance (blue) values.  

 

4.5 Untargeted metabolomics reveals intestinal clock regulation of cecal metabolite 

rhythmicity 

 

To further elucidate the impact of the intestinal clock on host and bacterial-derived metabolites, 

untargeted metabolomics was conducted using liquid chromatography-mass spectrometry (LC-MS) on 

cecal content collected from control and Bmal1IEC-/- mice at 4-hour intervals over a 24-hour period (DD). 

Both positive and negative ionization modes were employed of hydrophilic interaction ultra-high 

performance liquid chromatography (HILIC-UPLC) and reverse-phase UPLC (RP-UPLC) techniques to 

measure polar and non-polar metabolites.  

Principal component analysis (PCA) did not display clear genotype separation; however, clustering 

within time points was evident in control samples but absent in Bmal1IEC-/- samples, particularly during 

the subjective daytime points of CT1 and CT5 (Figure 16A). Combining data from all time points, 

Bmal1IEC-/-   mice exhibited significant alterations in metabolites involved in taurine-, tryptophan-, 
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vitamin B6 metabolism, bile acid biosynthesis, and lysine- and valine/leucine/isoleucine degradation 

when compared to control mice (Figure 16B).  

Using JTK_CYCLE analyses (Hughes et al., 2010), 3686 rhythmic metabolites in the control group were 

identified. Strikingly, over 30% of these rhythmic metabolites lost their rhythmicity in Bmal1IEC-/- mice, 

as visualized in the heatmap (Figure 16C). Enrichment analyses of annotated metabolites further 

revealed that intestinal clock-controlled metabolites are involved in various metabolic pathways, 

including amino acid metabolism (valine, leucine, and isoleucine biosynthesis, pantothenate and CoA 

biosynthesis, aminoacyl-tRNA biosynthesis), nucleotide metabolism (pyrimidine metabolism), 

phenylalanine metabolism,  cofactors and vitamins metabolism (riboflavin metabolism, nicotinate and 

nicotinamide metabolism), and lipid metabolism (biosynthesis of unsaturated fatty acids, sphingolipid 

metabolism) (Figure 16D). Notably, the intestinal clock predominantly controls metabolites related to 

carbohydrate metabolism, including galactose, amino sugar, nucleotide sugar, and starch and sucrose 

metabolism, suggesting impaired carbohydrate utilization upon intestinal clock deficiency (Figure 

16D). 

Collectively, these results indicate that disruption of the intestinal clock results in significant alterations 

in host and microbial-derived metabolites, particularly related to the digestion and utilization of lipids 

and carbohydrates, highlighting the intricate interplay between the gut microbiota, host metabolism, 

and intestinal-specific circadian regulation. 
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Figure 16 Untargeted metabolomics reveals the role of the intestinal clock in host metabolism.                                                
(A) PCA plots of metabolite profiles, colors indicate time point while shape indicates genotype. (B) Significant different 
pathways between genotypes. (C) Heatmap of measured metabolites (rows) over the circadian time (columns). Yellow=high 
abundant, blue=low abundant. (D) Enrichment analyses of intestinal clock-controlled metabolites.  

 

4.6 The intestinal clock regulates transcripts involved in nutrient metabolism 

 

To shed light on the underlying genetic pathways and regulatory networks that contribute to the 

observed metabolic alterations upon intestinal clock disruption, transcriptional profiling was 

conducted using bulk RNA-sequencing of jejunal tissue sections collected over the circadian cycle (24 

hours) from control and  Bmal1IEC-/- mice (Figure 17A). The absence of rhythmic expression in Bmal1 

and Cry1 genes, as well as the significantly reduced amplitude of Rev-Erbα and Per2 normalized gene 

counts confirmed jejunal clock dysfunction (Figure 17B).   

By analyzing all collected samples (CT1-21), more than 350 genes were identified to be differentially 

expressed (fold change >1, adj. p<0.05) between genotypes (Figure 17C). Upregulated genes in 
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Bmal1IEC-/- jejunum included Succinate Receptor 1 (Sucnr1), which is involved in microbiota-induced 

type 2 immunity (Lei et al., 2018), and transmembrane and immunoglobulin domain containing 1 

(Tmigd1), implicated in intestinal cell differentiation (Thuring et al., 2023) (Figure 17C). On the other 

hand, downregulated genes in Bmal1IEC-/- jejunum included the metabolic-related genes Beta-Carotene 

Oxygenase 1 (Bco1), carboxylesterase 1D (Ces1d), Na+-sulfate cotransporter (Scl13a1) and Cytochrome 

P450 3A44 (Cyp3a44), among others (Figure 17C). In addition, immune-relevant genes like T-cell 

surface glycoprotein cd3 delta (Cd3d) & cd3 epsilon (Cd3e) chain were downregulated (Figure 17C).  

Gene set enrichment analysis (GSEA) of the downregulated genes in intestinal clock-deficient mice 

revealed significant perturbations in pathways associated with immunoregulation and cell adhesion, 

suggesting potential disruptions in immune function and cellular interactions (Figure 17D). No 

significant altered pathways were found in the GSEA of the upregulated genes.  

Moreover, the investigation of the jejunum transcriptome over time yielded intriguing findings. PCA 

demonstrated distinct clustering based on the time of day (CT1-9: day; CT13-21: night) in control mice, 

while this effect was less pronounced in Bmal1IEC-/- mice (Figure 17E). Notably, employing JTK_CYCLE 

(Hughes et al., 2010) for circadian analyses identified 4448 genes with oscillatory expression patterns, 

while this number diminished by 60% in intestinal clock-deficient mice. These results highlight the 

substantial disruption in rhythmic intestinal gene expression patterns associated with the loss of 

intestinal clock function. 



 
  RESULTS 

61 
 

 

 

Figure 17 Intestinal clock-regulated genes are involved in metabolic and immune homeostasis.                                                 
(A) Experimental paradigm of jejunal tissue sampling every 4 hours over the circadian day (constant darkness), used for RNA-
sequencing. (B) Normalized gene count profiles for circadian clock genes. (C) Volcano plot indicating significant (adjusted p-
value <0.05) differential (Fold change >1) genes comparing Bmal1IEC-/- mice to controls. Upregulated genes are indicated in 
blue while downregulated genes are marked in red. (D) Gene set enrichment analyses of downregulated genes using KEGG 
pathway annotation. (E) Principal Component Analyses of jejunal samples obtained from control (green) and Bmal1IEC-/- (red), 
split by day (CT1-9, triangle) and night (CT13-21, circle) time points. Significant rhythms (cosine-wave regression, p-value ≤ 
0.05) are illustrated with fitted cosine-wave curves; data points connected by dotted lines indicate no significant cosine fit 
curves (p-value > 0.05) and thus no rhythmicity. 

 

In-depth analyses using CompareRhythms (Pelikan et al., 2022), a tool capable of identifying alterations 

in rhythmicity, including amplitude and phase shifts, further demonstrated substantial changes in 

Bmal1IEC-/- mice compared to their controls. Specifically, more than 400 transcripts exhibited disrupted 

or altered rhythmicity patterns in intestinal clock-deficient mice (Figure 18A). The majority of these 

transcripts displayed significantly reduced amplitudes, indicative of compromised rhythmic gene 

expression, while some exhibited phase shifts (Figure 18B). Notably, a subset of 41 transcripts related 



 
  RESULTS 

62 
 

to oxidative phosphorylation gained rhythmicity in Bmal1IEC-/- mice, while their expression remained 

blunted in control mice (Supplementary Figure 6A,B).   

GSEA of the transcripts that lost rhythmicity in Bmal1IEC-/-  mice showed an overrepresentation of genes 

primarily associated with the digestive system (Figure 18C, Supplementary Figure 6C). Notable KEGG 

pathways included ‘selenocompound metabolism’, ‘carbohydrate digestion and absorption’, ‘fat 

digestion and absorption’, and ‘bile secretion’ (Figure 18C). Specifically, key genes involved in fat 

absorption, such as Fabp2, ApoB, and ATP-binding cassette transporter (Abca1), displayed 

downregulation or altered rhythmicity (Figure 18C,D). Similarly, genes involved in fat digestion, 

including Acylglycerol-3-Phosphate O-Acyltransferase (Agpat1/2), Diacylglycerol O-acyltransferase 2 

(Dgat2), and Acetyl-Coenzyme A acetyltransferase 2 (Acat2), exhibited arrhythmicity or reduced 

amplitudes in Bmal1IEC-/-   (Figure 18D). Additionally, genes involved in carbohydrate macronutrient 

metabolism displayed loss of rhythmicity or highly suppressed amplitudes upon intestinal clock 

disruption (Figure 18C,E). This included the pathways ‘glycolysis/gluconeogenesis’ and ‘fructose and 

mannose metabolism’. Strikingly, all hexose transporter genes responsible for intestinal glucose, 

galactose, and fructose transport to the bloodstream, such as Slc5a1 (Sglt1), Slc2a5 (Glut5), and Slc2a2 

(Glut2), exhibited severely reduced amplitude or arrhythmicity in Bmal1IEC-/- mice compared to control 

mice (Figure 18E). 

Collectively, these findings underscore the importance of the jejunal clock in regulating the circadian 

transcriptional profiles of key metabolic genes involved in macronutrient absorption and 

transportation, with a particular focus on carbohydrate and lipid metabolism.  
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Figure 18 The intestinal clock regulates the rhythmic transcriptome relevant for carbohydrate and lipid metabolism.              
(A) Heatmap depicting altered rhythmicity (CompareRhythm) in transcripts detected by RNA-seq between control and 
Bmal1IEC-/-  mice. Each gene (row) is organized by the phase of control mice. (B) Polarplot depicting phase and amplitude of 
genes losing rhythmicity (left) and changed rhythmicity (right) in Bmal1IEC-/-  mice compared to controls. (C) KEGG Pathway 
enrichment analyses using genes that lost rhythmicity (left) or changed rhythmicity (right) in Bmal1IEC-/-  mice compared to 
controls. Circadian profiles of lipid (D) and carbohydrate (E) related metabolic genes measured with RNA-seq that changed 
or lost rhythmicity in Bmal1IEC-/-  mice. Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted 
cosine-wave curves; data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus 
no rhythmicity. Data are represented by mean ± SEM. 

 

4.7 Disruption of host metabolism and immunity by transfer of intestinal clock-

deficient derived microbiota  

 

The comprehensive analyses of targeted and untargeted metabolomics, as well as transcriptomic 

profiling, highlighted the crucial role of the intestinal clock in regulating host metabolism. This is 

supported by the observed increased body weight in Bmal1IEC-/- mice under chow conditions (Facility A 

(p=0.001)) (Figure 19A). Intriguingly, this alteration in body weight was not observed in a separate 

cohort housed in a different animal facility (Facility B (p=0.15)) nor germ-free (GF) mice lacking 

microbiota (Figure 19B,C), which underscores the significance of specific intestinal clock-controlled 

bacteria in regulating host metabolism. It is noteworthy that other metabolic parameters, such as fat 

mass, glucose clearance, and intestinal sugar transportation, did not exhibit significant differences 

between genotypes under SPF chow conditions (Supplementary Figure 7).   

 

 

 

Figure 19 Body weight elevation upon intestinal clock-deficiency is microbiota dependent. Bodyweight (gram) of control 
Body weight (gram) of control and Bmal1IEC-/-  mice under chow diet, measured in (A)  SPF facility A or (B) SPF facility  B (Age; 
17-21 weeks). (C) Body weight (gram) measured in germ-free control and Bmal1IEC-/-  mice (Age; 13-16 weeks). ** p<0.01 
(Mann-Whitney U test).  
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To further investigate the physiological relevance of the rhythmic microbial composition driven by the 

intestinal clock on host physiology, GF C57BL/6 mice were colonized with cecal content obtained from 

either Bmal1IEC-/- mice or their controls for a duration of 5 weeks, allowing for the establishment of the 

cecal microbiome (Figure 20A). Beta-diversity analyses of fecal microbial profiles clearly distinguished 

recipient mice based on the genotypes of the donors (Figure 20B). More than 75% of zOTUs identified 

in the donors of both genotypes were successfully transferred to the recipient mice, indicating a high 

overall transfer efficiency (Supplement Figure 8A). However, the transfer of bacteria to recipients was 

less efficient for Desulfobacterota, Muribaculacea, and Erysipelotrichaceae, depending on the donor. 

