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Zusammenfassung

Schlafstérungen treten bei psychiatrischen Erkrankungen mit einer hohen Prévalenz auf.
Veranderungen in der Hypothalamus-Hypophysen-Nebennieren-Achse,
neuroimmunologische Mechanismen und Stérungen des zirkadianen Rhythmus kdénnen
diese Verbindung aber nur teilweise erkléren. Es wird vermutet, dass das Darmmikrobiom
eine Rolle bei der Regulation des Schlafs spielt. Aktuelle Studien legen nahe, dass
bestimmte Probiotika, Prabiotika, Synbiotika und die Transplantation von Stuhl die
Schlafqualitdt verbessern kdnnten.

Unser Ziel war es, die Bezichung zwischen der Zusammensetzung des Darmmikrobioms,
psychiatrischen Erkrankungen und Schlafqualitdt in dieser cross-sectionalen, cross-
disorder Studie zu untersuchen. Wir rekrutierten 103 Teilnehmer*innen, 63 Patient*innen
mit psychiatrischen Erkrankungen (Major Depression [n = 31], bipolare Erkrankung [n =
13], Psychose [n = 19]), sowie 40 gesunde Kontrollpersonen. Die Schlafqualitidt wurde mit
dem Pittsburgh Sleep Quality Index (PSQI) bewertet. Das Darmmikrobiom wurde mittels
16S-rRNA-Sequenzierung analysiert und die Gruppen wurden anhand von Alpha- und
Beta-Diversitdatsmetriken, sowie dem Auftreten unterschiedlicher Abundanzen von
Bakterien auf dem Genera und Spezies Level verglichen.

Es wurde eine transdiagnostische Abnahme der Alpha-Diversitdt und Unterschiede in den
Beta-Diversititsindizes bei psychiatrischen Patient*innen im Vergleich zu
Kontrollpersonen beobachtet. Die Korrelationsanalyse der Diversitdtsmetriken und des
PSQI-Scores zeigte keine signifikanten Unterschiede zwischen den Patient*innen- und
Kontrollgruppen. Allerdings waren drei Spezies, Ellagibacter isourolithinifaciens,
Senegalimassilia faecalis und uncultured Blautia sp., sowie zwei Genera, Senegalimassilia
und uncultured Muribaculaceae genus, bei psychiatrischen Patient*innen mit guter
Schlafqualitdt (PSQI >8) im Vergleich zu Patient*innen mit schlechter Schlafqualitét
(PSQI <8) erhoht.

Zusammenfassend wirft diese Studie wichtige Fragen zur Verbindung zwischen dem

Darmmikrobiom und Schlafstérungen bei psychiatrischen Erkrankungen auf.



Abstract

Sleep disturbances are highly prevalent across most major psychiatric disorders.
Alterations in the hypothalamic-pituitary-adrenal axis, neuroimmune mechanisms, and
circadian rhythm disturbances partially explain this connection. The gut microbiome is also
suspected to play a role in sleep regulation, and recent studies suggest that certain
probiotics, prebiotics, synbiotics, and fecal microbiome transplantation can improve sleep
quality.

We aimed to assess the relationship between gut-microbiota composition, psychiatric
disorders, and sleep quality in this cross-sectional, cross-disorder study. We recruited 103
participants, 63 patients with psychiatric disorders (major depressive disorder [n = 31],
bipolar disorder [n = 13], psychotic disorder [n = 19]) along with 40 healthy controls.
Sleep quality was assessed with the Pittsburgh Sleep Quality Index (PSQI). The fecal
microbiome was analyzed using 16S rRNA sequencing, and groups were compared based
on alpha and beta diversity metrics, as well as differentially abundant species and genera.
A transdiagnostic decrease in alpha diversity and differences in beta diversity indices were
observed in psychiatric patients, compared to controls. Correlation analysis of diversity
metrics and PSQI score showed no significance in the patient and control groups.
However, three species, Ellagibacter isourolithinifaciens, Senegalimassilia faecalis, and
uncultured Blautia sp., and two genera, Senegalimassilia and uncultured Muribaculaceae
genus, were differentially abundant in psychiatric patients with good sleep quality (PSQI
>8), compared to poor-sleep quality patients (PSQI <8). In conclusion, this study raises
important questions about the interconnection of the gut microbiome and sleep

disturbances.
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Einleitung

Eine enge Verbindung zwischen Schlafstorungen und psychiatrischen Stérungen ist schon
seit einiger Zeit bekannt [1]. Bis zu 40,8% der psychiatrischen Patient*innen erleben
Symptome von Schlafstérungen [2]. Die Major Depression (MDD) ist bei 92% der
Patient*innen mit Schlafstérungen verbunden [3, 4], wobei klinisch signifikante
Schlafstorungen bei 70% der euthymen Patient*innen mit bipolarer Stérung (BD)
beobachtet wurden [3, 5]. Schlaflosigkeit kann ein prodromales Symptom bei
Schizophrenie sein, das zu akuten psychotischen Episoden fiihrt und die psychotischen
Symptome potenziell verschlimmert [3, 6, 7]. Schlafstorungen bei psychiatrischen
Storungen sind mit einer schlechteren Lebensqualitit, einer groBeren Beeintrachtigung der
Funktion und einem maligneren Verlauf der Storung verbunden [8]. Eine angemessene
Behandlung von Schlafstorungen bei MDD fiihrt zu klinisch signifikanten Verbesserungen
der Lebensqualitit [9, 10]. Die zugrunde liegenden pathophysiologischen Mechanismen,
durch die psychiatrische Stérungen und Schlaf interagieren, sind jedoch noch nicht
vollstindig aufgeklért. Es wurden verschiedene Theorien vorgeschlagen, wobei es
wahrscheinlich ist, dass viele verschiedene Signalwege beteiligt sind, einschlieBlich der
hypothalamisch-hypophyséren-adrenalen Achse [11, 12], Stérungen des zirkadianen
Rhythmus [13, 14] und neuroimmunologische Mechanismen [15]. In den letzten Jahren
wurde die Mikrobiota-Darm-Hirn-Achse (MGBA) als potenzieller mechanistischer
Zusammenhang zwischen psychiatrischen Storungen und Schlaf exploriert [16, 17].

