
Fecal microbiota transplantation from mice exposed to chronic 
intermittent hypoxia elicits sleep disturbances in naïve mice

Mohammad Badran, PhD1, Abdelnaby Khalyfa, PhD1, Aaron Ericsson, PhD2,3, David Gozal, 
MD, MBA*,1

1Department of Child Health and Child Health Research Institute, Faculty of Medicine, University 
of Missouri, Columbia, MO 65201, United States

2Department of Veterinary Pathobiology, University of Missouri, Columbia, MO, United States

3University of Missouri Metagenomics Center, University of Missouri, Columbia, MO, United 
States

Abstract

Obstructive sleep apnea (OSA) is a chronic prevalent condition characterized by intermittent 

hypoxia (IH) and sleep fragmentation (SF). Evidence suggests that OSA can alter the gut 

microbiome (GM) diversity and composition that may then promote the occurrence of some of the 

OSA-associated morbidities. However, it is unclear whether perturbations in the GM caused by IH 

can elicit sleep disturbances that underlie the increased sleep propensity that occurs in IH-exposed 

mice. To evaluate this issue, we exposed C57Bl/6J mice to IH or room air (RA) for 6 weeks, and 

fecal matter was collected and frozen. C57Bl/6J naïve mice were then randomly assigned to a 

fecal microbiota transfer (FMT) protocol for 3 weeks with either IH or RA fecal slur, and their 

GM was then analyzed using 16s rRNA sequencing. In addition, FMT recipients underwent sleep 

recordings using piezoelectric approaches for 3 consecutive days. As anticipated, FMT-IH and 

FMT-RA mice showed different taxonomic profiles that corresponded to previous effects of IH on 

GM. Furthermore, FMT-IH mice exhibited increased sleep duration and the frequency of longer 

sleep bouts during the dark cycle, suggesting increased sleepiness (p<0.0001 vs. FMT-RA mice). 

Thus, alterations of GM diversity induced by IH exposures can elicit sleep disturbances in the 

absence of concurrent IH, suggesting that sleep disturbances can be mediated, at least in part, by 

IH-induced alterations in GM.
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Introduction

Obstructive sleep apnea (OSA) is a chronic condition affecting a billion people around the 

world (Benjafield et al., 2019), characterized by episodes of repetitive airway collapse 

during sleep that in turn induce intermittent hypoxia (IH), and hypercapnia, as well as 

disrupted sleep due to recurrent arousals resulting in sleep fragmentation (SF) (Almendros et 

al., 2020; Badran et al., 2015). As a result, OSA patients frequently manifest excessive 

daytime sleepiness (He and Kapur, 2017; Zinchuk et al., 2017), and may develop metabolic 

(Gileles-Hillel et al., 2016), cognitive (Gagnon et al., 2014) and cardiovascular morbidities 

(Manrique-Acevedo et al., 2020). Evidence from animal models shows that IH exposures 

can impair sleep architecture via shortening total wakefulness and increasing sleepiness in a 

sex-dependent manner (Sanfilippo-Cohn et al., 2006). These changes in sleep patterns can 

be persistent, even two weeks after cessation of IH exposures (Veasey et al., 2013).

Over 100 trillion microorganisms are harbored as an integrated and highly regulated 

ecosystem in the human intestine (Guinane and Cotter, 2013). This finely tuned and 

responsive network plays an essential role in regulating host immunity (Rooks and Garrett, 

2016), metabolism (Velagapudi et al., 2010) and circadian rhythms (Parkar et al., 2019) . 

Changes in the gut microbial community ecosystems that result in altered proportion and 

diversity of commensal bacteria, also known as dysbiosis, can be induced by a variety of 

environmental factors (Phillips, 2009), medications (Walsh et al., 2018) and lifestyle 

including variations in nutritional intake (Yang et al., 2020). Dysbiosis has been linked to 

chronic diseases, such as inflammatory bowel disease (Ni et al., 2017), metabolic syndrome 

(Boulangé et al., 2016), cancer (Sheflin et al., 2014), depression and cognitive dysfunction 

(Paiva et al., 2020; Pascale et al., 2020), and cardiovascular disease (Lau et al., 2017). 