In contrast, families like Oscillospiraceae, Lachnospiracea, and Ruminococcaceae exhibited consistent 

relative abundance patterns compared to their respective donors (Figure 20C,D).   

Comparing microbiota composition of recipient mice, a significant decrease in Muribaculaceae and 

Lactobacillaceae were observed in Bmal1IEC-/- recipients, while families such as Lachnospiraceae, 

Marinifilaceae, Ruminococcaceae and Oscillospiraceae were enriched (Figure 20C,D). Additionally, 

taxonomic difference analyses revealed 20 zOTUs with a > 2-fold change in relative abundance 

between recipients (Supplementary Figure 8C). Notably, Enterohabdus, Lactobacillus, and Alistipes 

were reduced in abundance in Bmal1IEC-/- recipients compared to control recipients. Highly abundant 

zOTUs in Bmal1IEC-/- recipients were predominantly associated with the Oscillospiraceae and 

Lachnospiraceae families, including the genus Roseburia (Supplementary Figure 8B).  
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Figure 20 Significant difference in Beta-diversity between recipient mice.                                                                      
(A) Transfer was performed at CT13 with a mixture of cecal microbiota obtained from controls and Bmal1IEC-/- donors (derived 
at CT13) into 10 weeks old germ-free BL6 wild-type recipient mice. Mice were kept for 6 weeks after gavage until sacrifice at 
the age of 16 weeks (16w). Fecal profiles were collected 5 weeks after gavage at the age of 15 weeks (15w).  (B) MDS plot of 
GUniFrac distances of recipient mice after 5 weeks of transfer. Significance was calculated by PERMANOVA with Bonferroni 
correction.  (C) Average relative abundance of donor and recipient mice at phyla and (D) family level.  

 

Importantly, the lack of rhythmicity was successfully transferred to recipient mice receiving microbiota 

from Bmal1IEC-/- mice, with a substantial reduction in rhythmicity at all taxonomic levels (Figure 21A,B). 

Alpha-diversity, although arrhythmic, was significantly higher in Bmal1IEC-/- recipients (Figure 22A).  The 

rhythmicity of the phyla Proteobacteria and Firmicutes was lost, while Bacteroidetes remained 

arrhythmic in both control and Bmal1IEC-/- recipients (Figure 22A). Furthermore, the highly abundant 

family Muribaculaceae exhibited rhythmicity in control mice but was absent in Bmal1IEC-/- recipients 

A B 
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(Figure 22A).  Additionally, Lachnospiraceae, Rikenellaceae, and Clostridia maintained circadian 

rhythmicity in the host after transfer from control donors but lost their rhythmicity in Bmal1IEC-

/- recipient mice, as observed in their respective donors (Figure 22C).   

Following the transfer of arrhythmic microbiota from Bmal1IEC-/- mice, elevated levels of both fecal and 

cecal SCFAs, particularly acetate and butyrate, as well as BCFAs like isobutyrate, were observed (Figure 

22 B,D). Additionally, both fecal and cecal levels of the secondary BA 7-ketolitocholic acid were 

completely absent in control recipient mice but highly abundant in Bmal1IEC-/- recipients (Figure 22 C,E). 

The BAs cholic acid and β-muricholic acid were significantly downregulated (Figure 22 C,E), consistent 

with observations made in donor mice. Of note, intestinal clock gene and CCG expression at CT13 

remained unaltered between recipient mice (Figure 22 F,G).  

 

 

Figure 21 Maintained arrhythmicity upon transfer of Bmal1IEC-/- derived microbiota into a germfree host.                                   
(A) Heatmap depicting the relative abundance of zOTUs ordered by their cosine-regression peak phase according to the 
recipient controls. (B) Bar graphs indicating the percentage (top) and abundance (bottom) of rhythmic and arrhythmic 
taxonomies in control and Bmal1IEC-/- recipients.  
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Figure 22 Arrhythmic microbial patterns and metabolite alterations upon Bmal1IEC-/-  microbial transfer                                 
(A) Diurnal profiles of fecal microbial richness and taxa. (B) SCFA concentrations in cecum and (D) feces as well as bile acid 
concentrations in (C) cecum and (E) fecal content of control and Bmal1IEC-/- recipient mice measured by targeted 
metabolomics. (F) Metabolic gene expression and (G) Clock gene expression at CT13 measured by qPCR in control and 
Bmal1IEC-/- recipients. Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted cosine-wave 
curves; data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no rhythmicity. 
* p<0.05, ** p<0.01.  

 

Notably, mice colonized with Bmal1IEC-/- derived microbiota exhibited significant weight gain compared 

to recipient mice receiving control microbiota (Figure 23 A,B). This weight gain was accompanied by 

an increase in dissected fat mass, specifically in eWAT and sWAT (Figure 23C). Nuclear magnetic 

resonance (NMR) further confirmed these findings by revealing a significant increase in total fat mass 

and a decrease in lean mass among mice that received intestinal clock-deficient microbiota (Figure 

23C). These outcomes were independent of any alterations in food intake or total energy assimilation 

between the recipient mice (Supplementary Figure 9).  Although less pronounced, similar tendencies 
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of weight gain were observed in vancomycin-metronidazole antibiotic-treated mice following Bmal1IEC-

/- microbial gavage (p=0.06, week 5) (Supplementary Figure 10). 

Specific taxa, mainly belonging to the Lachnospiraceae family, including the genera Enterocloster, 

Eubacterium, and Lachnoclostridia, showed a positive correlation with body weight alterations. 

Conversely, Roseburia and Proteobacteria displayed a strong negative correlation with body weight 

(Figure 23D).   

 

 

 

Figure 23 Mice receiving intestinal clock-deficient microbiota exhibit increased weight gain and fat mass.                                   
(A) Total body weight gain (B) quantified after 6 weeks of gavage. (C) Dissected fat mass and total fat mass/lean mass 
measured by NMR. (D) Significant Spearman correlation coefficient (p-value ≤ 0.05 and R ≤ − 0.5; red or R ≥ 0.5; blue) between 
body weight and bacterial taxa at phyla, family, and zOTU level.  * p<0.05, ** p<0.01.  
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In addition to the observed obese phenotype, jejunum and colon density were significantly decreased, 

indicative of immune activation in Bmal1IEC-/- recipient mice (Figure 24A). Interestingly, the transfer of 

arrhythmic microbiota led to alterations in immune cell recruitment to the lamina propria. 

Fluorescence-activated cell sorting (FACS) analysis demonstrated a decrease in T-cell (CD3+CD4+, 

CD3+CD8+) recruitment patterns at CT13 in both the jejunum (p=0.08) and colon (p<0.05) (Figure 24B). 

These findings align with similar trends observed in Bmal1IEC-/- mice under SPF conditions 

(Supplementary Figure 11A,B), showing decreased jejunal T-cell recruitment and significantly 

increased concentration of complement 3 in fecal supernatant, providing further evidence for the role 

of intestinal clock-controlled microbiota in modulating gut immune regulation.  

Moreover, the increase in weight and fat mass in these mice was accompanied by changes in immune 

cell populations within the adipose tissue. T-cell sub-populations (CD3+CD4+, CD3+CD8+) exhibited an 

increase in the eWAT of Bmal1IEC-/- microbial recipients (Figure 24C). However, immune cell 

recruitment to other peripheral organs, including the mesenteric lymph nodes and spleen, as 

indicators for systemic inflammation remained unchanged between recipients (Figure 24C). Notably, 

overall intestinal histology scores in both the colon and jejunum remained unaffected upon transfer of 

the Bmal1IEC-/- derived microbiome (Figure 24D). 

These findings collectively highlight the importance of the intestinal clock in maintaining the rhythmic 

microbial composition and function, which is crucial for balancing host metabolism. The dysregulation 

observed in immune cell recruitment suggests a potential link between  disrupted circadian rhythms 

in the gut and immune dysfunction, as further investigated in the study by Niu et al. (Niu, 2023).    
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Figure 24 Decreased intestinal T-cell recruitment upon transfer of intestinal clock-deficient microbiome. (A) Dissected int  
(A) Dissected intestinal density (weight/cm) after 6 weeks of transfer in recipient mice. (B) Frequency of CD3+CD8+ and 
CD3+CD4+ immune cell population in jejunum and colon as well as in (C) gonadal fat, mesenteric lymph nodes (Mln) and 
spleen. (D) H&E staining of proximal colon cross-section along with the histological scoring of proximal colon and jejunum of 
germ-free mice after receiving control or Bmal1IEC-/-  derived cecal microbiota. * p<0.05, **p<0.01 (Mann-Whitney U test, 
two-sided).  
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4.8 Westernized dietary feeding results in metabolic abnormalities in intestinal 

clock-deficient mice 

 

Building upon the observations within this study, highlighting the essential role of a functional 

intestinal clock in metabolism, specifically in relation to carbohydrates and lipids, an 8-week dietary 

experimental study was conducted. Mice from both genotypes were subjected to different diets, 

including a high-fat diet (HFD, 48% kcal palm oil), a western diet (WD, HFD + 30% sucrose water), and 

a purified control diet (CD) for comparison (Figure 25A).  

When mice lacking the intestinal clock were exposed to a fiber-depleted CD, a slight decrease in body 

weight gain was observed, although this difference was not statistically significant (Figure 25B). 

Despite observing alterations in the lipid-relevant transcriptome, there were no significant differences 

in body weight between the different genotypes upon HFD intervention (Figure 25C). To account for 

slight body weight differences (∼1.5g) observed between genotypes exposed to the CD, weight gain 

under HFD was normalized to the weight gain under CD for each mouse. This normalization allowed 

for the determination of the specific effect of the additional fat load on body weight gain. Accordingly, 

HFD-fed Bmal1IEC-/- mice exhibited slightly higher body weight gain (p=0.08) compared to controls 

(Figure 25E). Interestingly, Bmal1IEC-/- mice revealed a further significant increase in body weight gain 

when subjected to HFD along with an additional sugar load, reflecting a westernized diet (WD) (Figure 

25D). Specifically, the supplementary sucrose intake led to a 5% increase in body weight gain in 

Bmal1IEC-/-  mice compared to those on HFD alone (Figure 25F).  The sugar supplementation resulted in 

an increase in energy intake and a decrease in energy secretion, leading to higher assimilation 

efficiency for both genotypes compared to both HFD and CD (Figure 25G). Under WD conditions, no 

difference was observed in total assimilation efficiency between genotypes, although the amount of 

fecal production and, consequently, total energy excretion was significantly increased in Bmal1IEC-/- 

mice compared to controls (Figure 25G).  

Furthermore, the normalized weight of dissected organs, including SI density, cecum, and pancreas, 

differed between genotypes under WD-feeding but not under HFD conditions (Figure 25H). For 

example, WD-fed Bmal1IEC-/-  mice have a decreased pancreatic weight compared to their controls. 

Additionally, during an oral glucose tolerance test (OGTT), there was a tendency towards higher total 

circulating glucose (AUC) in fasted WD-fed Bmal1IEC-/-  mice, although it did not reach statistical 

significance (Figure 25I).  
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Figure 25 Western diet intervention promotes body weight gain in intestinal clock-deficient mice. (A) Schematic diagram 
(A) Schematic diagram of experimental paradigm. (B) Body weight gain and it’s quantification of control diet fed mice, (C) 
HFD fed mice and (D) Western diet fed mice. (E) Body weight gain of HFD fed mice, normalized to CD. (F) Body weight gain of 
WD fed mice normalized to HFD conditions. (G) Energy intake, excretion and total assimilation efficiency under CD, HFD and 
WD conditions. (H) Dissected organ weight (SI density, cecum, pancreas) relative to body weight after 8 weeks of HFD or WD 
feeding. (I) Fasting glucose and total area under the curve (AUC) after glucose tolerance test. Data are represented by mean 
± SEM. Significance was calculated with two-sided Mann-Whitney U test or Two-way ANOVA. * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001. 