Die MGBA ist ein bidirektionales Signalisierungssystem, das den Magen-Darm-Trakt und
das zentrale Nervensystem verbindet. Es gibt verschiedene Kommunikationswege in
diesem dynamischen Darm-Hirn-Netzwerk. Erstens gibt es die direkte Produktion von
Neurotransmittern (wie Gamma-Aminobuttersdure, Serotonin und Dopamin) durch die
Darmmikrobiota, die endokrine Zellen, Immunzellen, Stoffwechselwege und den
Vagusnerv beeinflusst und so zu einer Informationsiibertragung an das zentrale
Nervensystem fiihrt [18—-21]. Ein weiterer spekulierter Kommunikationsmechanismus
umfasst short-chain-fatty-acids (SCFAs), die die Hauptprodukte der bakteriellen
Fermentation von Ballaststoffen im Magen-Darm-Trakt sind [22, 23]. SCFAs wie Butyrat
haben weitreichende Auswirkungen. Sie spielen eine Rolle bei der Aufrechterhaltung der
Permeabilitdt der Darmbarriere, indem sie den Effekt von proinflammatorischen Zytokinen

wie IL-6 und TNF-a entgegenwirken, die die Integritidt der Darmbarriere stéren konnen.
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Dariiber hinaus wirken SCFAs als wichtige epigenetische Regulatoren, indem sie die
Histondeacetylasen hemmen und so die Prozesse der lokalen und systemischen
Entziindung beeinflussen [24, 25]. Da sowohl psychiatrische Stérungen als auch
Schlafstérungen mit Entziindungen verbunden sind, sind diese verkniipfenden Wege
zwischen dem Darmmikrobiom und Entziindungen von groflem Interesse [26]. Dartiber
hinaus werden die Freisetzung von Darmhormonen und Serotonin direkt durch Butyrat
beeinflusst, was sich wiederum auf die Aktivierung des Vagusnervs auswirkt und so zu
einer Modulation der Gehirnfunktion fiihrt [18, 23, 27, 28]. Eine zunehmende Anzahl an
Literatur legt nahe, dass das Darmmikrobiom eine wichtige Rolle nicht nur bei der
Verdauung, der Inmunfunktion und dem Stoffwechsel, sondern auch bei der Regulation
von Schlaf, dem zirkadianen Rhythmus und bei psychischen Zustidnden spielt [29, 30].
Schlafentzug bei Méusen und Ratten provozierte signifikante Verdnderungen in der
Zusammensetzung des Darmmikrobioms, die nach einer Woche Erholungsschlaf reversibel
waren [31, 32]. Nach einer Transplantation des Fékalmikrobioms bei Patient*innen mit
Reizdarmsyndrom verbesserten sich psychiatrische Symptome und der Subskalenwert des
Hamilton Rating Scale for Depression (HAM-D) welcher Schlafqualitidt misst signifikant
[33]. Interessanterweise zeigten Querschnittstudien zur Analyse der Schlafqualitit und der
Zusammensetzung des Darmmikrobioms bei BD eine negative Korrelation zwischen
Schlafqualitét, Faecalibacterium und Lactobacillus [34, 35]. Eine kiirzliche Meta-Analyse
zeigte ein transdiagnostisches Muster reduzierter Butyrat-produzierender Bakterien wie
Faecalibacterium und eine Erh6hung proinflammatorischer Bakterien wie Eggerthella bei
Patient*innen mit MDD, BD, Schizophrenie und generalisierter Angststorung [36].
Dartiiber hinaus wurde bereits beobachtet, dass eine probiotische Behandlung mit Staimmen
von Lactobacillus sowie eine probiotische Behandlung mit Stimmen von Bifidobacterium
die selbstbewertete Schlafqualitit positiv beeinflussen konnen [37]. Eine Meta-Analyse
zeigt, dass probiotische Interventionen mit Stimmen von Lactobacillus und
Bifidobacterium zu einer signifikanten Reduktion des Pittsburgh Sleep Quality Index
(PSQI) fithren, was auf eine bessere Schlafqualitdt hinweist [38].

Obwohl immer mehr Information darauf hindeutet, dass das Darmmikrobiom eine Rolle in
der komplexen Pathophysiologie von Schlafstérungen spielt, fehlt ein systematisches
Verstdndnis dafiir, wie das Mikrobiom den Schlaf bei psychiatrischen Stérungen
beeinflussen konnte weiterhin. Aufgrunddessen war es unser Ziel die Wechselwirkung
zwischen Schlafqualitit, gemessen mit dem PSQI, und dem Darmmikrobiom in einem

Querschnitts- und Diagnose-iibergreifenden Studiendesign zu untersuchen. Zunichst

12



verglichen wir die Darmmikrobiom-Diversititsindizes von Patient*innen mit
psychiatrischen Stérungen mit gesunden Kontrollpersonen (HC). Zweitens bewerteten wir
die Assoziation zwischen den Darmmikrobiom-Diversitétsindizes und der Schlafqualitét in
der Patient*innengruppe und bei HC. Drittens haben wir Unterschiede in den
differentiellen Héaufigkeiten von Bakterien-Spezies und Bakterien-Genera zwischen
Patient*innen mit guter und schlechter Schlafqualitdt beleuchtet.

Die folgende Publikation wurde eigenhdndig von Marco Mairinger verfasst. Zuerst fand
eine Einarbeitung in das Studienprotokoll der MOMIC-Studie statt um stationédre Personen
als studentischer Mitarbeiter zu rekrutieren. Weiters war eine Einfiihrung in die Literatur
ndtig. Um die Mikrobiomdaten welche gewonnen wurden bioinformatisch aufzuarbeiten
besuchte Marco Mairinger ein freies Wahlfach zur praktischen Mikrobiomanalyse und
wertete diese eigenhindig in Unterstiitzung von Angela Horvath aus um die besagten
Fragestellungen zu bearbeiten. Weiters wurde die statistische Auswertung durchgefiihrt an
der Marco Mairinger maf3geblich beteiligt war. Im Anschluss wurde die untenstehende
Publikation von Marco Mairinger mit Einverstindnis der Betreuer verfasst und beim
Journal Neuropsychobiology wie geplant am 02.11.2022 von Marco Mairinger
selbststdndig eingereicht. Auch war Marco Mairinger fiir die notwendige Revision
verantwortlich, wo erforderliche Anderungen durchgefiihrt wurden und die Kommentare
der Reviewer beantwortet wurden. Die Originalarbeit wurde am 14.03.2023 angenommen
und am 15.06.2023 erfolgte schlieBlich die Publikation.