Evidence points to a bidirectional association between sleep disturbances and dysbiosis 

through disruption of the brain-gut-microbiota axis (BGMA) (Smith et al., 2019). For 

instance, short-term partial sleep deprivation can alter gut microbiome in humans (Benedict 

et al., 2016), while high sleep quality is associated with higher proportions of Phyla 

associated with enhanced performance on cognitive tasks (Anderson et al., 2017). 

Furthermore, SF mimicking OSA has been shown to alter the gut microbiome (GM), 

increase gut permeability and ultimately induce insulin resistance (Poroyko et al., 2016). 

However, the mechanisms underlying the interrelationships between the GM and sleep are 

still poorly explored.

The cumulative evidence to date shows that OSA in humans and exposing animals to 

chronic IH recapitulating the oxygenation patterns of patients with OSA can reproducibly 

alter the GM diversity and abundance. Indeed, fecal matter collected from OSA patients 

revealed gut microbial dysbiosis varying with the severity of OSA, and the type of 

enterotypes that were affected seemed to further suggest that some of the OSA-induced 

changes in GM may underlie some of the sleep and metabolic perturbations in such patients 
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(C.-Y. Ko et al., 2019; C. Y. Ko et al., 2019). In animals, exposures to IH resulted in 

profound alterations in gut microbiota (Lucking et al., 2018; Moreno-Indias et al., 2016; 

TIAN et al., 2018; Tripathi et al., 2019, 2018) that was persistent even after returning to 

normoxic conditions for six weeks (Moreno-Indias et al., 2016). Evidently, dysbiosis 

triggered by IH may mediate cardiometabolic disease in OSA patients (N. Farré et al., 2018; 

Mashaqi and Gozal, 2019). However, there are no studies exploring whether IH-mediated 

GM alterations can affect sleep characteristics per se in the absence of concurrent IH. 

Therefore, we hypothesized that transplantation of fecal microbiota from mice exposed to IH 

to naïve mice may alter their gut microbiota and disrupt their sleep patterns.

Methods

All experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of Missouri. Male C57BL/6J mice (8 weeks old) were purchased 

from The Jackson Laboratory (Bar Harbor, ME, USA). All animals were allowed to recover 

within the animal care facility for 7 days upon arrival. Animals were housed in a controlled 

environment with 12 h light–dark cycles (07.00 h–19.00 h) at constant temperature (24 ± 

0.2°C) with ad libitum access to food (normal chow) and water. At the end of the 

experimental period, mice were euthanized using carbon dioxide (1–2 min) followed by 

cervical dislocation.

Intermittent hypoxia

The IH exposure protocol used has been described in detail previously (Gozal et al., 2017). 

Briefly, room air (RA) mice were housed in standard housing conditions, and intermittent 

hypoxia (IH) mice were exposed to IH for 6 weeks. IH consisted of exposures alternating 

21% FIO2 and 6.1% FIO2, 20 cycles h−1 for 12 h day−1 during daylight (07:00 h – 19:00 h) 

using a commercially available system (80 × 50 × 50 cm; Oxycycler A44XO, BioSpherix, 

Redfield, NY, USA). These exposures recapitulate nadir oxyhemoglobin saturations in the 

range of 68–75%, which are the dominant correlate of moderate to severe OSA in humans 

(R. Farré et al., 2018). The rest of the day (19.00 h–07.00 h), the mice were in normoxic 

conditions (21% FIO2).

Fecal Microbiota Transplantation (FMT) in Naïve Mice

Fecal samples from mice exposed to RA or IH were collected, and FMT was performed by 

oral gavage of a fecal slurry into naïve mice (C57BL/6, Jackson Lab) as described (Stebegg 

et al., 2019). Recipient lean mice were fasted for 2 hours prior to FMT, and the fecal slurry 

were obtained from fecal pellets of 5 donor mice suspended by vortexing in 1 mL PBS per 

100 mg of feces. Fecal mixtures were centrifugated at 500g for 5 min and the supernatants 

were collected for FMT. Each recipient mouse received 100 μl of fecal slurry by oral gavage 

twice/week for 3 weeks in both groups: i) FMT-RA and ii) FMT-IH. At the end of this 

period, fecal samples were collected from recipient mice were collected for further analyses.