 

High-caloric diets have been shown to influence the expression of clock genes in various peripheral 

tissues (Eckel-Mahan et al., 2013). To assess the functionality of the intestinal clock under different 

dietary interventions, the expression of clock genes at CT13 in jejunum tissue was compared between 

the different genotypes exposed to each dietary condition. Surprisingly, both genotypes in all purified 

dietary conditions (CD, HFD, WD) exhibited a decrease in clock gene expression compared to fiber-rich 

chow conditions (Figure 26A). However, while circadian time differences between CT1 and CT13 were 

still evident in control mice, no such time difference was detected in Bmal1IEC-/-  mice (Figure 26B). 

Additionally, in chow-fed mice, an increase in Rev-Erbɑ expression was observed at CT13, whereas CD- 

and HFD-fed mice exhibited higher expression at CT1, suggesting a potential circadian phase shift 

(Figure 26B). These results indicate an altered, yet functional, intestinal circadian clock in control mice 

upon purified dietary intake, whereas the clock function remained abolished in Bmal1IEC-/-  mice. WD-
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fed mice were solely sampled at CT13, which limited the examination of time differences in clock gene 

expression.  

It is noteworthy that both genotypes exhibited upregulation of genes involved in intestinal 

carbohydrate absorption under WD compared to HFD, such as Glut5 and Sglt1, responsible for fructose 

and glucose/galactose transport, respectively (Figure 26C). This suggests an adaptive response to the 

increased availability of dietary sugars. However, reduced expression levels of carbohydrate transport 

genes were detected in Bmal1IEC-/- mice compared to their controls, suggesting a reduced response to 

the high-sugar load (Figure 26C).  

 

 

Figure 26 Fiber depletion affects intestinal clock functioning. (A) Relative Per2, Rev-Erbα and Bmal1 gene expression (A) (A) 
(A) Relative Per2, Rev-Erbα and Bmal1 gene expression measured at CT13. (B) Relative gene expression of Bmal1, Per2 and 
Rev-Erbα at CT1 and CT13 for Chow, CD and HFD. (C) Relative Sglt1 and Glut5 hexose transporter expression was measured 
at CT13. A,C: * means significant difference between genotypes, letters mean significant difference between diet within 
genotype with a=chow, b=CD, c=HFD, D=WD. B; ** p<0.01, **** p<0.0001 (Two-way ANOVA).  
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4.9 Westernized dietary feeding results in genotype-dependent alterations in 

microbial community but not rhythmicity.  

 

Gut microbial communities play a crucial role in regulating host energy homeostasis (Wang, 2020). To 

investigate the differences in microbial profiles and community diversity between genotypes and 

dietary conditions, 16S amplicon sequencing of fecal content was conducted. Mice fed a WD exhibited 

distinct clustering based on their gut microbial composition, while no strong clustering patterns were 

observed for mice on a CD or HFD (Figure 27A). However, beta-diversity analysis revealed significant 

differences in microbial diversity between diets and genotypes within diets (Supplementary Figure 

12). WD feeding resulted in a decreased species richness, which was even more pronounced in mice 

lacking an intestinal clock (Figure 27B). Furthermore, under a high-caloric diet, Bmal1IEC-/- mice 

exhibited reduced species diversity compared to their controls (HFD; p=0.02, WD; p=0.06) (Figure 27B).  

At the phylum level, a two-way ANOVA demonstrated significant differences in Bacteroidetes, 

Firmicutes, Proteobacteria, and Actinobacteriota relative abundance levels (Figure 27C, 

Supplementary Figure 13A). Particularly, Proteobacteria was upregulated in WD-fed Bmal1IEC-/- mice 

compared to their controls (Figure 27C). Additionally, the relative abundance of Firmicutes in WD-fed 

intestinal clock-deficient mice was decreased (Figure 27C).  
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Figure 27 Intestinal clock deficiency results in microbial alterations upon westernized diet feeding.                                      
(A) Phylogenetic tree showing similarities between microbiota profiles based on generalized UniFrac distances between 
different mice represented by the individual branches. Phyla composition is depicted by stacked bar plots in the first inner 
circle. Followed by genotype and diet in the outer circle. (B) Alpha-diversity (Richness and Shannon effective). (C) Relative  
abundance (%) of significant altered phyla Bacteroidetes, Firmicutes, Proteobacteria and Actinobacteria. Data are 
represented by mean ± SEM. Significance was calculated with a Two-way ANOVA. * p<0.05, ** p<0.01, **** p<0.0001. * 
means significant difference between genotypes, letters mean significant difference between diet within genotype with 
a=CD, b=HFD, c=WD. 

 

Conducting relative abundance differential analyses at the zOTU level showed the downregulation of 

zOTUs belonging to the Muribaculaceae family in Bmal1IEC-/- mice across all the dietary conditions 

compared to control mice (Figure 28A). Furthermore, the total abundance of the Muribaculaceae 

family was reduced upon high-caloric diets, with the highest suppression observed in WD-fed mice. 

Interestingly, this effect was even more pronounced in the absence of a functional clock (Figure 28B, 

Supplementary Figure 13B). On the contrary, Bmal1IEC-/- mice fed WD exhibited a significant increase 

in the relative abundance of Parasuterella, which showed a positive correlation with body weight, 

while the abundance of Muribaculaceae showed a negative correlation with body weight (Figure 28 

A,B). These findings support the notion that changes in the abundance of intestinal clock-controlled 

bacterial taxa are associated with energy homeostasis. During WD, microbial alterations resulted in a 
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significant upregulation of total SCFAs, BCFAs, and lactate, while the fecal concentrations of primary, 

conjugated, and secondary BAs were significantly reduced in Bmal1IEC-/- mice (Figure 28 C,D,E). These 

results indicate that the intestinal clock plays a role in WD-induced obesity by influencing microbial 

functioning. 
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Figure 28 Parasuterella is positively associated with western diet-induced obesity upon intestinal clock deficiency.  
(A) Generalized fold change of zOTUs between control and Bmal1IEC-/- mice in all dietary conditions. (B) Relative abundance 
plots of positive and negative correlated taxonomies with body weight. (C) Fecal bile acid, (D) short-chain fatty acid and (E) 
branched-chain fatty acid concentrations. Data are represented by mean ± SEM. Significance was calculated with a Two-way 
ANOVA. * p<0.05, **** p<0.0001. * Means significant difference between genotypes, letters mean significant difference 
between diet within genotype with a=CD, b=HFD.  

 

Literature has reported a dampening of microbial rhythms upon HFD interventions (Leone et al., 2015; 

Zarrinpar et al., 2014). Additionally, this study previously showed that the development of obesity 

occurs upon arrhythmic microbial transfer, potentially explaining the observed weight gain in WD-fed  

Bmal1IEC-/-  mice. Therefore, the circadian microbial rhythmicity in all purified diets and both genotypes 

was assessed. Surprisingly, all purified diets exhibited a significant reduction in microbial rhythmicity 

on all taxonomic levels, irrespective of genotype. Consequently, the number of rhythmic zOTUs was 

comparably low (<8%) in both genotypes (Figure 29 A,B). Out of the 390 zOTUs measured, intestinal 

clock dysfunction only resulted in arrhythmicity of a total of 8 zOTUs in CD-fed mice, 15 zOTUs upon 

HFD feeding, and 18 zOTUs upon WD feeding (Figure 29 A,B). Several arrhythmic zOTUs were also 

differentially abundant between genotypes (Figure 29A, Figure 29 C,D,E). Examples include 

Anaerotruncus and a member of the Ruminococcaceae family in CD-fed mice (Figure 29C), Oscillibacter 

and Blautia in HFD-fed mice (Figure 29D), and Oscillibacter, Paludicola and members of the 

Lachnospiraceae family in WD-fed mice (Figure 29E). The remaining zOTUs (~ 360) remained 

arrhythmic in both control and Bmal1IEC-/-  mice.  

Taken together, these findings suggest that intestinal clock dysfunction promotes diet-induced body 

weight gain by influencing host and microbial fat and sugar metabolism. Importantly, this effect was 

additive to the role of the intestinal clock in balancing the host’s metabolism by driving the rhythmicity 

of the microbiota. 
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Figure 29 Fiber-deprived purified diets abolish microbial rhythmicity. (A) Rhythmicity percentage of all taxonomies (A) (A) 
(A) Rhythmicity percentage of all taxonomies identified by JTK_Cyle. (B) Heatmap depicting relative abundance of all zOTUs. 
(C) Examples of zOTUs losing rhythmicity in Bmal1IEC-/- mice upon a control diet (CD), (D) high-fat diet (HFD), and (E) western 
diet (WD). Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted cosine-wave curves; data 
points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no rhythmicity. 
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4.10 Lack of fermentable fiber suppresses microbial rhythmicity 

 

Previous studies have primarily focused on the suppression of microbial rhythmicity in purified HFDs 

compared to chow diets, which are typically high in fermentable fiber (P.J, 2008; Pellizzon & Ricci, 

2018). However, it is essential to acknowledge that the purified HFDs used in these studies are fiber-

depleted, potentially confounding the interpretation of the results. Building upon these observations, 

the aim was to investigate the specific role of dietary fiber in microbial rhythmicity in addition to 

dietary fat content. 

To address this, the same cohort of control mice and intestinal clock-deficient mice were exposed to a 

series of dietary interventions, including a fiber-rich chow diet with an unknown but highly variable 

fermentable-fiber composition (>13% fiber),  a low-fermentable fiber CD (5% cellulose), and a high-

fermentable fiber supplemented CD (CFi, 13.6% mixture of oat fibers, inulin, pectin, and lignocellulose) 

(Figure 30A). These diets were designed to have similar fat content (∼5%) while differing in their 

percentage of digestible fiber (Figure 30B). Fecal samples were collected over a 24-hour period after 

two weeks of each diet intervention (Figure 30A).  

Analysis of beta-diversity revealed distinct clustering patterns based on the different diets, as 

visualized in the phylogenetic tree (Figure 30C). Furthermore, GUniFrac analyses demonstrated 

differences in microbial composition between genotypes within each dietary condition (chow p=0.065, 

CD p=0.001, CFi p=0.001) (Figure 30 D,E). Additionally, alpha-diversity measurements showed that the 

diet impacted microbial diversity in both genotypes, which was correlated with the amount of 

fermentable fiber present, with the lowest species richness observed in CD-fed mice (Figure 30F). Of 

note, body weight remained unaltered between genotypes and dietary interventions (Supplementary 

Figure 14).  
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Figure 30 Fiber-dependent alterations in microbial communities’ Schematic illustration of experimental design. Circle indicat 
(A) Schematic illustration of experimental design. The circle indicates a 24-hour fecal sampling time point. (B) Pie-charts 
indicating nutrient content of diets (% of total). (C) Dendogram reflecting beta-diversity of fecal microbiota based on 
generalized UniFrac distances between individual mice’ microbiota. Individual taxonomic composition at the phylum level is 
shown as stacked bar plots around the dendogram. Stripes in the outer part indicate diet; first ring and genotype; second 
ring. (D) Beta-diversity within and between dietary groups, illustrated by MDS plot based on generalized UniFrac distances 
(GUniFrac) distances of fecal microbiota. (E) GUniFrac quantification to the average of chow control CT1 samples. (F) Average 
Alpha-diversity (Shannon). *p<0.05, ****p<0.0001 (Two-way ANOVA).  
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16S rRNA sequencing over time revealed distinct levels of circadian rhythmicity at all taxonomic levels 

among the different fiber dietary conditions. Control mice fed chow exhibited the highest levels of 

rhythmicity, followed by CFi, while the lowest rhythmicity was observed in mice subjected to the low-

fiber CD conditions (Figure 31 A,C). These findings strongly indicate that microbial rhythmicity is indeed 

dependent on dietary fiber. Notably, the dominant phases of oscillating zOTUs differed between chow 

(CT10 and CT22) and CFi (CT14-16) diets (Figure 31D). Consistent with previous results described under 

long-term chow dietary conditions, the absence of the intestinal clock led to a 40% reduction in the 

number of oscillating zOTUs (Figure 31 B,E,F).  