Das Literaturverzeichnis der Publikation dient gleichzeitig als Literaturverzeichnis der

Einleitung, da die Zahlen und Quellen deckungsgleich sind.
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Abstract

Introduction: Sleep disturbances are highly prevalent across
most major psychiatric disorders. Alterations in the hypo-
thalamic-pituitary-adrenal axis, neuroimmune mechanisms,

and circadian rhythm disturbances partially explain this con-
nection. The gut microbiome is also suspected to play a role in
sleep regulation, and recent studies suggest that certain
probiotics, prebiotics, synbiotics, and fecal microbiome trans-
plantation can improve sleep quality. Methods: We aimed to
assess the relationship between gut-microbiota composition,
psychiatric disorders, and sleep quality in this cross-sectional,
cross-disorder study. We recruited 103 participants, 63 pa-
tients with psychiatric disorders (major depressive disorder
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[n = 31], bipolar disorder [n = 13], psychotic disorder [n = 19])
along with 40 healthy controls. Sleep quality was assessed
with the Pittsburgh Sleep Quality Index (PSQI). The fecal
microbiome was analyzed using 16S rRNA sequencing, and
groups were compared based on alpha and beta diversity
metrics, as well as differentially abundant species and genera.
Results: A transdiagnostic decrease in alpha diversity and
differences in beta diversity indices were observed in psychi-
atric patients, compared to controls. Correlation analysis of
diversity metrics and PSQI score showed no significance in
the patient and control groups. However, three species,
Ellagibacter isourolithinifaciens, Senegalimassilia faecalis, and
uncultured Blautia sp., and two genera, Senegalimassilia and
uncultured Muribaculaceae genus, were differentially abun-
dant in psychiatric patients with good sleep quality (PSQI >8),
compared to poor-sleep quality patients (PSQl <8).
Conclusion: In conclusion, this study raises important ques-
tions about the interconnection of the gut microbiome and

sleep disturbances. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

A close link between sleep disturbances and psychi-
atric disorders is well recognized [1], and up to 40.8% of
psychiatric patients experience symptoms of sleep dis-
orders [2]. Major depressive disorder (MDD) is asso-
ciated with sleep disturbances in 92% of patients [3, 4],
and clinically significant sleep disturbances have been
observed in 70% of euthymic patients with bipolar
disorder (BD) [3, 5]. Insomnia can be a prodromal
symptom in schizophrenia, leading to acute psychotic
episodes and potentially worsening the psychotic symp-
toms [3, 6, 7]. Sleep disturbances in psychiatric disorders
are associated with poorer quality of life, greater impair-
ment of function, and a more malignant course of the
disorder [8]. Adequate treatment of sleep disturbances
in MDD leads to clinically significant improvements in
quality of life [9, 10]. However, the underlying patho-
physiological mechanisms through which psychiatric
disorders and sleep interact are not yet fully elucidated.
Several theories have been proposed, and it is likely that
many different pathways are involved including the
hypothalamic-pituitary-adrenal axis [11, 12], circadian
rhythm disturbances [13, 14], and neuroimmune mech-
anisms [15]. In recent years, the microbiota-gut-brain
axis (MGBA) has been suggested as a potential mech-
anistic link between psychiatric disorders and sleep
(16, 17].

2 Neuropsychobiology
DOI: 10.1159/000530386

The MGBA is a bidirectional signaling system, con-
necting the gastrointestinal tract and the central nervous
system. There are a variety of routes of communication
involved in this dynamic gut-brain network. First, there is
the direct production of neurotransmitters (such as
gamma-aminobutyric acid, serotonin, and dopamine)
by the gut microbiota, influencing endocrine cells, im-
mune cells, metabolic pathways, and the vagus nerve,
resulting in informational transmission to the central
nervous system [18-21]. Another speculated mechanism
of communication involves short-chain fatty acids
(SCFAs), which are the primary products of bacterial
fermentation of dietary fiber in the gastrointestinal tract
[22,23]. SCFAs such as butyrate have far-reaching effects.
They play a role in maintaining the permeability of the
intestinal barrier, counteracting the effect of pro-
inflammatory cytokines such as IL-6 and TNF-a which
can disrupt intestinal barrier integrity. Additionally,
SCFAs act as important epigenetic regulators by inhibit-
ing histone deacetylases, thereby influencing colonic and
systemic inflammation processes [24, 25]. As both psy-
chiatric disorders and sleep disturbances are associated
with inflammation, these interlinking pathways between
the gut microbiome and inflammation are of major
interest [26]. Furthermore, gut hormone and serotonin
release are directly influenced by butyrate with subse-
quent effects on vagus nerve activation, in turn leading to
modulation of brain function [18, 23, 27, 28]. An in-
creasing body of evidence suggests that the gut micro-
biome plays an important role in not only digestive,
immunological, and metabolic functions but also in
regulating sleep, circadian rhythm, and mental states
[29, 30]. Sleep deprivation in mice and rats provoked
significant alterations in gut microbiome composition,
which were reversible after a week of recovery sleep [31,
32]. After fecal microbiota transplantation in patients
with irritable bowel syndrome, psychiatric symptoms and
the sleep subscale score of the Hamilton Rating Scale for
Depression (HAM-D) improved significantly [33]. Inter-
estingly, cross-sectional studies analyzing sleep quality
and gut microbiome composition in BD showed a neg-
ative correlation between sleep quality, Faecalibacterium,
and Lactobacillus [34, 35]. A recent meta-analysis showed
a transdiagnostic pattern of reduced butyrate-producing
bacteria like Faecalibacterium and an elevation of pro-
inflammatory bacteria like Eggerthella in patients with
MDD, BD, schizophrenia, and generalized anxiety dis-
order [36]. Additionally, it has previously been observed
that probiotic treatment with strains of Lactobacillus, as
well as probiotic treatment with strains of Bifidobacterium
positively influence self-rated sleep quality [37]. A

Mairinger et al.
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meta-analysis suggests that probiotic interventions with
strains of Lactobacillus and Bifidobacterium resulted in a
significantly reduced Pittsburgh Sleep Quality Index
(PSQI), which is an indicator of better sleep quality [38].

Although a growing body of evidence suggests that
the gut microbiome plays a role in the complex path-
ophysiology of sleep disturbances, a systematic under-
standing of how the microbiome influences sleep in
psychiatric disorders is still lacking. Therefore, we aimed
to study the interconnection between sleep quality
measured with the PSQI and the gut microbiome in a
cross-sectional, cross-disorder design. First, we com-
pared gut microbiome diversity indices of patients
with psychiatric disorders to healthy controls (HC).
Second, we assessed the association between gut micro-
biome diversity indices and sleep quality in the patient
group and HC. Third, we explored differences in differ-
ential abundances between patients with good and poor
sleep quality.

