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Transplantation of gut microbiota derived from patients with
schizophrenia induces schizophrenia-like behaviors and
dysregulated brain transcript response in mice
Nana Wei1, Mingliang Ju2, Xichen Su3, Yan Zhang1, Yonghe Huang1, Xinyue Rao3, Li Cui3✉, Zhibing Lin3✉ and Yi Dong1✉

Schizophrenia (SCZ), as a neurodevelopmental disorder and devastating disease, affects approximately 1% of the world population.
Although numerous studies have attempted to elucidate the causes of SCZ occurrence, it is not clearly understood. Recently, the
emerging roles of the gut microbiota in a range of brain disorders, including SCZ, have attracted much attention. While the
molecular mechanism of gut microbiota in regulating the pathogenesis of SCZ is still lacking. Here, we first confirmed the difference
of gut microbiome between SCZ patients and healthy controls, and then, we performed fecal microbiota transplantation (FMT) to
clarify the roles of SCZ patients-derived microbiota in a specific pathogen free (SPF) mice model. 16 S rDNA sequencing confirmed
that a significant difference of gut microbiome was present between two groups of FMT mice, which has a similar trend with the
above human gut microbiome. Furthermore, we found that transplantation of fecal microbiota from SCZ patients into SPF mice was
sufficient to induce schizophrenia-like (SCZ-like) symptoms, such as deficits in sociability and hyperactivity. Furthermore, the brains
of mice colonized with SCZ microbiota displayed dysregulated transcript response and alternative splicing of SCZ-relevant genes.
Moreover, 10 key genes were identified to be correlated with SCZ by an integrative transcriptome data analysis. Finally, 4 key genes
were identified to be correlated with the 12 differential genera between two groups of FMT mice. Our results thus demonstrated
that the gut microbiome might modify the transcriptomic profile in the brain, thereby modulating social behavior, and our present
study can help better understand the link between gut microbiota and SCZ pathogenesis through the gut-brain axis.
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INTRODUCTION
Schizophrenia (SCZ) is a chronic and severe neuropsychiatric
disease affecting about 1% of the global population1, and SCZ
causes a heavy burden on public health. Evidence from family-
based and twin-base studies supported high heritability in the
range of 64–81% in the development of SCZ2. Several genome-
wide association studies (GWAS) have revealed the presence of
associations between genetic variants and SCZ risk3–5. The data
from GWAS seem to converge on pathways of glutamatergic and
dopaminergic systems as well as calcium signaling and immune
system genes, and these studies also provide insights into the
pathophysiology of SCZ6. Although, these data from GWAS have
identified risk genes that can explain only a small portion of
heritability in SCZ, others such as rare variants and gene-gene
interactions are thought to be the additional genetic factors.
Besides, other factors such as environmental factors and their
interactions with genetic variants may elucidate the causal
mechanisms leading to disease phenotypes. Furthermore, the
current treatments for SCZ mainly relieve the positive symptoms,
but with lesser effectiveness on negative symptoms7. Conse-
quently, seeking to identify the role of other non-human genetic
factors in the onset of SCZ has become important to investigate.
Elucidating the etiology and pathological mechanism of SCZ,
looking for novel drug target have valuable applications, and also
have been a critical priority in SCZ research.
Gut microbiota, regarded as an exteriorized organ, plays crucial

roles in human health8,9. Recent studies also have confirmed that

the gut microbiota can regulate brain function and host
behaviors10,11. Although several preliminary clinical studies
reported the alternation of gut microbial composition and
diversity was associated with SCZ12–14, the role of the gut
microbiome contributing to SCZ pathogenesis remains unclear.
Previous studies showed both the first-episode drug-naïve
patients (FSCZ) and medicated patients with SCZ (TSCZ) had an
altered microbiome, and emerging clinical and preclinical studies
indicate potential relationships between a dysbiosis gut micro-
biome and SCZ13–15, while FSCZ and TSCZ had a distinct changes
in gut microbial composition15. In animal studies, gut microbiome
transfer from medicated patients with SCZ to germ-free (GF) mice
and microbiome transfer from drug-free patients with SCZ to SPF
mice induced distinct SCZ-like behavioral phenotype13,14. Study
reported GF mice may be unsuitable model to study the effects of
microbiota on brain and behavior due to their permanent
neurodevelopmental deficits16. A big challenge of SCZ research
is the inaccessibility of human materials, especially the brain
tissues. Although research on SCZ has not been lacking in recent
decades, a suitable SPF animal model for SCZ is still limited.
It is well-known that gut microbiota regulates