16S rRNA Sequencing of gut microbiota

Feces from FMT-RA and FMT-IH mice were processed using PowerFecal kits (Qiagen, 

Germany) according to the manufacturer’s instructions (Poroyko et al., 2016). Briefly, 
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bacterial 16S rRNA amplicons were constructed via amplification of the V4 region of the 

16S rRNA gene with universal primers (U515F/806R) previously developed against the V4 

region, flanked by Illumina standard adapter sequences (Caporaso et al., 2011). The final 

amplicon pool was evaluated using the Advanced Analytical Fragment Analyzer automated 

electrophoresis system, quantified using quant-iT HS dsDNA reagent kits (Invitrogen, 

Carlsbad, CA, USA), and diluted according to Illumina’s standard protocol for sequencing 

on the MiSeq instrument (Ilumina, San Diego, CA, USA). Paired DNA sequences were 

merged using FLASH software (Magoč and Salzberg, 2011). Cutadapt (https://github.com/

marcelm/cutadapt) was used to remove the primers at both ends of the contig and cull 

contigs that did not contain both primers. To assess the structure and integration of the 

microbial community, taxonomy was assigned to selected operating taxonomic units (OTUs) 

using BLAST against the SILVA database v128 of 16S rRNA sequences and taxonomy. 

OTUs where then used to calculate dissimilarity matrix for Principal Coordinate analysis 

(PCoA).

Sleep scoring

Sleep/wake activity was acquired and recorded using a piezoelectric monitoring system as 

described previously (Donohue et al., 2008). The system records pressure changes using a 

piezoelectric film, the duration and intensity of which are automatically scored by computer 

algorithms and classified as wake or sleep states. The system has been previously validated 

and exhibits 90% accuracy when compared to EEG/EMG-based sleep acquisition and 

scoring approaches (Mang et al., 2014). Data collected were binned over 5 mins using a 

rolling average of percentage sleep, and by individual sleep bout length from which mean 

bout lengths were calculated. Sleep bouts were defined by any contiguous sleep pattern that 

remained uninterrupted by arousal periods of more than 30 s. In addition, bout length counts 

were only initiated when a 30-second interval contained greater than 50% sleep and were 

terminated when a 30-second interval contained less than 50% sleep (Paulose et al., 2019).

Statistical analysis

For gut microbiome analysis, two-tailed P values were calculated for all pairwise multiple 

comparison procedures using the Student-Newman-Keuls test among groups. Statistical 

analyses were conducted using SPSS 21.0 software for Windows (IBM, Armonk, NY). 

Multivariate statistical analyses such as PLS-DA, ANOVA, box plots, and volcano plots 

were performed with the MetaboAnalyst 3.0 program after data pre-treatments, i.e., 
normalization to the sum, log transformation and Pareto scaling (http://

www.metaboanalyst.ca/). Changes in metabolite abundances were considered statistically 

significant when their p values were <0.05. Statistical significance of the obtained PLS-DA 

model was evaluated with a permutation test (permutation number: 1,000). The PLS-DA 

model was considered statistically significant if the permutation test p value <0.05. Data was 

expressed as mean ± SD.

For sleep scoring, statistical analysis was performed using Prism 8 (GraphPad, San Diego, 

Ca, USA). Two-way ANOVA with repeated measures and Sidak post-hoc test, and unpaired 

t-test were used as appropriate. The data were expressed as mean ± SEM. A p value < 0.05 

was considered statistically significant.
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Results

Changes in gut microbiome composition in naïve mice subjected to FMT from mice 
exposed to RA and IH

The PCoA plot reveals marked differences in fecal bacterial composition in FMT-RA and 

FMT-IH groups (Figure 1A). As in other mammalian hosts, Bacteroidetes and Firmicutes 

were the predominant phyla with phylum Bacteroidetes dominated by class Bacteroida, 

order Bacteroidales and Phylum Firmicutes being dominated by class Clostridia, order 

Clostridiales (Table 1). The relative abundance of bacterial taxa in FMT-IH group shows 

higher abundance of Lachnospiraceae from the phylum Firmicutes, Prevotella and 

Muribacululaceae from the phylum Bacteroidetes, and lower abundance of Alistipes from 

the phylum Bacteroidetes when compared to FMT-RA (Figure 1B). Twenty-nine taxa 

detected had significantly greater relative abundance in both groups (Figure 1C, 1D). The 

OTUs achieving significance are listed in Table 1. Thus. FMT procedures using different 

fecal GM as obtained from IH-exposed and RA-exposed mice generated alteration in the 

GM of naïve mice to recapitulate the previously documented differences in GM induced by 

IH.