Materials and Methods

Study Participants

The “Multi-Omics Study of Chronobiology and Nutritional
Psychiatry” (short title: “MOMIC Chrono-Nutri Psy”) was
conducted as a cross-sectional, cross-disorder study, due to
the commonly shared symptoms of disturbed sleep between
psychiatric disorders, with the approval of the local Ethics
Committee (EK 32-651 ex 19/20). We included 103 participants,
63 patients with psychiatric disorders (MDD [n = 31], BD [n =
13], psychotic disorders including schizophrenia and schizoaf-
fective disorder [n = 19]) and a control group of 40 HC in our
study. Participants were recruited during an inpatient stay at the
Department for Psychiatry and Psychotherapeutic Medicine in
Graz, Austria. All patients received the same hospital meals, the
same therapeutic measures (ergotherapy and physiotherapeutic
therapy) and received pharmacological standard care treatment.
In the current investigated sample, we included study partic-
ipants with MDD, BD, and psychotic disorder (schizophrenia
and schizoaffective disorder) at the age of 18-75 years. Diag-
noses were assessed by psychiatrists according to the Mini
International Neuropsychiatric Interview (MINI) [39] and
ICD-10. The HC group included study participants without
any history of psychiatric disorders and without first- and
second-degree relatives having a mental disorder. More specif-
ically, the HC included healthcare staff, university students, and
citizens from different professions recruited with flyers. All
patients and HC provided written informed consent with legal
capacity. Exclusion criteria for patients and HC alike were the
following: (1) severe drug intoxication (with loss of reality), (2)
current severe psychiatric disorder (acute severe mania or
psychosis with loss of reality), (3) status post severe craniocere-
bral trauma or brain surgery, (4) tumor disease, (5) mental
retardation, (6) dementia, and (7) severe autoimmune disease or
current immunosuppression treatment.

Microbiome Composition and Sleep in
Psychiatric Disorders

Data Collection

During the last week of their inpatient stay, study participants
received a detailed clinical interview conducted by either a trained
psychiatrist or a psychologist to assess the psychiatric diagnosis
according to ICD-10 [3], using the standardized diagnostic tool
MINT [39]. To assess self-reported sleep quality, the PSQI was
utilized to collect information about the duration of sleep, the
onset of sleep, sleep efficiency, subjective sleep quality, disturban-
ces of sleep, sedative-hypnotic drug use, and exercise habits during
the past month to calculate a total score measuring sleep quality
[40]. The patient group was divided into a good-sleep quality
subgroup by a PSQI cutoff score of 8 or below and a poor-sleep
quality subgroup determined by a PSQI cutoff score above 8 as it
was suggested to be a more accurate distinction in clinical practice
than the originally suggested cutoff score of >5 to distinguish
between good sleepers and poor sleepers [41-43]. Additionally, we
documented demographic and clinical parameters including sex,
age, height, weight, current medication regimen, alcohol consump-
tion, smoking habits, allergies, and food intolerances as well as
somatic comorbidities. Two tubes (1 g per tube) of stool samples
per participant were collected within 3 days after interviewing and
immediately stored at —20°C until 16S rRNA sequencing. During
their inpatient stay, all patients experienced similar living con-
ditions, such as daily routines, therapeutic interventions, and diet
and exercise regime, upon entering the study and received treat-
ment as usual psychopharmacological therapy.

Microbiome Analysis

DNA isolation for microbiome analysis was done on a QIA-
Symphony (QIAGEN, Hilden, Germany) device using the QIA-
symphony DSP Virus/Pathogen Mini Kit (QIAGEN, Hilden,
Germany) with a protocol adapted to stool samples, described
in detail in the online supplementary material (for all online suppl.
material, see www.karger.com/doi/10.1159/000530386). For 16S
rRNA gene PCR amplification, reactions were performed in
triplicates, and each reaction contained 2 pL DNA, 1 x Fast Start
High Fidelity Buffer (FastStart High Fidelity PCR System,
dNTPack, Roche, Mannheim, Germany), 1.25 U High Fidelity
Enzyme (FastStart High Fidelity PCR System, dNTPack, Roche,
Mannheim, Germany), 200 pM dNTPs (FastStart High Fidelity
PCR System, dNTPack, Roche, Mannheim, Germany), 0.4 uM
forward and reverse primers and PCR-grade water (VWR, Vienna,
Austria). The primer sequences were located in hypervariable
region V4, modified according to Walters et al. [44] and supple-
mented with Illumina adaptors for indexing PCR reaction accord-
ing to Illumina’s 16 s metagenomic sequencing library preparation
guide (16s sample preparation: https://support.illumina.com/
content/dam/illumina-support/documents/documentation/
chemistry_documentation/16s/16s-metagenomic-library-prep-
guide-15044223-b.pdf Guide (illumina.com); last accessed: March
2022), giving the following sequences:

MiSeqF-v4_515Fmod (TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGGTGYCAGCMGCCGCGGTAA).

MiSeqR-v4_806Rmod (GTCTCGTGGGCTCGGAGATGTGT
ATAAGAGACAGGGACTACNVGGGTWTCTAAT).

For PCR amplification, the following conditions were used:
3 min initial denaturation at 95°C, 30 cycles of denaturation (45 s
at 95°C), primer annealing (45 s at 55°C), and extension (72°C for
1 min). This protocol was complemented by a final extension step
at 72°C for 7 min and subsequent cooling to 10°C. The triplicates
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were pooled and checked on a 1.5% agarose gel. Quality control
and subsequent steps are described in detail in the online supple-
mentary material.

At “Center for Medical Research” (ZMF) Core Facility Molec-
ular Biology in Graz, Austria, 9:00 p.m. of the final library was
sequenced using an Illumina MiSeq desktop (Illumina, Eindhoven,
Netherlands) with v3 chemistry for 600 cycles along with 20%
PhiX Control DNA (Illumina, Eindhoven, Netherlands) according
to the manufacturer’s instructions. FASTQ files were used for
subsequent data analysis.

Bioinformatics and Statistical Analysis

Unpaired FASTQ files were used as input for subsequent bio-
informatic analysis. The raw sequencing data were processed using
Quantitative Insights Into Microbial Ecology 2 (QIIME2) scripts on
the galaxy server of the Medical University of Graz (galaxy.medu-
nigraz.at) [45]. FASTQ files were paired, demultiplexed, derepli-
cated, and quality-checked. Preprocessing continued by utilizing the
DADA? inference algorithm [46] and chimera were removed. For
taxonomic identification, sequences were aligned against the SILVA
132 release database using the Scikit-learn classifier. For de novo
multiple sequence alignment, we made use of MAFFT, to then build
a phylogenetic tree with FastTree [47, 48].