hypothalamus–pituitary–adrenal (HPA) axis, and the altered HPA
axis process is showed be related to the neurodegenerative
process in SCZ17. Although the correlation between gut micro-
biota and numerous metabolism pathways were studied, includ-
ing the metabolism of noradrenaline, dopamine, and serotonin,
and the glutamate-glutamine-GABA cycle and kynurenine meta-
bolism13,14. Previous studies mainly focus on evaluating the
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alternations of metabolisms in SCZ pathogenesis and progression.
Growing evidence suggests that epigenetic modification plays
crucial roles in normal biological process and mental diseases by
influencing gene expression transcription, and splicing. Modula-
tion of gene expression, transcription, splicing may be another
way of impacting CNS development5,6,18. It is necessary to identify
the key molecular target linked to the microbiota and SCZ.
In this study, we first made a comparison between the gut

microbial communities of antipsychotic-treated patients with SCZ
(SCZF group) and healthy control (HCF group) using 16 S rRNA
gene sequencing. Then, we performed FMT from antipsychotic-
treated patients with SCZ into SPF mice, in parallel with recently
published work using microbiome from drug-free patients14. Our
results provided further evidence that the SCZ patients with
antipsychotic treatment have altered microbiome, and the altered
gut microbiome can induce SCZ-like symptoms in SPF mice. Our
analysis on RNA-sequencing and bioinformatic analysis revealed
that Neuroactive ligand-receptor interaction, immune and inflam-
matory signaling pathways may be related to microbiota-induced
SCZ-like behavioral abnormalities in mice. Further, a combined
analysis using our data and previously published human brain
sequencing data in SCZ further elucidates four genes, including
Cybb, Gabre, Baiap3, and Magel2 may be potential molecular
targets underlying SCZ-like behaviors.

MATERIALS AND METHODS
Human subjects
The present study protocol was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics Committee of
Shanghai Mental Health Center affiliated to Shanghai Jiao Tong
University School of Medicine. All participants provided a written
informed consent before any experiments were performed. In this
study, 20 SCZ and 15 HC subjects were all from the Shanghai Mental
Health Center affiliated to Shanghai Jiao Tong University School of
Medicine. All the patients were taking antipsychotics (risperidone,
olanzapine, aripiprazole) at the time of recruitment. In addition, only
the subjects without any gastrointestinal symptoms were include
before sampling. Normal and fresh stool samples were collected and
immediately frozen at −80 °C until further use. Detailed information
of all participants was presented in Table 1.

DNA extraction and 16S rRNA gene sequencing
Microbial DNA was extracted from fecal samples using TIANamp
Stool DNA Kit (TIANGEN, Shanghai, China). The bacteria 16 S rRNA
gene (hypervariable V3-V4 region) were amplified by PCR using
universal 16 S primers (341F/806 R). PCR was carried out using a Bio-
Rad thermal cycler Model C1000 (Bio-Rad, Richmond, CA, USA). Three
replicates for each sample were performed, and PCR products were
purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme Biotech
Co., Ltd., China), and sequenced on an Illumina MiSeq platform by
Shanghai Personal Biotechnology Co., Ltd (Shanghai, China) and
Magigene Biotechnology Co., Ltd. (Guangzhou, China).
Raw sequences were quality filtered, denoised, merged, and

chimera filtered using the DADA2 plugin with DADA2 pipeline19.
Rarefaction analysis based on the number of sequences and ASVs
for each sample was used to evaluate the adequacy of sequencing

depth. Alpha diversity was assessed using the diversity index
(Shannon, Simpson and Faith’s Phylogenetic Diversity), richness
index (Observed species and Chao1) and evenness (Pielou’s
evenness)20. The Alpha diversity were compared between groups
by Kruskall Wallis and dunn’test. Beta diversity was analyzed using
the unweighted_UniFrac distances21. The differentially abundant
taxa between two groups were identified using Linear discrimi-
nant analysis (LDA) effect size (LEfSe)22. Venn diagram was
generated to characterize the common and unique ASVs between
groups according to genescloud platform (https://
www.genescloud.cn).