Naïve mice receiving FMT from mice exposed to IH sleep more during the dark-phase

We assessed sleep-wake profiles in FMT-RA and FMT-IH groups for 3 days starting at 

12pm. As shown in representative recordings (Figure 2A), the sleep-wake profiles were 

markedly different between the two groups, especially during the dark-phase. Wake time 

quantification showed that the percentage of wake time in the dark-phase decreased in the 

FMT-IH group (45.2 ± 1.6%) when compared to FMT-RA (58.3 ± 1.6%, p < 0.0001, Figure 

2B), while the percentage of wake time in the light-phase increased, but was not 

significantly different in FMT-IH (32.9 ± 1.9%) when compared to FMT-RA (28.5 ± 1.2%, p 
> 0.05). In light of the modest increase in wake duration during the light-phase and the 

considerable decrease in wake duration during the dark-phase, the total wake time 

percentage over the 24-hour cycle showed significant decreases in the FMT-IH group (61.1 

± 1.1%) when compared to FMT-RA group (57.2 ± 1.1, p < 0.05).

We also examined the mean sleep bout length, and significant increases in the dark phase in 

FMT-IH (672.1 ± 87.9 s) emerged when compared to FMT-RA (427.4 ± 58.3 s, p < 0.05, 

Figure 3A). However, the sleep bout length in the FMT-IH group during the light phase 

(1384.1 ± 247.1 s) did not differ from that of the FMT-RA group (909.3 ± 62.4 s, p > 0.05). 

The net result indicated higher but not significant total sleep bout length in the FMT-IH 

treated mice (951.9 ± 146.1 s) when compared to the FMT-RA group (618.4 ± 57.5 s, p > 

0.05). Furthermore, the FMT-IH treated mice showed significantly lower numbers of short 

sleep bouts (i.e., 30 s duration; n=57.7 ± 5.3) and of 60 s sleep bouts (n=40.2 ± 4.7) when 

compared to FMT-RA mice (30s bouts – n=93.7 ± 16.6, p < 0.001; 60 s bouts – n=63.3 ± 

9.9, p < 0.05, Figure 3D). The lower number of short bouts was primarily circumscribed to 

the dark phase in FMT-IH mice (Figure 3E, 3F).
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Discussion

This is the first study that evaluated sleep in naïve mice subjected to FMT from mice 

exposed to IH. Fecal microbiome analysis showed the anticipated taxonomic profile 

differences between FMT-IH and FMT-RA groups, indicating that the FMT procedures 

effectively altered the GM of the naïve recipients. Furthermore, we observed taxonomic 

similarities between FMT-IH and mice exposed to IH in previous studies (Moreno-Indias et 

al., 2015). Most importantly, the sleep recordings in unrestricted mice revealed that changes 

in the composition and diversity of the microbiome associated with IH-exposures elicited 

disturbances in sleep patterns in the FMT-IH mice, and manifested as increased sleep 

duration during the dark-phase, i.e., the phase during which mice generally are naturally 

more active and engage in feeding and play. Thus, current findings indicate that alterations 

of GM diversity caused by FMT from mice exposed to IH can elicit sleep disturbances even 

when in the absence of environmental IH.

FMT have been recently used as a therapeutic intervention to treat resistant Clostridium 
difficile in patients with or without inflammatory bowel disease (Gupta and Khanna, 2017). 

However, other studies showed that chronic conditions (such as hypertension) can be 

transferable through FMT from animals and humans to naïve animals (Adnan et al., 2017; Li 

et al., 2017). To test this hypothesis in OSA, Durgan et al. reported that rats intubated with 

inflatable endotracheal device (a model of OSA) and fed high fat diet (HFD) sustained 

significant increases in systolic blood pressure compared to rats fed HFD or OSA alone. 

After transferring fecal matter from OSA+HFD rats and HFD only rats to naïve rats, they 

reported that FMT from OSA+HFD induced significant elevations in systolic blood pressure 

compared to FMT from HFD rats alone. They also noticed changes in the Firmicutes/

Bacteroidetes (F/B) ratio between the groups. There was a significant reduction in relative 

abundance of short chain fatty acid (SCFA)-producing bacteria, and increased relative 

abundance in lactate-producing bacteria among rats receiving FMT from OSA+HFD rats 

when compared to HFD alone. These findings suggest that OSA-induced hypertension can 

be transferred through FMT (Durgan et al., 2016).