To calculate alpha diversity, a rarefied feature table with 9,000
reads per sample was used. To measure species evenness, which refers
to the even distribution of species in numbers within a sample, the
Pielou’s Evenness index [49] was used. Faith’s phylogenetic diversity
(PD) [50] index was used to incorporate the phylogenetic difference
between species. The number of observed species [51] was used to
approximate richness. Diversity was estimated with the Shannon
index [52]. Visualization of alpha diversity was done in R (4.2) and
RStudio (2022.02.2) (R foundation, Vienna, Austria). Alpha diversity
indices were compared between HC and psychiatric diagnosis groups
with the pairwise Kruskal-Wallis test. For beta diversity metrics,
analysis of similarities (ANOSIM) based on Bray-Curtis dissimilarity,
Jaccard dissimilarity, and unweighted and weighted UniFrac distance
matrices were used to identify similarities of microbiome structures
between groups. Principal coordinate analysis was performed with
Bray-Curtis dissimilarity and Jaccard dissimilarity to visualize beta
diversity indices. The Firmicutes/Bacteroidetes (F/B) ratio was calcu-
lated based on the rarefied feature table mentioned above. To identify
differentially abundant taxa between groups, Microbiome Multivari-
able Association with Linear Models 2 (MaAsLin2) was used.

Statistical analysis was done with the software SPSS (IBM Corp.
Released 2017. IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp). To test for normal distribution, the
Kolmogorov-Smirnov test and the Shapiro-Wilk test were used,
in conjunction with visual assessment of Q-Q plots and histograms.
To control for potential confounding variables, we evaluated the
correlation of the PSQI score and clinical parameters, as well as
demographic data before further statistical testing of our major aims,
which revealed no significant correlations in either group (see
“Correlation Analysis of PSQI, Diversity Indices, and Clinical
Parameters” in the Results section, online suppl. Table A.1, A.2).
As PSQI did not correlate with our major markers, we did not
correct for the clinical parameters in the major investigations. We
compared clinical and demographic variables between groups using
the ¥ test for categorical variables. To compare normally distributed
continuous variables, the f test was utilized. For comparison of non-
normal continuous variables, we used the Mann-Whitney U test.
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Nonparametric Spearman-rho-correlation analysis was used to
investigate the relationship between non-normal distributed con-
tinuous variables and biserial rank correlation analysis to assess
correlations between dichotomous and continuous variables.

Results

Evaluation for Confounding Variables regarding

Sleep Quality

Before statistical testing our main hypothesis, the PSQI
score, serving as the main variable measuring sleep quality
in our sample, was evaluated for potential confounding
factors in the patient and HC group, respectively, as
described in the Methods section. As a consequence of
no significant correlations between potential confounding
clinical variables and the PSQI score, we abstained from
further statistical correction. The detailed results for either
group are described in “Correlation Analysis of PSQI,
Diversity Indices, and Clinical Parameters” below and
in online supplementary Table A.1 and A.2.

Cohort Description

Demographic and clinical data of the 63 patients and
40 HC are depicted in Table 1. Patients were slightly
older, had a higher body mass index and smoked more
than HC. There were no significant differences between
sex or alcohol consumption observed. A significant differ-
ence was found comparing the total PSQI score between
groups, with a mean score of 10 in the patient group and a
mean score of 3.78 in the HC group.

Alpha Diversity

The patients were divided into subgroups based on
their psychiatric diagnosis and compared to HC sep-
arately. There were no significant differences observed
in alpha diversity indices, comparing the BD and HC
groups. In the MDD group, however, the Pielou’s
Evenness index (H = 5.539, p = 0.019), Faith’s PD
index (H = 4.307, p = 0.038), and Shannon index
(H = 5.007, p = 0.025), all markers for alpha diversity,
were found to be significantly reduced compared to HC.
No difference was detected in observed species between
the two groups (H = 3.209, p = 0.073). Patients with
psychotic disorders showed significantly lower alpha
diversity scores than HC in the Shannon index (H =
5.609, p = 0.018), observed species (H = 1.814, p =
0.178), Pielou’s Evenness index (H = 4.725, p = 0.03),
and Faith’s PD index (H = 0.487, p = 0.485). Comparing
all patients with psychiatric disorders to HC, the
Shannon index (H = 6.893, p = 0.009), observed species
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Table 1. Demographic and clinical parameters of patients and HC

Parameters Patients (n = 63) HC (n = 40) XZ/Z p value
Diagnosis (MDD/BD/psychotic disorder) 31/13/19 /

Sex (female/male) 36/27 27/13 1.11 0.293
Alcohol consumption (yes/no) 27/36 22/18 1.45 0.229
Age, years 43.03+£13.93 36.88+11.32 -2.18 0.03*
BMI, kg/m2 27.44+7 .46 22.99+2.51 -2.87 0.004*
Smoking, pack-years 9.70+24.53 1.501+6.49 —6.55 <0.007%**
PSQI 10+4.66 3.78+2.72 -3.67 <0.007***

Data are presented as numbers or mean + standard deviation. Differences were tested with y? tests (x) or Mann-Whitney U tests
(2). Statistical significance of p values is described as p < 0.05 (*) and p < 0.001 (***). BMI, body mass index; HC, healthy controls;

MDD, major depressive disorder; BD, bipolar disorder; PSQI, Pittsburgh Sleep Quality Index.

7 ——

‘ Controls ‘ Depression E Bipolar Disorder E Psychotic Disorder

‘ Controls ‘ Depression $ Bipolar Disorder E Psychatic Disorder

_|

Shannon-index
o

\
.e

Controls Depression
a Groups

+ #F
= 1

Bipolar Disorder  Psychotic Disorder Controls

* Controls ‘ Depression E Bipolar Disorder E Psychotic Disorder

20

0.8
w
w
@
£

[=]

Dos £
2 =
<] . w
o .
- 1

08 . 10 —

. N N
Controls Depression Bipolar Disorder Psychotic Disorder Controls Depression Bipolar Disorder Psychotic Disorder

c Groups d Groups

Observed species

Depression Bipelar Disorder Psychotic Disorder
b Groups

Bl cControis BE Depression B3 Bipolar Disorder 3 Psychotic Disorder

Fig. 1. Alpha diversity indices as in the Shannon index (a), observed species (b), Pielou’s Evenness (c), and Faith’s
PD (d) are visualized in boxplots and labeled on the y-axis and compared between HC and psychiatric diagnosis

groups.