Animals and antibiotic treatment
Male C57BL/6 mice (6 weeks old) were obtained from Shanghai
JieSiJie Laboratory Animals Co., Ltd. (Shanghai, China). All animal
experiments were approved by the local animal ethics committees
(approval number: SV-20201026-02). Mice were randomly
grouped and each 4-5 mice were housed in one cage in SPF
conditions under a 12 h light/12 h dark cycle. After the acclima-
tion, antibiotic cocktail was prepared to eliminate the initial gut
microbiota according to the previous report23. Briefly, mice
received an oral gavage with 1 mg/kg amphotericin-B for 3 d,
and then each mouse was given an antibiotic cocktail of 50 mg/kg
vancomycin, 100mg/kg metronidazole, 100 mg/kg neomycin
trisulfate, and 1mg/kg amphotericin-B for 7 d. Ampicillin was
dissolved into drinking water at a concentration 1 g/L for mice.
Antibiotic cocktail solution was prepared and freshly used, and all
antibiotics were purchased from Sigma-Aldrich (Shanghai, China)
and Macklin Biochemical Technology (Shanghai, China).

FMT experiments
As described previous studies20,23, fecal samples from randomly
selected five SCZ patients and five demographically matched
healthy controls were prepared for FMT. Briefly, fecal samples
were suspended with sterile phosphate buffer solution (PBS), and
then filtered through 100 µM strainer. The collected supernatant
was centrifuged at 6000×g for 15min. The fecal microbiota was
suspended in glycerin-PBS and used for transplantation24. After
receiving antibiotic cocktails for 3 weeks, each mouse received an
oral gavage of a volume of 200 μL microbiota suspension for twice
each week for continuous 3 weeks.

Behavioral tests
Open-field test. The Open-field test (OFT; reflect spontaneous
activity, excitability, and anxiety-like behaviors) was performed in
behavior test box of 27.5 cm × 27.5 cm and allowed to explore
freely. The movement of each mouse was recorded for 5 min by
video camera, and the total travel distance, average speed and
time were evaluated in this study.

Elevated plus maze test. The elevated plus maze (EPM; reflect
anxiety-like behaviors) test was performed in a device, which has
two open arms and two closed arms according to the previous
study with little modifications25. An EPM of four arms with a
length of 29 cm and a width of 8 cm. The maze was 17 cm high to
the walls. Each mouse was put into the cross section and free

Table 1. Detailed information of samples tested in this study.

Cohort Gender Average age (years) Therapy Sample name

Patients with SCZ (SCZF) Male (n= 15) 38.7 Combination 49a-68a

Female (n= 5)

Healthy controls (HCF) Male (n= 11) 40.5 – 1a-15a

Female (n= 4)
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access to active for 5 min. Less time and less entering open arms
represent the increased of anxiety. The time of activity in open
arm and the total entries into open arms were recorded in
this study.

Forced swimming test. The Forced swimming test (reflect
depression and anhedonia-like behavior) was carried out accord-
ing as described by Porsolt et al. 26, with some modifications. The
mice were placed into a container with a diameter of 18 cm and a
height of 25 cm. Test sessions lasted for 5 min. Mouse was
considered to be immobile when it remained floating motionless,
only making small movements to keep its head above the water.
The immobility time for each mouse was recorded and analyzed in
our present study.

Social interaction behaviors
In the sociability test (reflect sociability, social novelty, and social
memory), each mouse was located in a three-chambered box with
openings between the chambers. The Three-Chamber Sociability
Test (TCST) was composed of three sequential trials: trail 1, the
mice were allowed to explore chambers for 5 min; trail 2, social
ability (section I, a strange mouse-mouse 1, was placed into a
chamber and the test mouse was allowed to explore in the three
chambers for 10min, the time of the direct contact between the
strange mouse and empty cage was recorded). trail 3, social
novelty preference and social memory (section II, another strange
mouse-mouse 2, was placed into the cage in the chamber
opposite the mouse 1 from the section I, the time of the direct
contact of the test mouse with new strange mouse and previous
strange mouse was recorded).

RNA-seq library preparation and sequencing
Total RNA was extracted from mice whole-brain samples of
different groups. Library construction and sequencing were
performed using a VAHTS mRNA-seq V3 Library Prep Kit (Illumina,
San Diego, CA, USA). The quality was accessed using NanoDrop
Spectrophotometer (Thermo Fisher Scientific, MA, USA). RNA
sequencing was done on Illumina novaqseq pe150. The data were
processed and analyzed using HISAT2 software, DESeq package,
topGO and clusterProfiler. DEGs were determined using a cutoff of
p < 0.05 and |log2FoldChange | > 1. KEGG and GO analyses for
DEGs were carried out using topGO and clusterProfiler.