Growing evidence shows that OSA can induce gut dysbiosis in both adults and children 

(Kheirandish-Gozal et al., 2014; C.-Y. Ko et al., 2019). Findings from animal models of 

OSA, such as IH and SF, revealed profound alterations in GM and suggested that such GM 

changes may be mechanistically associated with some of the major morbidities of OSA. 

Indeed, chronic SF for 4 weeks induced reversible GM changes that were characterized by 

the growth of Lachnospiraceae and Ruminococcaceae and a decrease of Lactobacillaceae 
families accompanied by visceral white adipose tissue inflammation and alterations in 

insulin sensitivity (Poroyko et al., 2016). In mice exposed to 6 weeks of IH, significant 

alterations in the GM diversity and composition emerged, with increases in obligate 

anaerobes, such as Prevotella, Desulfovibrio and Lachnospiraceae (Moreno-Indias et al., 

2015). The main effector of such GM changes was attributed to overall reductions in oxygen 

content in the gut while the animals were exposed to IH. Our current results concur with 

such findings, as illustrated by the notable differences between FMT-IH and FMT-RA GM 

samples in the relative abundance of dominant microbiota families and genera, where 

obligate anaerobes such as Prevotella, Desulfovibrio and Lachnospiraceae increased in FMT-
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IH mice. Thus, FMT in naïve mice with fecal slurry from IH-exposed mice recapitulated the 

GM changes in the recipients similar to those documented in the IH-exposed donors. The 

concomitant presence of Prevotella and Desulfovibrio can operate synergistically, whereby 

Prevotella can degrade mucin glycoprotein present in the mucosal layer of the gut releasing 

sulphate, and Desulfovibrio removes the sulphate that inhibits mucin degradation 

(Arumugam et al., 2011; Wright et al., 2000). Bacterial degradation of mucin, which is 

protective to the host intestinal lumen, could initiate a variety of intestinal disorders, starting 

with increased intestinal permeability, but potentially also progressing to inflammatory 

bowel disease (IBD), as access of luminal antigens to the intestinal immune system is 

facilitated (Ganesh et al., 2013). On the other hand, the obligatory anaerobe 

Lachanospiraceae is an important source of the SCFA butyrate that can inhibit intestinal 

inflammation, maintain the intestinal barrier and modulate gut motility (Silva et al., 2018). 

The increase of Lachanospiraceae is likely a protective response to environmental stresses. 

The overall net effect of such changes in FMT-IH GM on specific intestinal function were 

not examined, but deserve future study since the overall metabolomic composition of the 

GM may facilitate transfer of sleep-promoting substances in the FMT-IH mice. Indeed, in 

experiments consisting of sleep disruption in mice, alterations in GM and gut metabolomic 

profiles were identified, with many of these substances potentially contributing to sleep 

regulation (Bowers et al., 2020).

Emerging evidence proposes that the GM can influence health and sleep quality through the 

brain-gut-microbiome axis (BGMA) (Carabotti et al., 2015). BGMA signaling is 

bidirectional, whereby gut microbiome can impact health and behavior, while changes in the 

mental states can influence gut health. Perturbations of the BGMA can lead to 

gastrointestinal (Mayer et al., 2015), cognitive (Galland, 2014) and mental disorders (Valles-

Colomer et al., 2019) through neural (Zhu et al., 2017), hormonal (Cani and Knauf, 2016), 

and immune responses (Belkaid and Hand, 2014) as well as changes in gut and blood brain 

barrier permeabilities (Braniste et al., 2014; Cani et al., 2009). In the context of IH, one 

study found that exposing mice to chronic IH (6 and 24 weeks) induced significant 

microglial changes in distinct dorsal region of the hippocampus, including increased density 

and morphological features of microglia priming. However, exposing mice to acute IH (1 

day) increased pro-inflammatory interleukin (IL)-1β and chemokine ligand 5 (RANTES/