(H = 4.867, p = 0.027), and Pielou’s Evenness index
(H = 5293, p = 0.021) revealed a significant, trans-
diagnostic decrease in alpha diversity metrics in the

Microbiome Composition and Sleep in
Psychiatric Disorders

psychiatric disorder group, except Faith’s PD index
(H =3.463, p = 0.063) (shown in Fig. 1). Furthermore,
no differences were observed in alpha diversity metrics
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Fig. 2. Beta diversity visualized as principal
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comparing patients with good sleep quality and poor
sleep quality (for detailed results, see “Sleep Quality and
Differential Abundances” below).

Beta Diversity

To depict phylogenetic distances between samples,
Bray-Curtis dissimilarity and Jaccard dissimilarity were
calculated and then visualized in a principal coordinate

6 Neuropsychobiology
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analysis plot (shown in Fig. 2). ANOSIM revealed sig-
nificant differences comparing the MDD and HC groups
in Bray-Curtis dissimilarity (R = 0.119, p = 0.002) and
Jaccard dissimilarity (R = 0.104, p = 0.002). Significant
differences were observed between psychotic disorder
and HC in Bray-Curtis dissimilarity (R = 0.299, p =
0.001) and Jaccard dissimilarity (R = 0.234, p = 0.002).
Additionally, ANOSIM was performed based on
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Table 2. Demographic and clinical

parameters of patient groups with Parameters Good (n = 27) Poor (n = 36) T/XZ/Z p value
good and poor sleep quality Major depressive disorder 8 23 7.25 0.007*

Bipolar disorder 8 5 233 0.127
Psychotic disorder 11 8 2.51 0.113
Sex (female/male) 16/11 20/16 0.09 0.769
Alcohol consumption (yes/no) 14/13 13/23 1.56 0.212
Age, years 41.41£12.68 44.25+14.86 0.8 0.427
BMI, kg/m? 27.42+7.79 27.46+7.32 -0.01 0989
Smoking, pack-years 6.59+19.41 12.03+27.8 -0.79 0431
Antidepressants (yes/no) 19/8 32/4 343 0.064
Antipsychotics (yes/no) 21/6 31/5 0.74 0.389
Mood stabilizers (yes/no) 6/21 12/24 0.93 0.334
Hypnotics (yes/no) 7/20 5/31 145 0.229
Antidiabetics (yes/no) 1/26 1/35 0.04 0.836
Antihypertensives (yes/no) 4/23 8/28 0.55 0.459
Anticoagulants (yes/no) 3/24 1/35 1.80 0.179
Antiasthmatics (yes/no) 1/26 2/34 0.09 0.757
Lipid-lowering agents (yes/no) 2/25 2/34 0.09 0.765
Proton-pump inhibitors (yes/no) 4/23 3/33 0.66 0.418
Thyroid medications (yes/no) 1/26 1/35 0.04 0.836
Shannon index 5.4+0.58 5.32+0.73 -0.08 0.934
Pielou’s Evenness 0.78+0.05 0.77+0.07 -0.01 0.986
Observed species 128.22+36.3 124.83+37.41 -036 0.72

Faith’s PD 13.78+£3.36 13.69£3.5 -0.04 0.967
F/B ratio 5.09 [8.44] 5.12 [8.14] -0.319 0.749

Data are presented as numbers, mean * standard deviation, or median (inter-
quartile range). Differences were tested with t tests (7), X2 tests (x?), or Mann-Whitney U
tests (2). Statistical significance of p values is described as p < 0.05 (*) and p < 0.001
(***). BMI, body mass index; Good, good-sleep quality patient group (PSQI <8); Poor,
poor-sleep quality patient group (PSQI >8).

unweighted and weighted UniFrac distance matrices
comparing within-group differences and between-
group differences in microbiome structure in patients
and HC. ANOSIM revealed a significant difference in
weighted UniFrac comparing the MDD group to HC (R =
0.119, p = 0.002), as well as comparing the psychotic
disorder group to HC (R = 0.3, p = 0.001). Furthermore,
ANOSIM showed a significant difference in unweighted
UniFrac between patients with psychotic disorders and
HC (R = 0.129, p = 0.022). There were no significant
differences observed between MDD and HC (R=0.04, p =
0.072). No significant differences in Bray-Curtis (R =
0.084, p = 0.178) dissimilarity, Jaccard dissimilarity (R =
0.047, p = 0.280), weighted (R = 0.084, p = 0.178) and
unweighted UniFrac (R = 0.033, p = 0.277) distance
measures were found between the BD and HC groups.

F/B Ratio

The F/B ratio was slightly higher in the HC group
(Mdn = 5.87, IQR = [8.36]), compared to the psychiatric
patient group (Mdn = 5.12, IQR = [8.34]). However, the
differences were not significant (H = 6.442, p = 0.092).

Microbiome Composition and Sleep in
Psychiatric Disorders

Correlation Analysis of PSQI, Diversity Indices, and

Clinical Parameters

All analyses were done in the patient group and HC
group separately. Correlation analysis using the Spearman
rho correlation coefficient for nonparametric data was
performed between total PSQI score and alpha diversity
indices, F/B ratio, body mass index, age and smoking habits.
A rank biserial correlation coefficient was calculated be-
tween the PSQI score and alcohol consumption and sex for
both groups, as well as the total PSQI score and medication
regimen (groups: antidepressants, antipsychotics, mood
stabilizers, hypnotics, antidiabetics, antihypertensives,
anticoagulants, antiasthmatics, lipid-lowering agents,
proton-pump inhibitors, thyroid medications) for the
patient group only. There was no significant correlation
between the total PSQI score and any of the tested
variables in the patient group. Looking at the HC group,
no significant correlation between the total PSQI score
and clinical or diversity parameters was detectable. The
coefficients and p values for analysis in the patient group
are found in online supplementary Table A.1 and for the
HC group, in online supplementary Table A.2.
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Fig. 3. Visualization of differentially abundant species, Ellagibacter isourolithinifaciens (a), Senegalimassilia
faecalis (b), and uncultured Blautia sp. (c), in boxplots between controls, good-sleep quality patients (good), and
poor-sleep quality patients (poor). Y-axis is labeled with the investigated species name.

Sleep Quality and Differential Abundances

We divided the patient group into poor-sleep quality
and good-sleep quality subgroups. The demographic
and clinical characteristics describing the two groups
are depicted in Table 2. We observed significantly
more patients with MDD in the poor-sleep quality
group. For patients with BD and psychotic disorder,
no significant difference between groups was found.
There were no significant differences in demographic
and clinical variables, including medication intake of
antidepressants, antipsychotics, mood stabilizers, hyp-
notics, antidiabetics, antihypertensives, anticoagulants,
antiasthmatics, lipid-lowering agents, proton-pump

8 Neuropsychobiology
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inhibitors, thyroid medications, as well as scores of
alpha diversity indices comparing the good- and poor-
sleep quality groups.