RNA extraction and quantitative real-time PCR experiments
Total RNA was extracted from the whole brain of different groups
as described above, and cDNA was synthesized using cDNA
Synthesis Kit (Takara, Dalian, China). The quantitative real-time PCR
(qPCR) was performed according to our previous study. Briefly,
PCR mixture of 20 μL containing 10 μL SYBR qPCR Master Mix
(Vazyme, Nanjing, China), 2 μL cDNA template, 1 μL forward
primer and 1 μL reverse primer and 6 μL water. And PCR reaction
was performed for 30 s at 95°C, followed by 40 cycles at 95 °C for
10 s, 60 °C for 30 s. The data were calculated using the 2−△△Ct

method. The primers used are listed in Table S1. All of the qPCR
amplifications were performed in triplicate and were repeated
three times.

Statistical analysis
The significant differences between two groups were analyzed
using Student’s t test. GraphPad Prism 8 (GraphPad Software, CA,
USA) and Origin 2019b software (OriginLab, MA, USA) were used
to create common chart and perform common data analysis. A p
value < 0.05 was considered significant.

RESULTS
Characteristics of cases and controls
A total of 20 patients with SCZ and 15 HCs were recruited for this
study. Among these patients, 75% were male, and 25% were female.
Whereas 80% were male, and 20% were female in case of controls.
The mean ages of patients were 38.7, compared with 39.5 for the
control subjects. No statistically significant differences were found in
the case of age, gender, and body mass index (BMI) between the
cases and controls (p> 0.05). All the SCZ patients were undergoing
an antipsychotic treatment, but they had not taken any antibiotics or
probiotics within 1 month before sampling.

Patients with SCZ exhibit lower gut bacterial diversity
On average, we obtained 43572 high-quality non-singleton reads/
sample. Rarefaction analysis of the samples showed that ASV
richness in each group approached saturation (Fig. 1A), and it was
significantly decreased in the SCZF group versus HCF group. As
estimated by six different indexes, gut microbial diversity was
significantly decreased in the SCZF versus HCF (p < 0.001; Fig. S1A
and Table S2). Taxonomic tree in packed circles illustrating the
overall abundance of taxa at different levels, revealed distinct
differences in the abundance and distribution of taxa between
SCZF and HCF (Fig. 1B). Principal coordinate analysis (PCoA)
analysis was performed to display the beta diversity, and the
results showed a significant distinction of gut microbial commu-
nities between both groups (Fig. 1C). A Venn diagram revealed
that 774 ASVs were shared between both groups, 2860 ASVs were
sole to SCZF group (Fig. S1B). These findings suggested that the
gut microbial community of patients with SCZ was characterized
by lower diversity.

Patients with SCZ characterize gut microbiota dysbiosis
We further compared the bacterial composition and abundance of
the gut bacterial microbiome between SCZF and HCF. We found
that the phyla Firmicutes, Actinobacteria and Proteobacteria
together accounted for 93.4% of sequences on average and were
the three leading bacteria both in the SCZF and HCF (Fig. S1C). At
the phylum level, Firmicutes, Bacteroidetes and Tenericutes were
significantly decreased, while Actinobacteria and Proteobacteria
were significantly increased in the SCZF, compared with HCF (Fig.
S1D and Table S3). At the genus level, Bifidobacterium, Blautia and
Shigella were mainly dominated in gut microbiome of patients
with SCZ, while Faecalibacterium, Blautia and Roseburia were
mainly dominated in gut microbiome of healthy control (Fig. 1D).
Compared with HCF, only two genera including Shigella and
Collinsella were increased, while eight genera including Faecali-
bacterium, Coprococcus, Prevotella, Haemophilus, Ruminococca-
ceae_Ruminococcus, Bacteroides, Oscillospira and Alistipes were
depleted in SCZF (all p < 0.05; Fig. 1E, Table S4). Among them,
Faecalibacterium, Coprococcus and Bacteroides are essential for
producing short-chain fatty acids (SCFAs), which exhibit important
anti-inflammatory effects in the host’s inflammatory response27.
Moreover, it has been reported that Collinsella and Escherichia-
Shigella mainly exhibit pro-inflammatory effects in various
disease28. Therefore, the decrease in SCFAs-producing bacteria
and the increase of pro-inflammatory bacteria may be involved in
the inflammatory response in patients with SCZ.
The hierarchical clustering of these changes in taxon abun-