CCL5) mRNA, while chronic IH plus lipopolysaccharide (LPS) intraperitoneal injections 

increased IL-6 and IL10 mRNA compared to LPS alone. These results support the theory 

that IH can induce neuroinflammation, and may contribute to IH-induced cognitive 

impairments (Sapin et al., 2015). Furthermore, Ganesh et al. showed that treating rats 

exposed to OSA with the probiotic Clostridium butyricum and the prebiotic Hylon VII 

increased SCFA-producing bacteria, reduced OSA-induced dysbiosis, attenuated epithelial 

goblet cell loss, mucus barrier thinning and overall diminished the degree of activation of 

brain microglia. These findings suggest that OSA-induced dysbiosis can cause 

neuroinflammation (Ganesh et al., 2018). However, sleep has been understudied in the 

context of the BGMA. Administration of broad-spectrum antibiotics depleted the GM, and 

reduced slow-wave sleep in rats (Brown et al., 1990). When given to healthy male students 

for three consecutive days, the antibiotic minocycline reduced slow-wave sleep, but did not 

affect sleep latency or alter wake after sleep onset (Nonaka et al., 1983). As mentioned, 
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studies in OSA patients and in animals exposed to IH clearly demonstrate profound sleep 

disturbances and alterations to the gut microbiota (Gozal et al., 2001; C.-Y. Ko et al., 2019; 

Moreno-Indias et al., 2016; Polotsky et al., 2006; Veasey et al., 2004). Here, we show that 

transferring GM from mice exposed to IH will elicit sleep disturbances in the naïve recipient 

mice. Specifically, sleep duration increased in the dark-phase (likely corresponding to 

increased sleep propensity) as well as longer sleep bouts (likely corresponding to increased 

sleepiness) when compared to mice receiving fecal matter from mice exposed to room air. It 

is therefore plausible that gut dysbiosis can affect sleep structure and drive via the BGMA. 

However, more studies are needed to elucidate the mechanisms involved in the role of 

BGMA in sleep regulation. Furthermore, our findings support the conceptual framework that 

IH exposures can induce sleep disturbances, not only in the context of fluctuating 

oscillations in oxygen levels, but also through changes in GM diversity and composition. 

However, given the complexity of the GM in terms of composition and abundance, it is 

difficult to infer the role of specific bacterial groups in the regulation of sleep, let alone 

specific stages of sleep. Such studies will require more extensive and precise changes in 

GM. We should also point out that our study was limited to male mice, such that potential 

sex-related differences remain unexplored. Finally, the resolution of the sleep pattern 

alteration in FMT-IH after cessation of FMT was not explored, and potential interventions 

with pre- and pro-biotics were not implemented, all of which merit future study.

In summary, alterations in gut microbiome induced by IH simulating OSA can alter sleep 

patterns in naïve mice receiving FMT and are reminiscent of the excessive daytime 

sleepiness frequently occurring in OSA patients. Thus, IH-mediated GM alterations may 

play a role in the sleep dysregulation of OSA as demonstrated here in mice who were not 

exposed to IH. Thus, the present study provides initial compelling evidence for the GM as a 

major role player in sleep regulation, and may present an important therapeutic target for 

improving sleep and excessive daytime sleepiness in OSA patients.
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Figure 1: 
Alterations in fecal bacterial composition between FMT-IH and FMT-IA. A) principal 

coordinate analysis plot ordinated using Jaccard similarities. B) Stacked bar chart showing 

the mean relative abundance of bacterial taxa, C) Volcano plot showing fold difference (FD, 

x-axis) and p-value (Y-axis) associated with taxa detected at significantly greater relative 

abundance in FMT-IH (left) and FMT-RA (right), D) Hierarchical cluster analysis of the 50 

consistently detected OTUs in the gut microbiota. FMT: fecal microbiota transplantation, 

IH: intermittent hypoxia, RA: room air, OUT: operational taxonomic unit
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Figure 2: 
Changes in sleep patterns between FMT-IH and FMT-RA. A) Representative sleep-wake 

profiles of FMT-IH and FMT-IA groups over 3 days. B) Quantification of total, light-phase 

and dark-phase average wake percentages. Groups were compared using Student’s t test 

(n=7–8). *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3: 
Changes is sleep bout lengths and numbers in FMT-IH and FMT-IA. A) Quantification of 

total, light-phase and dark-phase average sleep bouts. Groups were compared using 

Student’s t test (n=7–8). (B-C) sleep percent of average sleep bout lengths during the light-

phase (B) and dark-phase (C). (D-F) number of sleep bouts lengths across in total (D), light-

phase (E) and dark-phase (F). Groups were compared using Two-way ANOVA with 

repeated measurement with Sidak post hoc test (n=7–8). *p < 0.05, ** p < 0.01, ***p < 