Furthermore, we used MAaslin2 to identify differ-
entially abundant taxa between the patient group with
good sleep quality and poor sleep quality based on the
species and the genus levels. On the species level, we
found 3 specific taxa, Ellagibacter isourolithinifaciens
(coef = —0.2638, p = 0.002), Senegalimassilia faecalis
(coef = —0.1355, p = 0.001), as well as uncultured
Blautia sp. (coef=-0.319, p = 0.002) to be significantly
enriched in the good-sleep quality patients, compared
to poor-sleep quality patients. The differences between
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groups are visualized in Figure 3, with another boxplot
showing differential abundances in HC for reference.
No significant enrichment in species was found in
poor-sleep quality patients compared to good-sleep
quality patients.

Looking at the genus level, there was one significantly
abundant genus Senegalimassilia (coef = —0.249, p=
<0.001) in the good-sleep quality patients, compared to
the poor-sleep quality group. An uncultured Muribacu-
laceae genus (coef = —0.163, p = 0.001) that was matched
to Muribaculaceae on the family level was also found to be
enriched in the good-sleep quality group compared to
poor-sleep quality patients. In Figure 4, boxplots are
offered for visual comparison between groups, as well
as for HC. No significant enrichment in genera was found
in poor-sleep quality patients compared to good-sleep
quality patients.

Discussion

In summary, our results show significant differences in
microbiome composition and sleep quality between pa-
tients with major psychiatric disorders, namely, affective
disorders and psychosis, and HC. We observed significant
differences across alpha diversity and beta diversity in-
dices comparing individuals with psychotic disorders and

Microbiome Composition and Sleep in
Psychiatric Disorders

patients with MDD to HC. No significant differences
were found between HC and BD. Three species, Ellagi-
bacter isourolithinifaciens, Senegalimassilia faecalis, and
uncultured Blautia sp., were associated with good sleep
quality in the patient group, in contrast to patients with
poor sleep quality. Two genera, Senegalimassilia and
uncultured Muribaculaceae genus, showed significant
enrichment in good-sleep quality patients as opposed
to the poor-sleep quality patient group.

Significantly lower scores in alpha diversity measure-
ments, showing differences in microbiome composition
of patients with MDD compared to HC, are in line with
results of other studies [53, 54]. However, these results are
not homogenous across the literature [55, 56]. A recent
meta-analysis revealed no significant differences regard-
ing alpha diversity indices in patients with MDD [57].
Microbiome composition can vary significantly across
different geographic locations, dietary habits, and eth-
nicities, which may partially explain some differences
[58]. Our findings of decreased alpha diversity in patients
with psychotic disorders are similar to previous results
[59]. At the same time, there have been studies with
contrary findings [60-62]. BD was not associated with
significant differences in alpha diversity or beta diversity,
which has also been the case in earlier investigations of
our research team [63]. As for beta diversity, the dissim-
ilarity between HC and MDD, as well as HC and patients
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with psychotic disorders were consistent with the results
of a recent meta-analysis [36]. Interestingly, despite the
shared characteristics of depressive episodes in MDD and
BD, the microbiome composition shows differences be-
tween the groups across alpha and beta diversity indices
when compared to HC. This might further suggest po-
tential differences in the underlying pathophysiology of
MDD and BD despite their commonly shared symptoms.
However, comparison of the results between studies is
limited by the wide variety of techniques available for
analysis, primer usage, bioinformatic processing, and
differences in used diversity indices, demonstrating a
need for methodical standardization across the field of
microbiome research. Findings suggest that more diver-
sity in the gut microbiome means better overall health. A
transdiagnostic diversity decrease across psychiatric di-
agnoses is interesting as a potential mechanism to explain
commonly shared symptoms in the future [64].

Medication intake of antidepressants, antipsy-
chotics, mood stabilizers, or hypnotics has been dem-
onstrated in previous studies to facilitate changes in
microbiome diversity metrics, potentially explaining
the differences in diversity metrics between patients
and HC in our sample [65, 66]. A novel suggested
mechanism is the biotransformation of medication by
the gut microbiota, encapsulated with the term phar-
macomicrobiomics [67]. There is preliminary evidence
that different pharmacologic agents interact with spe-
cific gut microbiota, resulting in changes in pharma-
cokinetics, effectiveness, and side effects [68]. As diet-
ary patterns can profoundly shape the microbiota
composition, the Westernized diet and unhealthy eat-
ing habits of patients with psychiatric disorders are
another possible explanation [69, 70]. It has been
commonly observed that patients suffering from de-
pression struggle to maintain healthy eating habits,
especially in the acute state, patients prefer a Western
diet with a lot of convenient food over a healthy diet
with high fiber content [71].

Alpha diversity and the F/B ratio were previously
observed to be positively associated with sleep efficiency
in healthy individuals [72, 73]. The same positive corre-
lation with sleep quality has been demonstrated quite
recently in patients with MDD [55]. To our knowledge,
this is the first study investigating sleep quality and
microbiome diversity in patients with BD and patients
suffering from psychotic disorders.

Nevertheless, we could not replicate prior findings
when correlating the total PSQI score and alpha diver-
sity indices, as well as the PSQI and F/B ratio, neither in
the psychiatric disorder group nor in HC. However, the
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lack of statistical significance could very well be caused
by our sample size. Interestingly, none of our clinical
variables including medication intake sufficiently ex-
plained the differences in good and poor sleep quality in
patients with psychiatric disorders, except a diagnosis of
depression which was expected, and the significantly
increased abundances of specific species and genera in
the good-sleep quality group. Further, the enrichment
of the previously mentioned species and genera was
more prominent in the good sleep-quality patients than
in poor-sleep quality patients, as well as HC. This is
potentially influenced by progression, duration, or se-
verity of disease. Additionally, as we did not collect data
regarding the intake of nutritional and probiotic supple-
ments, individuals with psychiatric disorder might be
more likely to use nutritional or probiotic supplements
to try and improve their clinical symptoms, compared
to HC. Probiotics can affect the gut health by produc-
tion of neuroactive and immunomodulatory com-
pounds including SCFAs, secondary bile acids, and
neurotransmitters, several of them being considered
as sleep promoting (gamma-aminobutyric acid, mela-
tonin) or wakefulness-promoting (serotonin, orexin,
histamine, cortisol). Some studies found that certain
sleep parameters such as sleep length and latency im-
proved after pro-, pre-, or postbiotic ingestion (i.e., by
probiotics such as Lactobacilli and Bifidobacteria), but
results are inconsistent because of strong between study
variations [74].