dance demonstrated distinct clusters of in patients with SCZ
versus health subjects (Fig. 2A). To determine the variations in gut
microbiota composition and specific taxonomic biomarkers
between the SCZF and HCF groups, we further performed LEfSe
and metagenomeSeq analysis. LEfSe analysis showed that the
relative abundance of bacterial taxa between the two groups had
significant difference (Fig. 2B). MetagenomeSeq analysis showed
that about 10 ASVs were significantly enriched in SCZF, and these
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Fig. 2 The difference and characteristics of bacteria in different groups. A The species composition heat map was created according to the
Euclidean distance. B LEfSe comparison of gut microbiota between SCZF and HCF groups. Taxonomic cladogram derived from LEfSe analysis
of 16S sequences based on the homogeneous ASV_table using the Wilcoxon rank sum test in the R software with correction through FDR.
C Manhattan plot. The x-axis represents the microbial ASV taxonomy at phylum level, and the y-axis represents −log10 (adj p value). Dots and
hollow dots indicate ASVs with and without significant difference, respectively. The color of each marker represents the different taxonomic
affiliation of the ASVs. D Correlation analysis between metabolism pathway and gut microbes. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 1 Gut bacterial microbial diversity of SCZ patients and healthy controls. A Rarefaction curve comparing SCZF (n= 20) and HCF
(n= 15). B Taxonomic differences were based on 16S rRNA sequencing. Taxonomic composition was visualized by circular packing. The largest
circles represent phylum, and the inner circles represent class, family, and genus, respectively. The circle sizes represent the mean relative
abundance of the taxa. The taxa were colored by sample groups (red for HCF and blue for SCF), whereas the area of the group corresponded
to the mean relative abundance of the taxa in each group. C PCoA based on unweighted UniFrac measures. D Average compositions and
relative abundances of the bacterial community in both groups at the genus level. E Analysis of differences at the genus level between SCZF
and HCF. SCZF patients with SCZ, HCF healthy controls. *p < 0.05, **p < 0.01, ***p < 0.001.
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ASVs mainly belong to Bifidobacterium, Collinsella, Blautia, Shigella,
and Acinetobacter at the genus level (Fig. 2C). Furthermore, we
analyzed the correlation of predicted differential metabolism
pathway and gut bacteria, and results showed that twelve
metabolism pathways were significantly associated with the
relative abundances Nesterenkonia, Bacteroides, Acinetobacter,
Shigella, Burkholderia, Brevundimonas, Pseudomonas, Agrobacter-
ium, Cupriavidus, and Acidovorax (Fig. 2D).

Fecal transplant from patients with SCZ induces SCZ-like
behaviors in recipient mice
To determine whether SCZ-like behavioral symptoms might be
linked with disturbed gut microbiota, we performed FMT
experiments in SPF mouse. In the OFT experiment, SCZ fecal
microbiota-recipient mice exhibited hyperkinetic behavior
(increased total distance traveled, Fig. 3A; higher average speed,

Fig. 3B), and increased anxiety (less time spent in the center area,
Fig. 3C). In the EPM test, the number of entries and time spent in
the open arms were significantly reduced in SCZ fecal microbiota-
recipient mice, compared to the fecal microbiota-recipient mice
(Fig. 3D, E), suggesting anxiety-like behavior. While, there was no
difference between the two groups in the forced swimming test
(Fig. 3F). In the sociability test, HC fecal microbiota-recipient mice
spent more time to explore the chamber placing a strange mouse
than the empty chamber, whereas this significance of SCZ fecal
microbiota-recipient group (p < 0.0001) was significantly lower
than that in the HC fecal microbiota-recipient group (p= 0.0392;
Fig. 3G). Similarly, HC fecal microbiota-recipient mice spent more
time to explore a novel mouse than a familiar mouse, while there
was no difference in the time spent to explore a novel and familiar
mouse in SCZ fecal microbiota-recipient group (Fig. 3H).
Collectively, these behavioral testing results showed that SCZ-

Fig. 3 Fecal transplantation from SCZ patients leads to SCZ-like behaviors in mice. A–C Open field test. Compared to HC fecal microbiota-
recipient group, both the total distance traveled (A) and average speed (B) were significantly increased, but time spent in the center area (C)
was decreased in SCZ fecal microbiota-recipient mice. D, E Elevated plus maze test. Compared to the control group, both the number of
entries (D) and time spent in the open arms (E) were significantly reduced in SCZ fecal microbiota-recipient mice. F Immobility time showed
no significant difference between two groups. G, H Three-chamber social test. Session I: Different from HC-fecal microbiota-recipient mice
group, SCZ fecal microbiota-recipient mice failed to exhibit preference for sociability (G) and social novelty (H) (HC, n= 13; SCZ, n= 12).
**p < 0.01, ***p < 0.001. Error bars stand for the mean ± SD.
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like behaviors, including hyperactivity, increased anxiety, impaired
social interaction, and memory deficits, were partially recapitu-
lated in SPF mouse by transplanting gut microbiota from SCZ
patients.