Importantly, although similar genotype differences in microbial rhythmicity were observed under 

fiber-rich CFi, these differences were diminished after two weeks of low-fermentable fiber CD 

conditions (Figure 31 A-F). Specifically, in the absence of fermentable fiber, a noteworthy suppression 

of microbiota rhythmicity was observed in control mice, leading to a low level of microbial rhythmicity 

in both genotypes (zOTUs: 15% control, 7% Bmal1IEC-/-) (Figure 31 C,E). For instance, highly abundant 

phyla such as Firmicutes and Bacteroidetes exhibited circadian rhythms in control mice under Chow 

and CFi conditions, but these rhythms were absent under CD (Supplementary Figure 15). Similarly, the 

robust rhythmicity of several families controlled by the intestinal clock and involved in fiber 

fermentation, including Lachnospiraceae, Ruminococcaceae, and Oscillospiraceae, as well as several 

zOTUs such as Colidextibacter, Bacteroides, Alistipes and Parabacteroides, was completely lost in 

control mice under CD conditions, aligning with the results obtained from Bmal1IEC-/- mice (Figure 31 

G,H, Table 8).  
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Figure 31 Circadian intestinal clock-controlled microbial rhythmicity is fiber dependent. (A) Schematic illustration of A) (A) 
(A) Heatmap depicting the relative abundance of zOTUs in control and (B) Bmal1IEC-/- mice. Data are ordered by the peak 
phase in chow. Legend represents relative abundance where yellow means high and blue low abundance. (C) Bar graph 
representing the percentage of rhythmic (blue) and arrhythmic (grey) taxa in control mice. (D) Significance (Bonferroni adj. 
p-value JTK) and amplitude of rhythmic and arrhythmic zOTUs and their phase distribution in control mice. (E) Same as C for 
Bmal1IEC-/- mice and their (F) quantification of phase and p-value as described in D. (G) Circadian profiles of taxa in control 
mice and (H) Bmal1IEC-/- mice. Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted cosine-
wave curves; data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no 
rhythmicity. 
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Table 9 Taxonomic classification of fiber-dependent zOTUs. zOTUs depicted show an overlap in rhythmicity between chow 
zOTUs depicted show an overlap in rhythmicity between Chow and CFi fed mice, but remained arrhythmic in CD fed mice.  

 

 

 

 

zOTU Adj. p- 

Chow 

Adj. p  

CFi 

Adj. p  

CD 

Phyla  Family Genera 

 

Zotu1 0.001 0.022 1 Bacteroidetes Bacteroidaceae Bacteroides 

Zotu2 0.045 0.001 1 Bacteroidetes Bacteroidaceae Bacteroides 

Zotu15 0.000 0.001 0.176 Bacteroidetes Muribaculaceae - 

Zotu194 0.000 0.000 1 Bacteroidetes Muribaculaceae - 

Zotu69 0.000 0.025 1 Bacteroidetes Muribaculaceae - 

Zotu78 0.000 0.025 0.091 Bacteroidetes Muribaculaceae - 

Zotu80 0.000 0.018 0.789 Bacteroidetes Muribaculaceae - 

Zotu82 0.000 0.000 1 Bacteroidetes Muribaculaceae - 

Zotu20 0.005 0.022 0.134 Bacteroidetes Prevotellaceae Prevotellaceae 

UCG-001 

Zotu10 0.000 0.015 1 Bacteroidetes Rikenellaceae Alistipes 

Zotu18 0.003 0.017 1 Bacteroidetes Rikenellaceae Alistipes 

Zotu221 0.026 0.000 0.391 Bacteroidetes Rikenellaceae Alistipes 

Zotu123 0.013 0.002 1 Bacteroidetes Tannerellaceae Parabacteroides 

Zotu133 0.038 0.006 0.789 Bacteroidetes Tannerellaceae Parabacteroides 

Zotu162 0.002 0.002 1 Bacteroidetes Tannerellaceae Parabacteroides 

Zotu41 0.005 0.002 0.407 Bacteroidetes Tannerellaceae Parabacteroides 

Zotu94 0.000 0.000 1 Bacteroidetes Tannerellaceae Parabacteroides 

Zotu96 0.030 0.005 1 Firmicutes Lachnospiraceae - 

Zotu107 0.000 0.006 1 Firmicutes Lachnospiraceae Lachnoclostridium 

Zotu202 0.010 0.045 0.082 Firmicutes Lachnospiraceae Lachnospiraceae FCS020 

group 

Zotu68 0.000 0.022 0.192 Firmicutes Oscillospiraceae - 

Zotu149 0.000 0.007 0.552 Firmicutes Oscillospiraceae Colidextribacter 

Zotu192 0.019 0.000 1 Firmicutes Peptococcaceae Peptococcus 

Zotu168 0.026 0.022 1 Firmicutes Ruminococcaceae - 

Zotu232 0.001 0.006 1 Proteobacteria - - 
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The findings presented in this study collectively emphasize the crucial role of dietary fiber in governing 

microbial rhythmicity and their ability to enhance the amplitude of the intestinal clock. Additionally, 

the necessity of a functional intestinal clock for maintaining host metabolic homeostasis was 

demonstrated. Based on these discoveries, the hypothesis was that supplementing fiber in a high-

caloric but fiber-depleted dietary situation, commonly observed in Western dietary patterns, could 

improve the metabolic response in control mice.     

To test this hypothesis, HFD (48% kcal palm oil) was supplemented with a physiologically relevant 

concentration of the fermentable fiber inulin (9.4%). Inulin was previously found to impact peripheral 

clocks (Cheng et al., 2020). Contrary to our hypothesis, this supplementation did not lead to changes 

in body weight nor clock gene expression compared to HFD alone in control mice (Figure 32 A,B). Of 

note, an increase in pancreatic weight in control mice but not Bmal1IEC-/- mice was observed upon inulin 

supplementation (Figure 32C). Both genotypes revealed increased intestinal length of both the 

jejunum and colon segments, as well as an increased cecum weight upon inulin supplementation. 

However, the mass of fat deposits and the relative weights of other organs, including the liver, spleen, 

and MLNs, remained unaltered (Figure 32C). These results suggest that inulin alone, at the given 

concentrations and durations of the study, is insufficient to counteract the metabolic abnormalities 

induced by the HFD.  

In summary, these findings underscore the significance of a mixture of fermentable fiber in regulating 

intestinal clock-controlled microbial oscillations and their impact on body weight. Moreover, they 

emphasize the importance of using an appropriate control diet when comparing microbial abundances 

and oscillations with purified interventional diets in metabolic studies.  
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Figure 32 Inulin-enriched high-fat diet intervention does not improve body weight compared to HFD alone.       
(A) Body weight gain of mice fed a high-fat diet (HFD) or a high-fat diet enriched with inulin (HFDinulin) and their quantification 
at sacrifice (w20). (B) Clock gene expression at CT13 of chow, HFD and HFDinulin fed mice. (C) Dissected organ and fat-pad 
weight relative to body weight and intestinal segment length. Significance was calculated with two-way ANOVA. * p<0.05, ** 
p<0.01. 
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5. Discussion 
 

The circadian system plays a pivotal role in maintaining metabolic homeostasis by regulating various 

aspects such as energy balance, lipid homeostasis, and food intake patterns (Brubaker & Martchenko, 

2022). This study aimed to investigate the involvement of the peripheral intestinal clock in metabolic 

regulation, specifically focusing on its interactions with the gut microbiome and its impact on 

carbohydrate and lipid metabolism. These findings shed light on the crucial role of the intestinal clocks 

in modulating circadian microbial rhythmicity and emphasize how dysregulation of this axis can 

contribute to metabolic disorders, including obesity. Furthermore, the disruption of the intestinal clock 

leads to disturbances in carbohydrate metabolism when exposed to a Western diet. This disruption is 

thought to be mediated by the intestinal clock control of rhythmic carbohydrate and lipid-relevant 

transcriptome. Additionally, this study highlights the importance of fermentable fiber in regulating 

intestinal clock functionality, the oscillations of the gut microbiota, and its potential implication in 

promoting metabolic health.  

 

5.1 The role of the intestinal clock in regulating microbial rhythmicity and function 
 

Previous research has established the existence of diurnal rhythmicity in microbial abundance and 

functionality (Leone et al., 2015; Liang et al., 2015; Reitmeier et al., 2020; Voigt et al., 2014; Zarrinpar 

et al., 2014). Building upon this knowledge, this study provides compelling evidence that the majority 

of microbial taxa exhibit rhythmicity in relative and quantitative abundance even in the absence of 

external timing cues, suggesting the presence of endogenous circadian mechanism within the host or 

the bacteria themselves.  

Given the close relationship between the gut microbiota and intestinal epithelial cells (IECs), it was 

hypothesized that the intestinal clock could influence microbial circadian rhythms. To investigate this, 

mice with a specific deficiency of the Bmal1 gene in IECs were used, referred to as Bmal1IEC-/- mice. The 

findings provide compelling evidence for the substantial contribution of the intestinal clock in shaping 

the circadian patterns of the microbiota. Over 50% of the rhythmic fecal and cecal microbial zero-

radius operational taxonomic units (zOTUs) lost their rhythmicity in mice lacking a functional intestinal 

clock.  

Several taxa, including Odoribacter, Oscillibacter, Eubacterium, Bacteroides, Lactobacillus, Clostridium, 

Desulfovibrio, Ruminococcus, Agathobaculum, and Pseudoflavonifractor, lost their rhythmicity in the 

absence of IEC-specific Bmal1. Many of these taxa were previously found to be regulated by rhythmic 

food intake, which serves as a prominent Zeitgeber for microbial rhythmicity (Leone et al., 2015; Thaiss 
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et al., 2014; Zarrinpar et al., 2014). However, despite exhibiting rhythmic food intake behavior, the 

Bmal1IEC-/- mice displayed a significant reduction in rhythmicity among these taxonomic families, 

indicating that rhythmic food intake is not the sole driver of microbial rhythmicity. This is in accordance 

with a study demonstrating sustained cecal microbial rhythmicity upon continuous intravenous 

parenteral nutrition (Leone et al., 2015). Moreover, taxa found to be arrhythmic in Bmal1IEC-/- mice, 

such as Lactobacillus and members of the Lachnospiraceae family, have previously been documented 

to lose their rhythmicity in mice lacking Bmal1 or Per1/2 tissue-wide (Liang et al., 2015; Thaiss et al., 

2014), highlighting the importance of the IEC-clock in generating rhythmicity within these bacterial 

groups. 

Of note, our analyses revealed a significant difference in the number of oscillating zOTUs between 

fecal and cecal content. Specifically, a higher number of oscillating zOTUs in fecal content was observed 

compared to cecal content. The reduced rhythmicity observed in cecal content can be attributed to 

several factors, including slower transit time, lower frequency of exposure to dietary substrates, and 

distinct interactions with the host, such as antimicrobial peptide production as well as immune 

modulation. These factors are well-known regulators of the microbiome (Donaldson et al., 2020). It is 

worth noting that the differences in sampling methods employed in this study could also contribute to 

the observed variations in microbial rhythmicity. Fecal sampling allows for non-invasive and frequent 

sampling from the same mouse over time (every 3-hours). In contrast, cecal samples were collected 

every 4 hours at sacrifice from different mice, resulting in larger variability within time points and a 

smaller sample size for statistical analyses. Nevertheless, most of the intestinal clock-controlled taxa 

in cecum content overlapped with the fecal microbiota. These intestinal clock-controlled taxa play 

diverse roles within the gut ecosystem. For example, Odoribacter and Ruminococcus are involved in 

carbohydrate metabolism and fiber fermentation, while Bacteroidetes and Lactobacillus possess the 

ability to metabolize proteins (Biddle, 2013; Carr et al., 2002; Gerard, 2013; Tailford et al., 2015; 

Tennoune et al., 2022). Accordingly, the loss of rhythmicity in these taxa upon intestinal clock 

deficiency suggests potential disruptions in their metabolic activities.  