As psychiatric medication intake was similar across
patient groups, the differential abundances might be
explained by pharmacomicrobiomic effects of medica-
tion dosage, duration of use, formulations of generic
drugs, as well as individual pharmacokinetic parameters.
The species Ellagibacter isourolithinifaciens is one of
few that can convert ellagic acid into isourolithin A
and urolithin C [75]. As gut-microbial metabolites,
urolithins are known to improve mitochondrial func-
tion, induce autophagy, reduce oxidative stress, de-
crease neuroinflammation, inhibit monoamine oxidase
A, and even attenuate memory [76-79]. The role of
urolithins in sleep, psychiatric disorders, and MGBA
has, to our knowledge, not been investigated. However,
a clinical trial in patients with high levels of oxidative
stress identified significant improvements in insomnia,
fatigue, oxidative stress, and mood in supplementary
treatment with Robuvit®, an extract from wood of the
French oak, Quercus robur, containing urolithins and
ellagic acid as main ingredients [79]. Further studies are
necessary to assess the role of urolithins in sleep dis-
turbances and psychiatric disorders.

Mairinger et al.
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The genus Blautia, which was associated with good sleep
quality in our sample of patients with psychiatric disorders,
is known to produce SCFAs, more concretely butyrate [72].
Butyrate may enhance sleep and play a role in inducing
sleep, as observed in animal models [80]. More precisely,
Szentirmai et al. [80] could demonstrate that an orally
administered prodrug of butyrate showed an increase in
non-rapid-eye movement sleep, suggesting a possible effect
on sleep modulation in an animal model. The main quantity
of intestinal butyrate production emerges from Firmicutes,
particularly Faecalibacterium prausnitzii and Clostridium
leptum [81, 82]. Interestingly, Blautia was already positively
associated with sleep quality in healthy individuals [73]. In
patients with MDD, the butyrate-producing genera Blautia,
Coprococcus, Dorea, and Intestinibacter were inversely cor-
related with sleep quality [55]. Another study demonstrated
a negative correlation between the total PSQI score and
relative abundance of Blautia in patients with MDD and a
positive association with sleep quality, consistent with our
findings [55].

Senegalimassilia faecalis can convert the isoflavone
dasalazin into equol and metabolize genistein [83]. As
phytoestrogens, these substances are traditionally used to
milden postmenopausal symptoms in women [84]. How-
ever, antidepressive, anti-atherogenic, and anti-obesity-
like effects have been described as well [85, 86]. Interest-
ingly and in line with the higher relative abundance in
patients with good sleep quality in our study, a random-
ized controlled trial investigating the quality of life in
postmenopausal women, equol supplementation led to
significantly increased sleep quality and general quality of
life across different metrics [87].

Uncultured genus Muribaculaceae was attributed to the
tamily Muribaculaceae, which is a family usually observed
in mouse models due to their high prevalence of about 67%
in contrast to an average prevalence of 7% in human gut
samples [88]. A negative correlation between systemic
inflammation and Muribaculaceae has been established
in animal models [89]. Depletion in relative abundance
has been associated with generalized anxiety disorder in
human fecal samples [90]. Nevertheless, sufficient informa-
tion to explain its association with sleep quality is still scarce.

Limitations

Interpreting our results should be done by keeping the
cross-sectional and cross-disorder study design in mind.
Moreover, data from longitudinal trials are essential to
broaden our understanding of the relationship between
gut microbiome composition and sleep quality in psychi-
atric disorders, which we plan to incorporate in future
study designs to address this limitation. In addition, the

Microbiome Composition and Sleep in
Psychiatric Disorders

power of our study was limited by the sample size for each
psychiatric diagnosis subgroup, showing the need for
more extensive trials. However, sleep problems are found
across all psychiatric disorders, and the cross-disorder
approach helps in revealing the pathogenesis of symp-
toms that are occurring transdiagnostically, which can
support to think outside the box. As we know from
genetics studies, Kraepelin’s duality is no longer a strong
boundary, and cross-disorder studies can help to uncover
mechanisms that are broadly distributed in Psychiatry. A
replication in drug-free patients is necessary to eliminate
but also to further explore the potential effects of med-
ication intake on the microbiome diversity metrics.
Nevertheless, all patients had the same environmental
conditions at the hospital, and all patients were treated
with standard care, which synchronizes at least the
environmental factors.

Due to cost-effectiveness, it was only possible to use
16S rRNA sequencing for analyzing stool samples instead
of the more expensive but methodically superior shotgun
sequencing. It is planned to build upon those findings
using a metabolomics approach (nuclear magnetic reso-
nance spectroscopy) in a future analysis to identify the
actual bacterial metabolite levels (e.g., butyrate) in our
sample, compared to the hypothesized metabolites pro-
duced by the enriched species and genera.

In summary, this pilot project presents the preliminary
results of the first and ongoing largest Austrian multi-
omics study approach in the molecular psychiatric field.
In the future, we aim to recruit 1,000 patients within
10 years and further elucidate the concatenation between
gut-bacteria diversity and disturbances in the circadian
rhythm in follow-up projects.

Conclusions

The research presented here broadens the knowledge
about the differences in the relative abundance of bacterial
species in the gut and sleep quality measured with the PSQL
Three species, namely, Ellagibacter isourolithinifaciens, Sen-
egalimassilia faecalis, and uncultured Blautia sp., were
associated with good sleep quality. The observed trans-
diagnostic reduced alpha diversity in patients with a psy-
chiatric diagnosis also implicates the need for implementing
nutritional psychiatric interventions as the microbiome in
the gut is closely interlinked with diet. In general, symptoms
of psychiatric disorders such as sleep disorders extend over
multiple diagnostic domains. For developing a full picture of
the interconnection between the microbiome in the gut and
sleep disturbances, additional studies in a cross-sectionally
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and longitudinally setting are needed. In addition to diver-
sity and abundance metrics, a metabolomics approach
could further elucidate the function of bacterial metabolites
on sleep quality and open up new diagnostic and thera-
peutic pathways for improving sleep quality. Future trials
are warranted, investigating the efficacy of probiotic sup-
plementation of the enriched species and genera mentioned
above in improving sleep quality in individuals with psy-
chiatric disorders. In the future, comprehensive knowledge
about the complex epigenetic modifications of the MGBA
by the gut microbiota and its functional metabolites can
form a foundation for developing a tailored probiotic
approach for treating sleep disturbances.
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