Gut microbiome composition in recipient mice transplanted
with SCZ or HC fecal microbiota
To determine whether the similar gut microbial characteristics of SCZ
patients were successfully recurred in the SCZ fecal microbiota-
recipient mice, we analyzed the gut microbiota composition of the
feces of mice transplanted with SCZ or HC fecal microbiota using 16S
rRNA sequencing. The PCoA showed an obvious separation between
SCZ and HC fecal microbiota-recipient mice (Fig. 4A). A Venn diagram
revealed that 36 of 156 genera presented in donors’ feces were
present in the recipient mice gut microbiome (Fig. 4B). To identify the
featured gut bacterial microbes that differed between SCZ and HC
fecal microbiota-recipient mice, random forest analysis was per-
formed. The 15 bacterial genera with the highest MDA values were
shown in Fig. 4C. Among these, seven genera including Odoribacter,
Helicobacter, Corynebacterium_1, Ruminococcaceae_UCG-013, Para-
prevotella, and Ruminiclostridium_6 and Ruminiclostridium were more
abundant in SCZ fecal microbiota-recipient mice, while the remaining
six (Alistipes, Lactobacillus, Christensenella, Erysipelatoclostridium, Para-
bacteroides, and Bacteroides) were enriched in HC fecal microbiota-
recipient mice (Fig. 4D). It is worth mentioning that Alistipes showed

the similar trend either in SCZ patients or SCZ fecal microbiota-
recipient mice, compared to the corresponding controls
(Figs.1D and 4D). Previous studies have reported Alistipes is involved
in various mental diseases including SCZ, by producing SCFA,
affecting tryptophan and GABA27,29,30. These results further approved
that the gut of SPF mice could be re-colonized with the fecal
microbiota of SCZ patients or healthy controls by FMT, and Alistipes
maybe the key genus involved in SCZ.

Dysregulated transcriptional response in the brain of SCZ
fecal microbiota-recipient mice
To characterize the molecular mechanisms underlying the
behavioral phenotypes in mice transplanted with SCZ fecal
microbiota, we performed RNA-seq of the whole brain samples
obtained from SCZ and HC fecal microbiota-recipient mice, and
PBS was set vehicle control. A Venn diagram revealed that 34
DEGs were overlapped between SCZ vs HC and HS vs PBS
groups, while only 85 DEGs were sole to SCZ vs HC group (Fig.
5A). Heat map showed a significant difference of the transcripts
between SCZ and HC fecal microbiota-recipient mice group
(Fig. 5B). As we expected, FMT from healthy human into SPF
mice could also affect mice brain transcript transcriptome (Fig.
S2). To rule out this influence factor, only these 85 DEGs were
used for GO and KEGG analyses to explore the function of the
DEGs between SCZ and HC microbiota-recipient mice group.

Fig. 4 Gut microbial characteristics between SCZ and HC fecal microbiota-recipient mice. A PCoA analysis at ASVs level for microbiome of
the feces collected from SCZ fecal microbiota-recipient mice (SCZ) and HC mice (HC), based on unweighted_unifrac measures. B A Venn
diagram displaying the overlaps between human donors and human fecal microbiota-recipient mice. C Random forest plot showing the 15
most predictive bacterial genera that differentiate SCZ from HC. D Box plots of relative abundance of predictive bacterial genera and the p
value were calculated using the Mann Whitney test. *p < 0.05, **p < 0.01. Error bars stand for the mean ± SD.
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The top 20 GO terms mainly included neuropeptide hormone
activity, receptor regulator and receptor ligand activity,
immune system process in brain of SCZ fecal microbiota-
recipient mice (Fig. 5C). Bioinformatics analyses suggested that
the top 20 enrichment pathways in the recipient mouse brain
mainly included Neuroactive ligand-receptor interaction, Phe-
nylalanine metabolism and Histidine metabolism and Cytokine-
cytokine receptor interaction (Fig. 5D and Table S5). Further-
more, five DEGs were randomly selected for further validation

using qRT-PCR, and the results were consistent with the RNA-
seq data (Fig. 5E).