Based on predicted metagenome analyses, intestinal clock-controlled bacteria were strongly 

associated with ‘carbohydrate metabolism’, ‘amino acid biosynthesis’, and ‘nucleoside and nucleotide 

biosynthesis’. Cecal metabolomics analyses demonstrated significant alterations in metabolites 

related to taurine and bile acid metabolism. Furthermore, disruption of rhythmicity was observed in 

metabolites involved in pathways related to ‘starch and sucrose metabolism’, ‘galactose metabolism’, 

and the ‘biosynthesis of branched-chain amino acids (BCAAs)’. Additionally, increased levels of fecal 

and cecal microbial-produced branched-chain fatty acids (BCFAs), valeric acid, and secondary bile acids 

(BAs) were observed in mice lacking a functional intestinal clock. BCFAs are produced by bacteria such 
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as Clostridium and Bacteroides during the fermentation of BCAAs (Aguirre et al., 2016; Smith & 

Macfarlane, 1996). The elevated levels of BCFAs suggest a shift in bacterial metabolism from 

carbohydrates to protein fermentation (Hald et al., 2016; Pieper et al., 2012). Notably,  the 

arrhythmicity as well as accumulation of BCAAs and specific secondary BAs, including deoxycholic acids 

(DCAs) and hyodeoxycholic acids (HDCAs), has been linked to metabolic disorders such as obesity and 

type 2 diabetes (Haeusler et al., 2013; McCormack et al., 2013; Reitmeier et al., 2020; Yoshimoto et 

al., 2013; Zheng et al., 2021). Furthermore, alterations in taurine-conjugated bile acids, including 

tauroursodeoxycholic acid (TUDCA), were observed in Bmal1IEC-/- mice. TUDCA has been found to 

improve insulin sensitivity in obese mice and humans (Kars et al., 2010; Ozcan et al., 2006). The loss of 

circadian rhythmicity in TUDCA and other bile acids indicates potential disruptions in bile acid 

metabolism and their associated health benefits. These findings provide compelling evidence 

supporting the critical role of the intestinal clock in regulating microbial metabolism. The disruption of 

microbial and metabolite rhythms observed in the absence of the intestinal clock reinforces the 

hypothesis that a functional IEC clock is essential for maintaining GI and metabolic health.  

Mechanisms by which the intestinal clock regulates microbiota rhythms likely involve local interactions 

between the epithelium and microbes, immune functions, antimicrobial peptide production, and 

mucus secretion, all of which have previously been documented to display diurnal oscillations (Figure 

32) (Frazier et al., 2022; Kuang et al., 2019; Mukherji et al., 2013; Wang et al., 2017). Our study 

demonstrated that the clock in intestinal epithelial cells plays an essential role in regulating mucus 

production. Mucus acts as a protective barrier in the gut and facilitates bidirectional communication 

between microbes and the host. For instance, mucus can influence microbial composition by providing 

bacteria with mucin glycans that they can use as an energy course (Koropatkin et al., 2012). This, in 

turn, affects the abundance of other microbial taxa through cross-feeding interactions (Schroeder, 

2019). Furthermore, the intestinal clock’s control of the secretion of metabolites, including BAs, can 

directly impact gut bacteria’s growth, metabolism, and composition (Wahlstrom et al., 2016). 

Moreover, slight alterations in intestinal morphology were observed, including an increase in jejunum 

length and colon density, as well as a shift in small intestinal permeability following intestinal Bmal1 

deletion. In addition, RNA-sequencing analyses revealed changes in genes related to nutrient 

absorption and immune regulation. The rhythmic patterns of nutrient availability and immune 

response, driven by the intestinal clock, may create selective pressures that shape the diurnal 

fluctuation in the microbiota composition (Zheng, Ratiner, et al., 2020). For example, arrhythmicity 

and dampened amplitude of the hexose transporter genes can affect the availability of glucose and 

fructose within the gut lumen (Onuma et al., 2022), thereby influencing the composition and 

metabolism of the gut microbiota, as these are primary carbon sources for various microbial taxa found 
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to be altered between Bmal1IEC-/- mice and their controls (Aguirre et al., 2016). In addition, the absence 

of the intestinal clock led to the downregulation of several genes involved in T-cell immunity. Although 

Bmal1IEC-/- mice do not develop intestinal inflammatory disorders, a reduction in lymphocyte 

subpopulations was observed, including CD4+ and CD8+ T-cells, in the small intestine, along with 

upregulated fecal levels of complement factor 3. These findings suggest a shift in the immune response 

towards innate immunity dominance. This imbalance could potentially disrupt the finely-tuned 

interaction between the host immune system and the gut microbiota, leading to altered immune 

responses and subsequent changes in microbial composition. It is important to note that these 

interpretations are based on our findings and are speculative. Further studies are required to fully 

elucidate the precise mechanisms underlying the intestinal clock control of microbial composition. 
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Figure 33 Summary of altered (microbiota-derived) metabolites, host genetics, and their consequences on immune regulation in intestinal clock-deficient mice.                                                                      
(Left) The circadian clock of intestinal epithelial cells (IECs) plays a crucial role in maintaining the rhythmicity of the gut microbiome, which reciprocally supports IECs through the production of beneficial 
nutrient fermentation by-products such as short-chain fatty acids (SCFAs), lactate, bile-acids, indoles, and branched-chain fatty acids (BCFAs). These metabolites enhance cellular energy production, regulate 
gut motility, and promote metabolic flexibility. Furthermore, the mucus layer provides a protective barrier between the gut lumen and epithelial cells. The genetic makeup of the host also influences the 
composition of the microbiota and the immune response. Metabolic interactions between IECs and microbial metabolites are instrumental in regulating the recruitment and differentiation of immune cells 
in the intestinal mucosa. Conversely, immune cell-derived factors, including cytokines, can affect the functioning of IECs by targeting metabolism. Disruption of the intestinal clock (right) results in an 
arrhythmic microbiome, altered microbial metabolite concentrations, and reduced mucus production by the goblet cells. Consequently, immune-cell recruitment patterns are compromised, and 
complement factor 3 (C3) levels are upregulated. Host genetics, including hexose transporter genes have been shown to be arrhythmic; while the expression levels of Sucnr1, Aqp8 and Cldn8 are upregulated. 
These changes indicate dysregulation in nutrient transport and ion channel functions, capable of altering microbial composition. AMPs (anti-microbial peptides); Sglt1 sodium-glucose cotransporter isoform 
1; Glut2/5 Glucose transporter; Fabp2 fatty acid binding protein 2; Aqp8 Aquaporin 8; Cldn8 Claudin 8; Ces1d Carboxylesterase 1d; Bco1 Beta-Carotene Oxygenase 1; Ccl C-C Motif Chemokine Ligand; Ccr 
C-C Motif Chemokine Receptor.  
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5.2 Implications of intestinal clock-controlled microbiota on metabolic and immune 

health. 

 

Recent research has highlighted the functional connection between microbiota arrhythmicity and the 

development of conditions such as obesity and type 2 diabetes (T2D) (Reitmeier et al., 2020). In this 

study, intestinal clock disruption leads to arrhythmicity of specific bacterial species associated with 

metabolic health, including Proteobacteria, Muribaculacea, and Lachnospiraceae (Janssen & Kersten, 

2017; Lagkouvardos et al., 2019). Moreover, untargeted metabolomics analysis revealed that 

approximately 30% of the circadian cecal metabolome lost its rhythmicity in Bmal1IEC-/- mice, 

particularly affecting metabolites involved in lipid and carbohydrate metabolism. Key pathways related 

to ‘galactose metabolism’, ‘biosynthesis of unsaturated fatty acids’, and ‘starch and sucrose 

metabolism’ were under the control of the intestinal clock. Of note, similar pathways were disturbed 

by the arrhythmic microbiome in T2D patients (Reitmeier et al., 2020). These findings underscore the 

critical role of a functional intestinal clock in preserving the rhythmicity of the microbiome, which in 

turn is essential for maintaining optimal host metabolism. 

Cecal microbial transfer experiments were conducted from intestinal clock-deficient donors to germ-

free wild-type mice to demonstrate the physiological relevance of intestinal clock-controlled 

microbiota. Results revealed that the transfer of arrhythmic microbiota and associated metabolites 

into recipient mice led to an obese phenotype, as evidenced by a significant increase in body weight 

and fat mass. This aligns with previous studies that reported metabolic alterations in recipient mice 

following the transfer of microbiota obtained from mice undergoing circadian disruption (Altaha, 2022; 

Thaiss et al., 2014). Interestingly, most of the microbial families, such as Muribaculacea and 

Lachnospiraceae, which lost rhythmicity in intestinal clock-deficient donor mice, also exhibited similar 

patterns in the recipients. Consequently, the abundance of microbial metabolites, including SCFAs and 

BAs, which are critical in carbohydrate and fatty acid metabolism (den Besten et al., 2013), depended 

on the donor genotype. Bmal1IEC-/- recipients displayed an increase in microbial energy harvest from 

SCFAs, while levels of bacterial-derived secondary BAs, such as hyodeoxycholic acid (HDCA) known to 

reduce body weight gain and improve glucose metabolism (Makki et al., 2023), were significantly 

reduced.  

Furthermore, the development of obesity following the transfer of arrhythmic microbiota was 

accompanied by an increase in T-cell recruitment in the adipose tissue, suggesting the involvement of 

immune cells in metabolic dysfunction. In addition, recipient mice that received microbiota from 

intestinal clock-deficient mice exhibited small-intestinal and colonic shortening, as well as suppressed 

CD4+ and CD8+ T-cell recruitment to the lamina propria. Similar alterations in intestinal parameters 
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were observed in the specific-pathogen-free donors, indicating the direct influence of the arrhythmic 

microbiota on the intestinal immune response (Zheng, Liwinski, et al., 2020; Zheng et al., 2021). 

Mechanisms likely involved specific microbial-produced metabolites. For example, both  Bmal1IEC-/- 

donor and recipient mice exhibit upregulated levels of ketolitocholic acid and BCFAs, which are both 

capable of modulating the adaptive immune cell population (Song et al., 2020).  

While intestinal clock deficiency led to microbial arrhythmicity, changes in the overall composition of 

the microbiota were also observed. Therefore, it is plausible that the physiological alterations observed 

in recipients following microbiota transfer could be attributed to changes in microbial composition 

rather than solely rhythmicity. Nonetheless, these findings underscore the importance of intestinal 

clock-controlled bacteria and bacterial-derived metabolites in the regulation of obesity and shed light 

on the complex interplay between the intestinal circadian clock, the microbiome, and metabolic 

health. In addition, these findings provide initial evidence that intestinal clock-controlled gut bacteria 

are essential for maintaining balanced intestinal immune homeostasis and likely influence the immune 

response to pathogens, infections, and inflammation.  

 

5.3 Impact of the intestinal clock on host metabolism under western diet conditions  

 

Dysfunctions in the global circadian clock have been associated with metabolic abnormalities in 

humans, and studies using mouse models have revealed the importance of tissue-specific circadian 

clocks in overall metabolism. For example, lack of the circadian clock in the liver, adipose tissue, 

muscle, and pancreas led to disrupted energy homeostasis, as well as lipid and carbohydrate 

metabolism (Onuma et al., 2022; Pan et al., 2016; Paschos et al., 2012; Wada et al., 2018; Yu et al., 

2021).  