0.001, ****p < 0.0001.
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Table 1:

OTUs achieving statistical significance in mice receiving FMT from mice exposed to IH and RA

Phylum Class Order Family Genus Taxon OTUs t.stat p.value FDR

Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Ambiguous_taxa Ambiguous_taxa OTU020 13.785 7.30E-06 0.000898

Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella 9 uncultured 
bacterium

OTU023 18.198 5.36E-05 0.002534

Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculum uncultured 
bacterium

OTU021 10.9 7.14E-05 0.002534

Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Rikenella uncultured 
bacterium

OTU027 15.666 9.70E-05 0.002534

Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Rikenellaceae 
RC9 gut group

Ambiguous_taxa OTU028 15.428 0.000103 0.002534

Patescibacteria Saccharimonadia Saccharimonadales Saccharimonadaceae Candidatus 
Saccharimonas

Ambiguous_taxa OTU134 12.759 0.000146 0.002983

Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae uncultured Ambiguous_taxa OTU013 6.8291 0.000196 0.003449

Patescibacteria Saccharimonadia Saccharimonadales Saccharimonadaceae Candidatus 
Saccharimonas

uncultured 
bacterium

OTU135 8.0021 0.000249 0.003832

Bacteroidetes Bacteroidia Bacteroidales Tannerellaceae Parabacteroides uncultured 
bacterium

OTU029 11.715 0.000304 0.004149

Firmicutes Clostridia Clostridiales Clostridiales 
vadinBB60 group

Ambiguous_taxa Ambiguous_taxa OTU048 −6.6173 0.000381 0.004683

Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Parasutterella uncultured 
bacterium

OTU150 −5.6107 0.000594 0.006637

Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae 
NK4A214 group

uncultured 
bacterium

OTU112 6.475 0.00071 0.007281

Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio uncultured 
bacterium

OTU146 4.5261 0.002093 0.019803

Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae 
UCG-014

Ambiguous_taxa OTU120 −4.2698 0.002827 0.024833

Firmicutes Bacilli Bacillales Staphylococcaceae Jeotgalicoccus Ambiguous_taxa OTU036 −4.8013 0.003423 0.028068

Firmicutes Clostridia Clostridiales Clostridiales 
vadinBB60 group

uncultured 
bacterium

uncultured 
bacterium

OTU049 −5.9213 0.003813 0.028222

Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae 
UCG-013

uncultured 
bacterium

OTU119 −5.1049 0.003901 0.028222

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus Lactobacillus 
gasseri

OTU041 −4.6872 0.005179 0.035387

Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae uncultured uncultured 
Desulfovibrionales 
bacterium

OTU147 5.0068 0.007454 0.046383

Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium Ambiguous_taxa OTU065 3.547 0.007542 0.046383

Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Dubosiella Dubosiella 
newyorkensis

OTU128 −4.8467 0.00834 0.048129

Tenericutes Mollicutes Anaeroplasmatales Anaeroplasmataceae Anaeroplasma Ambiguous_taxa OTU152 −3.9595 0.00917 0.048129

Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae Enterorhabdus uncultured 
bacterium

OTU008 3.6846 0.009439 0.048129

Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus bacterium R78 OTU039 −4.4948 0.010041 0.048129

Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae 
UCG-004

uncultured 
bacterium

OTU073 −3.9841 0.010346 0.048129

Tenericutes Mollicutes Mollicutes RF39 Ambiguous_taxa Ambiguous_taxa Ambiguous_taxa OTU153 −3.4495 0.010391 0.048129

Exp Neurol. Author manuscript; available in PMC 2021 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Badran et al. Page 17

Phylum Class Order Family Genus Taxon OTUs t.stat p.value FDR

Firmicutes Clostridia Clostridiales Lachnospiraceae Marvinbryantia uncultured 
bacterium

OTU078 −3.8306 0.011001 0.048129

Firmicutes Clostridia Clostridiales Ruminococcaceae [Eubacterium] 
coprostanoligenes 
group

uncultured 
bacterium

OTU124 3.9647 0.011287 0.048129

Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Faecalibaculum uncultured 
bacterium

OTU130 3.4462 0.011348 0.048129

FDR: false discovery rate, IH: intermittent hypoxia, OUT: operational taxonomic unit, RA: room air
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