Overlaps and distinctions of transcriptomes in the brains of
SCZ patients and fecal microbiota-recipient mice
To compare transcriptional features and link the association
between SCZ patients and FMT mouse model, we further
performed bioinformatics analysis to compare the transcrip-
tional dysregulation in the brains of postmortem SCZ patients

Fig. 5 Fecal transplantation from SCZ patients alters the transcriptional response in brain of mice. A A Venn diagram displaying the
overlaps between different groups. B Heatmap displayed hierarchical cluster analysis data for 85 DEGs in the brain of mouse from different
groups. Top 20 enriched GO term assignments (C) and top 20 KEGG pathways (D) for DEGs between two group. E Further validation of the
RNA-seq data by using qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars stand for the mean ± SD.
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and fecal microbiota-recipient mice. Venn diagram showed
that 7 overlapped DEGs were observed between Brodmann
area 9 of SCZ patients and fecal microbiota-recipient mice, and
4 overlapped DEGs were found between Brodmann area 24 of
SCZ patients and fecal microbiota-recipient mice (Fig. 6A).
While only 1 overlapped DEGs were found to be present
among all these three groups (Fig. 6A). All these differential co-
expression genes between different two groups included Cybb,
Gabre, Cartpt, Ifitm1, Baiap3, Arhgap36, Col4a3, Magel2, Ppef1,
and Rsad2 (Fig. 6B and Table S6). The top significantly enriched
KEGG pathways were mainly involved in GABAergic synapse,
Ferroptosis, HIF-1 signaling pathway, Neuroactive ligand-
receptor interaction and Pathways of neurodegeneration-
multiple diseases (Fig. 6C).

Correlation analysis of the enriched or depleted microbes in
FMT mice with differential genes in brains
Next, we combined the FMT mouse microbiome with associated
brain transcriptomes.
A correlation heatmap was constructed to evaluate the

covariation between altered gut microbiota genera and altered
genes, as shown in Fig. 7. The Spearman’s correlation analysis
showed that most of the DEGs were positively correlated with
Lactobacillus, Alistipes, Bacteroides and Christensenell, and nega-
tively correlated with Helicobacter, Ruminococcaceae_UCG− 010,
Odoribacter, Paraprevotella and Catabacter (Fig. 7). Notably, four of
the above ten overlapped inflammation-related genes (Fig. 6B),
including Cybb, Gabre, Baiap3 and Magel2 were identified to be
correlated with the 12 differential genera between two groups of

Fig. 6 Integrated co-expression of brain transcriptome between SCZ patients and FMT mouse model. Venn diagram (A) and bar chart (B)
showed 4 overlapped DEGs (Genes in the red and green rectangles) between Brodmann area 24 of SCZ patients and fecal microbiota-
recipient mice, 7 overlapped DEGs (Genes in the red and purple rectangles) between Brodmann area 9 of SCZ patients and fecal microbiota-
recipient mice, and 1 overlapped DEGs (Genes in the red rectangles) both in all the three groups. C KEGG modules differentially enriched
between samples of brain from SCZ patients and mice model.
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FMT mice (Fig. 7). Interestingly, the abundance of Paraprevotella
and Catabacter were all positively correlated with the levels of
Gabre, Baiap3 and Magel2, and negatively correlated with the
levels of Cybb (p < 0.05; Fig. 7). Together, the results suggested
that FMT with gut microbiota from SCZ patients could affect gene
expression in mice model. Gabre, Baiap3, Magel2, and Cybb
maybe potential targets for future research in SCZ.

DISCUSSION
Mounting evidence links the gut microbiome and brain develop-
ment and behavior. And, dysbiosed gut microbiota predispose to
the onset of various mental disorders, including SCZ, Autism
Spectrum Disorder (ASD), and neurodegenerative diseases31. Our
study found significant alternations in gut microbiota between
SCZ patients and HC controls, characterizing a lower microbiota
diversity and dysbiosed microbiota composition in patients with