In this study, additional evidence is presented highlighting the role of the peripheral intestinal clock in 

regulating host metabolism, specifically through the microbiome. Bmal1 deficiency in IECs led to 

increased body weight gain in mice exposed to a westernized diet (WD), consisting of a high-fat diet 

(HFD) and a high-sucrose solution (30%). Notably, mice exhibited reduced pancreatic weights and 

slightly elevated fasting glucose levels, reminiscent of diabetes (Garcia et al., 2017). Mechanisms likely 

include the role of the jejunal clock in regulating key metabolic genes involved in carbohydrate and 

lipid metabolism. In particular, the intestinal clock was found to regulate the circadian expression of 

hexose transporters, including Glut5, Glut2, and Sglt1, involved in the uptake of fructose, glucose, and 

galactose, as well as genes Fabp2 and Dgat2 implicated in intestinal fat absorption (Onuma et al., 2022; 

Yu et al., 2021). Upon WD conditions, the expression levels of Glut5 and Sglt1 in the jejunum were 

significantly suppressed in Bmal1IEC-/- mice compared to their controls, indicative of sugar 
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malabsorption (Soleimani & Alborzi, 2011). These findings collectively demonstrate that dysfunction 

of the jejunal clock exacerbates metabolic abnormalities under conditions of abnormal dietary sucrose 

and fat levels. 

Interestingly, HFD alone did not increase body weight gain in Bmal1IEC-/- mice. Contrasting findings have 

been reported in previous studies, where a lack of intestinal Bmal1 was shown to protect against HFD-

induced obesity (Yu et al., 2021). Differences in the metabolic phenotype of the same mouse model 

between studies may be attributed to various experimental conditions, such as the amount and type 

of fat and the feeding duration. Reduced weight gain under HFD was found when Bmal1IEC-/- mice 

received 60% cholesterol-rich lard fat for a duration of 10 weeks (Yu et al., 2021), whereas in our study, 

8 weeks of 48%  low-cholesterol palm oil was fed. Similar inconsistencies in body weight were observed 

in chow-fed whole-body Bmal1 knockout models (Lamia et al., 2008; McDearmon et al., 2006). 

Therefore, the comparability between studies may be impacted by additional factors influencing the 

host’s metabolism, including the microbial ecosystem, which has been reported to vary dramatically 

between facilities (Parker, 2018). Indeed, the body weight of microbiome-depleted germ-free (GF) 

Bmal1IEC-/- mice was undistinguishable from controls, whereas specific-pathogen-free (SPF) microbial-

rich mice developed a housing-dependent increased body weight, highlighting the importance of 

specific intestinal clock-controlled microbiota for host metabolism. 

 

5.4 Modulation of microbial rhythmicity by dietary fiber and implications for 

metabolic health 

 

One surprising finding of this study is the suppressed microbial rhythmicity in control mice upon CD, 

HFD, and WD feeding. Notably, a significant difference in microbial rhythmicity between control and 

Bmal1IEC-/- mice was only observed under fiber-rich diets, including chow and fermentable fiber-

supplemented CD (CFi), whereas this genotype difference was almost absent under CD, HFD, and WD 

conditions. These findings confirm results from previous studies, demonstrating the suppression of 

microbial rhythms upon HFD (Leone et al., 2015; Zarrinpar et al., 2014). Important to note is that these 

conclusions were based on a comparison between high-caloric purified dietary conditions and fiber-

rich chow-fed control conditions. Given the fact that in our study CD fed mice showed an equal 

suppression of microbial rhythmicity as HFD, our results clearly demonstrate that the absence of fiber, 

rather than an increase in fat content, reduces the amount of bacterial oscillations. Therefore, 

quantification of microbial rhythmicity under controlled experimental dietary conditions needs to be 

compared to a suitable purified control diet rather than chow diets, which lack standardization across 

vendors and seasons (Morrison et al., 2020; Pellizzon & Ricci, 2018; Tuganbaev et al., 2020). To 
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properly investigate host health, independent of variations in microbial richness or rhythmicity, results 

from this study suggest the use of standardized purified diets enriched with fermentable fibers.  

The dampening of microbial rhythmicity under fiber-depleted diets in control mice may result from 

altered intestinal clock functioning. Specifically, the intestinal clock gene Rev-Erbɑ exhibited a changed 

time-dependency at its circadian peak under fiber-depleted diets compared to a fiber-rich chow diet. 

Accordingly, prior reports showed phase shifts in peripheral clock gene expression in Per2::Luc mice 

fed rapidly fermentable cellobiose fibers compared to cellulose, which is resistant to microbial 

fermentation, indicating crosstalk between peripheral clock genes and fermentable fiber intake 

(Marques et al., 2017; Tahara et al., 2018). Additionally, the core intestinal clock genes Bmal1 and Per2 

showed dampened expression compared to chow conditions, although these clock genes peak at 

slightly different circadian time points. Further experiments including additional circadian time points 

are needed to differentiate between phase shifts and suppression of the circadian amplitude of these 

genes. 

Nevertheless, given that the intestinal clock drives microbial rhythmicity, our results suggest that the 

suppressed microbial rhythmicity observed in control mice fed fiber-depleted high-caloric diets (HFD 

and WD) was likely due to changes in intestinal clock mechanisms. Thus, stabilizing intestinal clock 

function during HFD feeding could potentially restore microbial oscillations and improve metabolic 

homeostasis. In line with this hypothesis, time-restricted feeding with HFD has been shown to stabilize 

peripheral clock gene expression, increase microbial rhythmicity, and result in reduced weight gain 

compared to ad libitum feeding (Leone et al., 2015; Zarrinpar et al., 2014). In addition, previous studies 

showed the capability of prebiotics, including inulin, in regulating circadian gene expression, thereby 

attenuating circadian misalignment brought on by altered light-dark cycles in mice as well as 

ameliorating HFD-induced obesity (Cheng et al., 2020; Li, 2023). In this study, HFD was supplemented 

with 9% inulin, a fermentable fiber, aiming to stabilize peripheral clock gene expression in control mice. 

Although the enrichment of HFD with inulin resulted in a slight reduction in body weight gain and 

gonadal fat pad mass compared to HFD alone, these changes did not reach statistical significance. 

Moreover, intestinal clock gene expression remained unaltered compared to HFD alone. Of note, only 

CT13 was measured within those mice, and more time points are needed to make a firm conclusion. 

These findings highlight the need for further research to explore the effect of targeting the intestinal 

clock on microbial rhythmicity and metabolic disorders. Strategies involving a mixture of fermentable 

fibers, higher concentrations, a longer intervention duration, or RF with fiber-rich diets are warranted 

to target the intestinal clock more effectively. 
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Figure 34 Summary of results from dietary intervention studies on mice with intestinal clock deficiency.                                                                                                                                                                        
This figure illustrates the key findings obtained from dietary intervention studies conducted on mice with intestinal clock deficiency. Summarizing the dietary effects on body weight, microbiota (richness 
rhythmicity, metabolites), and hexose transporter expression in control and Bmal1IEC-/- mice. When mice were fed a purified control diet, no significant differences in body weight or microbial rhythmicity 
were observed between the two genotypes. However, the expression of hexose transporters was reduced in Bmal1IEC-/- mice compared to controls. In contrast, when the mice were subjected to a high-fat 
high-sugar purified western diet, the intestinal clock-deficient mice exhibited significant weight gain and a decrease in microbial richness compared to their control counterparts. Furthermore, alterations 
in microbial-produced metabolites and hexose transporter genes were observed between the two genotypes. Interestingly, all purified diets, including the control diet and western diet, led to a significant 
reduction in microbial richness and rhythmicity compared to the high-fiber chow conditions. Under chow-fed conditions, the intestinal clock-deficient mice displayed a significant suppression of microbial 
rhythmicity, arrhythmic hexose transporter genes, and increased concentrations of branched-chain fatty acids (BCFAs). Notably, when the microbiota derived from chow-fed Bmal1IEC-/- mice were 
transferred to germ-free mice, it resulted in an obese phenotype characterized by increased body weight and fat mass compared to the transfer of microbiota derived from control mice.  
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6. Conclusion and perspective 
 

Taken together, this study provides compelling evidence for the significant role of the peripheral 

circadian clock, located specifically in intestinal epithelial cells, in maintaining metabolic homeostasis. 

Our findings demonstrate that the intestinal clock regulates energy homeostasis through two distinct 

mechanisms, namely by regulating fat and sugar metabolism, as well as circadian microbial 

rhythmicity. Moreover, the crucial role of dietary fiber in the circadian regulation of the microbiota has 

been discovered, thereby establishing a novel link between diet, microbial rhythmicity, the intestinal 

clock, and host metabolism. 

Moving forward, there are several exciting avenues for further exploration in this field. 

First and foremost, the mechanistic underpinnings of how the intestinal clock interacts with the 

temporal dynamics of the gut microbiota to regulate metabolism warrant further investigation. While 

this study has suggested some key players, there is still much to uncover. As most of the rhythmicity is 

observed in the fecal content, a multi-omics characterization of colonic tissue from both control and 

intestinal clock-deficient mice might shed light on several mediators.  

Furthermore, translating these findings into clinical applications and therapeutic interventions is a 

crucial next step. Developing strategies to manipulate the intestinal clock-microbiota-diet axis to 

promote metabolic health holds tremendous potential. This could involve the use of targeted 

probiotics, prebiotics, or fecal microbial transplantation to modulate the composition and function of 

the gut microbiota in a time-dependent manner. Additionally, designing dietary interventions with 

mixed-fermentable fibers or timed-restricted feeding, with the goal of promoting peripheral clock gene 

expression and microbial rhythmicity, could be explored as a means to prevent or treat metabolic 

disorders. 

In conclusion, the intricate relationship between the intestinal clock, gut microbiota, and host 

metabolic functioning has far-reaching implications for our understanding and management of 

metabolic health. The results presented here provide a foundation for further exploration. By 

unraveling the role of the peripheral intestinal clock, we move closer to uncovering novel therapeutic 

strategies for combating obesity and related metabolic disorders. 
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Supplements 

 

 

Supplementary Figure 1 Dissected organ weights, total intestinal transit time and barrier markers remain unaltered upon 
intestinal Bmal1 ablation.. (A) Organ weight and (B) relative organ weight normalized to total bodyweight and (C) total gas  
(A) Organ weight and (B) relative organ weight normalized to total body weight and (C) total gastrointestinal transit time 
(GITT) measured through oral gavage of carmine red as well as (D) jejunal barrier markers measured through qPCR  of control 
and Bmal1IEC-/- mice.  

 

 

Supplementary Figure 2 Intestinal clock deficiency does not affect circadian 16s copy number.      aaaaaaaaaaaaaaaaa                                                        
16S copy number over time, measured with the use of spike-in analyses, of control and Bmal1IEC-/- mice. 
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Supplementary Figure 3 Overall fecal zOTU abundance differences between control and Bmal1IEC-/- mice. Generalized (Log2 
Generalized (Log2) fold change of the quantitative abundances of fecal zOTUs showing significant difference between 
Bmal1IEC-/- and control mice.  
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Supplementary Figure 4 Circadian fecal bile acid profiles. Fecal bile acid concentrations measured in feces with the use over the circadian day in control and  Significant rhythms (cosine-wave regression, 
p-value ≤ 0.05) are illustrated with fitted cosine-wave curves; data points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no rhythmicity.
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Supplementary Figure 5 Cecal relative abundance analyses..                                                                                                         (A) 
(A) Circadian profiles of relative abundance of Firmicutes and Bacteroidetes. Significant rhythms (cosine-wave regression, p-
value ≤ 0.05) are illustrated with fitted cosine-wave curves. (B) Heatmap depicting the relative abundance of 580 zOTUs over 
time. p-value, amplitude and phase plotted for all measured zOTUs.  (D) Generalized (Log2) fold change of the quantitative 
abundances of cecal zOTUs showing significant difference between Bmal1IEC-/- and control mice. Purple color indicates 
increase abundance in the Bmal1IEC-/- samples.  
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Supplementary Figure 6 Gain of rhythmicity in genes involved in oxidative phosphorylation in Bmal1IEC-/- mice.                     
(A) Polar plot of genes gaining rhythmicity in Bmal1IEC-/- mice compared to their controls and their (B) gene set enrichment 
analyses. (C) Genes involved in protein metabolism loosing/changing rhythmicity in in Bmal1IEC-/- mice compared to their 
controls. Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted cosine-wave curves; data 
points connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no rhythmicity. 
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Supplementary Figure 7 Metabolic parameters in chow-fed Bmal1IEC-/- mice remained unaltered compared to controls.     (A) 
Gonadal dissected fat mass and total fat and lean-mass measured by nuclear-magnetic resonance. (B) H&E staining of gonadal 
fat pads and their adipocyte area quantification. (C) Oral-glucose tolerance test (OGTT) measured at ZT1 and ZT13. (D) Total 
area under the curve (AUC) of OGTT. (E) Base-line Resistance and (F) current measured with Ussing chamber after the addition 
of 10 mM glucose. (G) Total fluorescent glucose uptake (2-NBDG) of jejunal tissues, measured with Ussing chamber. 

 

 

 

Supplementary Figure 8 Transfer efficiency of control and Bmal1IEC-/- cecal microbiota into germ-free host.                                    
(A) Transfer efficiency of mouse cecal donor microbiota into GF recipient mice based on zOTUs prevalence.  (B) zOTU 
differential abundance analyses between control and Bmal1IEC-/- recipient mice 
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Supplementary Figure 9 Energy intake, excretion and total assimilation remains unaltered between recipient mice.         
Energy intake, excretion and total energy assimilation measured in control and Bmal1IEC-/- recipient mice with the use of 
BOMB-calorimetry.  

 

 

Supplementary Figure 10 Transfer of arrhythmic microbiota induces body weight gain in antibiotic treated mice. Body 
weight gain measured in antibiotic treated control mice gavaged with either control or Bmal1IEC-/- cecal microbiota.  
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Supplementary Figure 11 Immune parameters in specific pathogen free mice.                                                                                   
(A) Frequency of jejunum lamina propria CD3+CD4+, CD3+CD8+ T-cells measured in SPF (donor) control and Bmal1IEC-/- mice. 
(B) Complement 3 in fecal supernatant.  
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Supplementary Figure 12  Microbial composition significantly differs between genotypes and diets.  (A) MDS plots showing 
(A) MDS plots showing Beta-diversity between diets and (B) within-diets between genotypes. Each dot represents one 
sample. CD: control diet, WD: western diet. HFD: high-fat diet.   
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Supplementary Figure 13 Average taxonomic overview on Phyla and Family level.                                                                          
(A) Relative abundance of phyla and (B) highly abundant families in both control and Bmal1IEC-/- mice in all three diets 
(CD=control diet, HFD= high-fat diet, WD= western diet).  

 

 

Supplementary Figure 14 Body weight upon dietary fiber interventions.                  Body 
weight gain measured over time after chow, control diet (CD), fiber-supplemented control diet (CFi) dietary interventions in 
control and Bmal1IEC-/- mice. P=0.06 at week 11. 

 

 

Supplementary Figure 15 Fiber dependent rhythms in the major phyla Firmicutes and Bacteroidetes.                
Significant rhythms (cosine-wave regression, p-value ≤ 0.05) are illustrated with fitted cosine-wave curves; data points 
connected by dotted lines indicate no significant cosine fit curves (p-value > 0.05) and thus no rhythmicity. CD=control diet, 
Fiber=fiber supplemented control diet.  
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Supplementary Table 1 Overlap intestinal clock-controlled zOTUs measured in cecal and fecal content.                                 
A total of 42 zOTUs oscillate in both cecal and fecal content of control mice, but not Bmal1IEC-/- mice. P-values are calculated with the use of JTK_Cycle 

zOTU Adj. p- 

Feces 

Adj. p 

cecum 

Phyla  Family Genera zOTU Adj. p- 

Feces 

Adj. p 

cecum 

Phyla  Family Genera 

Zotu1149 0.0057 0.0001 Bacteroidetes Muribaculaceae PAC001068_g Zotu6304 0.0000 0.0060 Firmicutes Lachnospiraceae Frisingicoccus 

Zotu1488 0.0166 0.0000 Bacteroidetes Muribaculaceae PAC001074_g Zotu7431 0.0141 0.0082 Firmicutes Lachnospiraceae PAC001043_g 

Zotu3183 0.0028 0.0264 Firmicutes Lachnospiraceae Clostridium_g24 Zotu6146 0.0002 0.0264 Firmicutes Ruminococcaceae Agathobaculum 

Zotu16705 0.0000 0.0264 Firmicutes Lachnospiraceae PAC000692_g Zotu5378 0.0113 0.0150 Firmicutes Ruminococcaceae Agathobaculum 

Zotu597 0.0021 0.0013 Bacteroidetes Muribaculaceae PAC001068_g Zotu2791 0.0000 0.0096 Firmicutes Ruminococcaceae Eubacterium_g8 

Zotu5052 0.0005 0.0011 Bacteroidetes Odoribacteraceae Odoribacter Zotu3890 0.0000 0.0043 Firmicutes Ruminococcaceae Eubacterium_g8 

Zotu3323 0.0018 0.0096 Firmicutes Lachnospiraceae Clostridium_g24 Zotu6392 0.0000 0.0037 Firmicutes Ruminococcaceae Oscillibacter 

Zotu4392 0.0001 0.0082 Firmicutes Lachnospiraceae Clostridium_g24 Zotu7688 0.0141 0.0302 Firmicutes Ruminococcaceae Oscillibacter 

Zotu4575 0.0000 0.0150 Firmicutes Lachnospiraceae Clostridium_g24 Zotu8047 0.0000 0.0096 Firmicutes Ruminococcaceae Oscillibacter 

Zotu4461 0.0000 0.0370 Firmicutes Lachnospiraceae Eubacterium_g17 Zotu7905 0.0013 0.0051 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3448 0.0015 0.0324 Firmicutes Lachnospiraceae KE159538_g Zotu7167 0.0001 0.0051 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3966 0.0046 0.0173 Bacteroidetes Odoribacteraceae Odoribacter Zotu38611 0.0001 0.0150 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu2534 0.0035 0.0112 Firmicutes Lachnospiraceae KE159538_g Zotu5975 0.0034 0.0448 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu5382 0.0006 0.0140 Firmicutes Lachnospiraceae KE159538_g Zotu8628 0.0000 0.0173 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu7639 0.0092 0.0448 Bacteroidetes Muribaculaceae PAC001112_g Zotu2995 0.0188 0.0000 Firmicutes Ruminococcaceae Ruminococcus 

Zotu2679 0.0000 0.0130 Bacteroidetes Muribaculaceae Unclassified Zotu2503 0.0000 0.0000 Firmicutes Ruminococcaceae Ruminococcus 

Zotu3829 0.0227 0.0026 Bacteroidetes Odoribacteraceae Odoribacter Zotu3152 0.0064 0.0000 Firmicutes Ruminococcaceae Ruminococcus 

Zotu11077 0.0137 0.0394 Firmicutes Lachnospiraceae PAC001116_g Zotu4702 0.0005 0.0000 Firmicutes Ruminococcaceae Ruminococcus 

Zotu6210 0.0029 0.0173 Firmicutes Lachnospiraceae Clostridium_g24 Zotu6054 0.0008 0.0013 Proteobacteria Desulfovibrionaceae Desulfovibrio 

Zotu5956 0.0424 0.0215 Firmicutes Lachnospiraceae KE159538_g Zotu2638 0.0003 0.0002 Proteobacteria Desulfovibrionaceae Desulfovibrio 

Zotu5959 0.0003 0.0130 Firmicutes Lachnospiraceae PAC001372_g Zotu3607 0.0008 0.0001 Proteobacteria Desulfovibrionaceae Desulfovibrio 
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Supplementary Table 2 List of zOTUs uniquely rhythmic in cecal content of control mice but not Bmal1IEC-/- mice.                   
P-values are calculated with the use of JTK_Cycle. The 18 zOTUs displayed do not reveal rhythmicity in fecal content of both genotypes. 

zOTU Adj. p- 

Feces 

Adj. p 

cecum 

Phyla  Family Genera 

 

zOTU Adj. p- 

Feces 

Adj. p 

cecum 

Phyla  Family Genera 

Zotu1004 0.1283 0.0104 Bacteroidetes Muribaculaceae PAC002400_g Zotu3085 1.0000 0.0043 Bacteroidetes Rikenellaceae Alistipes 

Zotu1094 0.0825 0.0029 Bacteroidetes Muribaculaceae PAC002400_g Zotu1218 0.5935 0.0150 Firmicutes Lachnospiraceae PAC001090_g 

Zotu1676 0.1220 0.0040 Bacteroidetes Muribaculaceae PAC002400_g Zotu1225 0.5591 0.0173 Firmicutes Lachnospiraceae PAC001090_g 

Zotu2105 0.1606 0.0051 Bacteroidetes Muribaculaceae PAC002400_g Zotu1705 0.4461 0.0448 Firmicutes Lachnospiraceae PAC001090_g 

Zotu2956 0.3685 0.0448 Bacteroidetes Muribaculaceae PAC000198_g Zotu2146 1.0000 0.0173 Firmicutes Lachnospiraceae PAC001090_g 

Zotu3016 0.3847 0.0394 Bacteroidetes Muribaculaceae PAC000198_g Zotu2234 0.8695 0.0448 Firmicutes Lachnospiraceae PAC001090_g 

Zotu553 0.0741 0.0012 Bacteroidetes Muribaculaceae PAC002400_g Zotu3417 0.8538 0.0264 Firmicutes Lachnospiraceae PAC001090_g 

Zotu734 0.1646 0.0215 Bacteroidetes Muribaculaceae PAC002400_g Zotu3795 0.1814 0.0150 Firmicutes Lachnospiraceae KE159538_g 

Zotu2000 1.0000 0.0026 Bacteroidetes Rikenellaceae Alistipes Zotu5744 0.3528 0.0247 Firmicutes Lachnospiraceae PAC001516_g 

 

Supplementary Table 3 A list of zOTUs uniquely rhythmic in fecal content of control mice but not Bmal1IEC-/- mice.                     
P-values are calculated with the use of JTK_Cycle. A total of 160 zOTUs displayed do not reveal rhythmicity in cecal content of both genotypes. 

zOTU Adj. p- 

Feces 

Adj. p 

cecum 

Phyla Family Genera zOTU Adj. p- 

Feces 

Adj. p 

cecum 

Phyla Family Genera 

Zotu4907 0.0411 1.0000 Bacteroidetes Bacteroidaceae Bacteroides Zotu410 0.0015 0.2021 Firmicutes Lachnospiraceae KE159538_g 

Zotu1680 0.0040 0.3651 Bacteroidetes Muribaculaceae PAC001112_g Zotu4180 0.0000 1.0000 Firmicutes Lachnospiraceae LLKB_g 

Zotu5200 0.0001 0.0695 Bacteroidetes Muribaculaceae 

Muribaculaceae_un

classified Zotu4194 0.0066 1.0000 Firmicutes Lachnospiraceae PAC001091_g 

Zotu5800 0.0326 1.0000 Bacteroidetes Muribaculaceae PAC001692_g Zotu4197 0.0000 0.5710 Firmicutes Lachnospiraceae PAC000692_g 

Zotu6075 0.0004 1.0000 Bacteroidetes Muribaculaceae PAC001692_g Zotu4233 0.0029 0.3487 Firmicutes Lachnospiraceae KE159538_g 

Zotu879 0.0388 0.4388 Bacteroidetes Muribaculaceae PAC001068_g Zotu4257 0.0356 0.1636 Firmicutes Lachnospiraceae PAC000664_g 

Zotu8825 0.0008 1.0000 Bacteroidetes Muribaculaceae PAC001692_g Zotu4276 0.0002 0.4388 Firmicutes Lachnospiraceae PAC001092_g 

Zotu1131 0.0227 0.5710 Bacteroidetes Odoribacteraceae Odoribacter Zotu4302 0.0000 0.0935 Firmicutes Lachnospiraceae PAC000664_g 

Zotu421 0.0436 0.3018 Bacteroidetes Odoribacteraceae Odoribacter Zotu4409 0.0000 0.0831 Firmicutes Lachnospiraceae PAC001372_g 

Zotu543 0.0326 0.6215 Bacteroidetes Odoribacteraceae Odoribacter Zotu4420 0.0001 0.9636 Firmicutes Lachnospiraceae KE159571_g 

Zotu798 0.0411 0.5239 Bacteroidetes Odoribacteraceae Odoribacter Zotu443 0.0092 0.2240 Firmicutes Lachnospiraceae KE159538_g 

Zotu1117 0.0335 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu4441 0.0075 0.5963 Firmicutes Lachnospiraceae KE159538_g 

Zotu1160 0.0264 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu4706 0.0005 0.4798 Firmicutes Lachnospiraceae PAC001092_g 
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Zotu159 0.0001 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu4755 0.0213 0.1636 Firmicutes Lachnospiraceae Roseburia 

Zotu1974 0.0161 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu5048 0.0050 0.6753 Firmicutes Lachnospiraceae PAC001092_g 

Zotu287 0.0000 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu531 0.0000 0.4388 Firmicutes Lachnospiraceae PAC000664_g 

Zotu447 0.0001 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu5310 0.0089 0.5239 Firmicutes Lachnospiraceae PAC001092_g 

Zotu64 0.0001 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu5838 0.0078 0.3487 Firmicutes Lachnospiraceae KE159538_g 

Zotu73 0.0001 1.0000 Bacteroidetes Rikenellaceae Alistipes Zotu587 0.0050 0.1820 Firmicutes Lachnospiraceae KE159538_g 

Zotu84 0.0000 0.8586 Bacteroidetes Rikenellaceae Alistipes Zotu5906 0.0002 1.0000 Firmicutes Lachnospiraceae PAC001092_g 

Zotu4388 0.0475 1.0000 Firmicutes Christensenellaceae PAC001360_g Zotu5925 0.0000 0.2240 Firmicutes Lachnospiraceae PAC001372_g 

Zotu3987 0.0188 0.6215 Firmicutes Clostridiale Clostridiales Zotu5953 0.0005 0.4798 Firmicutes Lachnospiraceae PAC001092_g 

Zotu4482 0.0151 1.0000 Firmicutes Clostridiale Clostridiales Zotu6113 0.0151 1.0000 Firmicutes Lachnospiraceae LLKB_g 

Zotu4557 0.0045 0.7937 Firmicutes Clostridiales Clostridiales Zotu6332 0.0002 1.0000 Firmicutes Lachnospiraceae LLKB_g 

Zotu5706 0.0006 1.0000 Firmicutes Clostridiales Clostridiales Zotu665 0.0166 0.1728 Firmicutes Lachnospiraceae KE159538_g 

Zotu5724 0.0156 1.0000 Firmicutes Clostridiales Clostridiales Zotu695 0.0003 0.4388 Firmicutes Lachnospiraceae PAC000664_g 

Zotu10420 0.0005 0.9273 Firmicutes Lachnospiraceae Clostridium_g21 Zotu6968 0.0012 0.3487 Firmicutes Lachnospiraceae KE159538_g 

Zotu11052 0.0109 1.0000 Firmicutes Lachnospiraceae PAC001165_g Zotu7017 0.0000 0.3322 Firmicutes Lachnospiraceae PAC000664_g 

Zotu1113 0.0377 1.0000 Firmicutes Lachnospiraceae PAC000664_g Zotu7106 0.0000 1.0000 Firmicutes Lachnospiraceae LLKB_g 

Zotu11534 0.0019 0.8929 Firmicutes Lachnospiraceae Acetatifactor Zotu7176 0.0001 1.0000 Firmicutes Lachnospiraceae PAC000664_g 

Zotu11687 0.0064 1.0000 Firmicutes Lachnospiraceae PAC002039_g Zotu7230 0.0000 0.8261 Firmicutes Lachnospiraceae KE159571_g 

Zotu1195 0.0017 0.2737 Firmicutes Lachnospiraceae KE159538_g Zotu7308 0.0002 0.0509 Firmicutes Lachnospiraceae Clostridium_g24 

Zotu12010 0.0008 0.4006 Firmicutes Lachnospiraceae PAC001228_g Zotu7466 0.0000 0.1636 Firmicutes Lachnospiraceae Acetatifactor 

Zotu12668 0.0000 1.0000 Firmicutes Lachnospiraceae Anaerotignum Zotu747 0.0075 0.2021 Firmicutes Lachnospiraceae KE159538_g 

Zotu1444 0.0017 0.5018 Firmicutes Lachnospiraceae KE159538_g Zotu7580 0.0004 0.2478 Firmicutes Lachnospiraceae PAC001524_g 

Zotu1468 0.0037 1.0000 Firmicutes Lachnospiraceae PAC001091_g Zotu7595 0.0007 0.3018 Firmicutes Lachnospiraceae PAC001092_g 

Zotu15047 0.0001 0.3322 Firmicutes Lachnospiraceae Clostridium_g21 Zotu7648 0.0000 1.0000 Firmicutes Lachnospiraceae LLKB_g 

Zotu15142 0.0166 1.0000 Firmicutes Lachnospiraceae Anaerotignum Zotu7703 0.0015 1.0000 Firmicutes Lachnospiraceae Clostridium_g21 

Zotu16259 0.0031 0.8261 Firmicutes Lachnospiraceae Anaerotignum Zotu7714 0.0102 0.5710 Firmicutes Lachnospiraceae Clostridium_g21 

Zotu17079 0.0177 0.5474 Firmicutes Lachnospiraceae KE159571_g Zotu7957 0.0124 0.1176 Firmicutes Lachnospiraceae Lachnospira 

Zotu1747 0.0002 1.0000 Firmicutes Lachnospiraceae PAC000664_g Zotu8041 0.0001 1.0000 Firmicutes Lachnospiraceae LLKB_g 

Zotu17734 0.0083 0.3651 Firmicutes Lachnospiraceae Clostridium_g24 Zotu8099 0.0000 0.4388 Firmicutes Lachnospiraceae PAC001138_g 

Zotu18027 0.0001 0.3651 Firmicutes Lachnospiraceae PAC001199_g Zotu8106 0.0137 1.0000 Firmicutes Lachnospiraceae PAC001092_g 

Zotu182 0.0000 0.6215 Firmicutes Lachnospiraceae PAC000664_g Zotu8241 0.0001 0.1820 Firmicutes Lachnospiraceae PAC001372_g 

Zotu1951 0.0000 0.2478 Firmicutes Lachnospiraceae Eubacterium_g17 Zotu8654 0.0029 1.0000 Firmicutes Lachnospiraceae PAC001092_g 

Zotu1978 0.0388 1.0000 Firmicutes Lachnospiraceae KE159605_g Zotu8722 0.0156 0.7937 Firmicutes Lachnospiraceae Clostridium_g21 

Zotu2077 0.0400 1.0000 Firmicutes Lachnospiraceae KE159605_g Zotu8964 0.0010 0.4388 Firmicutes Lachnospiraceae PAC001372_g 
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Zotu2126 0.0213 1.0000 Firmicutes Lachnospiraceae PAC001091_g Zotu9075 0.0316 1.0000 Firmicutes Lachnospiraceae Eubacterium_g17 

Zotu2264 0.0000 0.2737 Firmicutes Lachnospiraceae PAC000692_g Zotu91 0.0000 0.7327 Firmicutes Lachnospiraceae PAC000664_g 

Zotu2270 0.0000 1.0000 Firmicutes Lachnospiraceae KE159571_g Zotu920 0.0003 1.0000 Firmicutes Lachnospiraceae PAC000664_g 

Zotu2288 0.0000 1.0000 Firmicutes Lachnospiraceae LLKB_g Zotu95 0.0000 0.7937 Firmicutes Lachnospiraceae PAC000664_g 

Zotu2289 0.0008 0.1820 Firmicutes Lachnospiraceae KE159571_g Zotu9560 0.0029 0.4388 Firmicutes Lachnospiraceae Anaerotignum 

Zotu2351 0.0014 0.0831 Firmicutes Lachnospiraceae Eubacterium_g17 Zotu9684 0.0008 1.0000 Firmicutes Lachnospiraceae Anaerotignum 

Zotu2353 0.0000 0.5474 Firmicutes Lachnospiraceae Eubacterium_g17 Zotu9715 0.0092 0.5963 Firmicutes Lachnospiraceae Clostridium_g21 

Zotu2363 0.0289 1.0000 Firmicutes Lachnospiraceae PAC001091_g Zotu1552 0.0015 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu2543 0.0000 1.0000 Firmicutes Lachnospiraceae KE159571_g Zotu1650 0.0034 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu2584 0.0000 0.4388 Firmicutes Lachnospiraceae PAC000692_g Zotu2079 0.0030 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu2644 0.0016 0.5710 Firmicutes Lachnospiraceae KE159571_g Zotu2425 0.0036 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu271 0.0000 0.5710 Firmicutes Lachnospiraceae PAC000664_g Zotu2663 0.0280 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu2748 0.0000 0.4006 Firmicutes Lachnospiraceae KE159571_g Zotu4277 0.0070 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu2762 0.0002 1.0000 Firmicutes Lachnospiraceae KE159571_g Zotu4379 0.0032 1.0000 Firmicutes Lactobacillaceae Lactobacillus 

Zotu3040 0.0001 0.9636 Firmicutes Lachnospiraceae Eubacterium_g17 Zotu10559 0.0019 0.2021 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu3108 0.0000 1.0000 Firmicutes Lachnospiraceae LLKB_g Zotu13555 0.0000 0.1315 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu316 0.0000 0.6215 Firmicutes Lachnospiraceae PAC000664_g Zotu15322 0.0050 0.1468 Firmicutes Ruminococcaceae PAC001402_g 

Zotu3168 0.0449 1.0000 Firmicutes Lachnospiraceae Roseburia Zotu15422 0.0200 1.0000 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu3225 0.0003 0.0653 Firmicutes Lachnospiraceae Eubacterium_g17 Zotu3578 0.0000 0.3651 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3237 0.0099 0.4593 Firmicutes Lachnospiraceae KE159538_g Zotu4065 0.0000 0.7937 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3254 0.0027 1.0000 Firmicutes Lachnospiraceae PAC000664_g Zotu4371 0.0011 0.4388 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3291 0.0000 0.8261 Firmicutes Lachnospiraceae KE159571_g Zotu4591 0.0022 0.2240 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3313 0.0000 0.4798 Firmicutes Lachnospiraceae KE159571_g Zotu4998 0.0031 0.6215 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3431 0.0000 1.0000 Firmicutes Lachnospiraceae PAC000692_g Zotu5141 0.0040 0.1820 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3560 0.0005 0.6215 Firmicutes Lachnospiraceae KE159538_g Zotu5420 0.0048 0.6753 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3591 0.0061 0.2021 Firmicutes Lachnospiraceae PAC001372_g Zotu6205 0.0021 0.0653 Firmicutes Ruminococcaceae Oscillibacter 

Zotu3633 0.0000 0.4593 Firmicutes Lachnospiraceae KE159571_g Zotu6695 0.0015 0.1176 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu3682 0.0066 0.7040 Firmicutes Lachnospiraceae KE159571_g Zotu6728 0.0001 0.2478 Firmicutes Ruminococcaceae Pseudoflavonifractor 

Zotu3748 0.0000 1.0000 Firmicutes Lachnospiraceae LLKB_g Zotu6972 0.0007 1.0000 Firmicutes Ruminococcaceae PAC001778_g 

Zotu3782 0.0001 0.3322 Firmicutes Lachnospiraceae PAC000664_g Zotu4248 0.0002 0.0831 Proteobacteria Desulfovibrionaceae Desulfovibrio 

Zotu4004 0.0177 0.4197 Firmicutes Lachnospiraceae KE159538_g Zotu8248 0.0046 1.0000 Saccharibacteria Saccharimonas_f PAC000677_g 
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