SCZ (Fig. 1). Moreover, mice transplanted with fecal microbiota of
SCZ patients could induce SCZ-like behavior. Furthermore, we
found the mice receiving gut microbiota transfers from patients
with SCZ displayed disturbances of transcripts involved in
Neuroactive ligand-receptor interaction, inflammation and
immunity-related signaling pathways, which has been strongly
associated with SCZ pathology. Additionally, integrated sequen-
cing data analysis demonstrated that overlapping DEGs between
SCZ patients and fecal microbiota-recipient mice were mainly
enriched in GABAergic synapse and inflammation-related signal-
ing pathways. Our results provided further evidence for the key
functional roles of gut microbiota and inflammation-related genes
in the brain in the pathophysiology of SCZ.
Compared to the HC controls, SCZ patients have a lower

microbiome diversity (Fig. 1A), which is consistent with the
previous studies13,32. Inconsistent microbial community composi-
tion and bacteria abundance in SCZ patients and HC controls also

Fig. 7 Correlation heatmap of differentially expressed genes and microbiota in the SCZ FMT mouse brain. Yellow background represents
the differently expressed overlap genes identified from transcriptomes in the brains of SCZ patients and fecal microbiota-recipient mice.
*p < 0.05, **p < 0.01.
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exist between our study and the previous study. Our study found
that Shigella and Collinsella were more abundant in SCZ patients,
and Faecalibacterium, Coprococcus, Prevotella, Haemophilus, Rumi-
nococcaceae_Ruminococcus, Bacteroides, and Oscillospira are sig-
nificantly abundant in HC controls Fig. 1). While in the Zheng
et al.13 study, Megasphera, Akkermansia, Fusobacterium and
Prevotella were significantly more abundant in SCZ patients, and
Citrobacter, Blautia, Coprococcus, Lachnoclostridium were more
abundant in HC controls. These inconsistencies may be linked to
exclusion criteria of potential confounders, such as smoking,
antipsychotic treatment, and metabolic illnesses, all of which
affect the microbiome. Some subjects with smoking and other
metabolic diseases have been excluded in our present study,
while the samples with other mental disorders and use of
antibiotics, probiotics, and prebiotics within 1 month before
sample collection were excluded in Zheng et al.13 study.
Recent studies by Zhu et al. and Zheng et al. have reported SCZ-

like behaviors in SCZ microbiota-recipient mice by FMT13,23.
Consistent with our findings, the SCZ microbiota-recipient mice
displayed hyperactivity, which is generally regarded to be closely
related to positive symptoms of SCZ33. Inconsistent behavioral
phenotypes in the recipient mice receiving SCZ microbiota also exist
between our study and the above two studies. In the TCST, we found
SCZ fecal microbiota-recipient mice exhibited impaired social
interactions (Fig. 3), whereas Zhu et al. reported similar sociability
in SCZ fecal microbiota-recipient mice, compared to the control
mice14. This inconsistency may be attributable partly to the time of
onset in patients with SCZ across these two studies. The onset time
of the donors in the Zhu et al. study14 was acutely relapsed, while the
donors in our study showed chronic symptoms. Impaired sociability
in animal models reflects core features of patients with SCZ34, our
SCZ gut microbiota transplantation mouse model may provide a
better understanding of the potential mechanisms underlying SCZ
pathophysiology and may lead to novel strategies for developing
drug targets of SCZ. Additionally, we found that the GF mouse was
used for FMT model in Zheng et al. study, while SPF mouse was used
in Zhu et al. study and our study. GF and SPF mice have anatomical
and physiological differences, including the immune system,
neurodevelopment and behavior35,36. An “ideal” mouse model of
SCZ may not necessarily exhibit abnormalities in all SCZ-like
behaviors. For FMT mouse model in SCZ, the microbiome of SCZ
patients and the symptoms of SCZ patients should be considered.
Also, different mouse models for FMT, but with the same microbiota
origin need to be compared and evaluated in parallel in future
studies.
FMT can impact the brain through a variety of different

mediators and pathways. Numerous studies have demonstrated
that FMT might play an important role in modulating central
nervous system (CNS) through the Microbiota-Gut-Brain (MGB)
axis, such as changing glycerophospholipid and fatty acyl
metabolism, glutamate-glutamine-GABA cycle and kynurenine
metabolism13,14,37. Other possible mediators of FMT impact on
CNS, including altering gene expression, transcription, and
splicing, in which FMT may impact CNS development38,39. In our
present study, four key genes, including Gabre, Baiap3, Magel2
and Cybb, are identified to be potential targets for future research
in SCZ. Gabre is mainly expressed in the locus ceruleus, dorsal
raphe and cholinergic cells. Gabre is the major inhibitory
neurotransmitter receptor responsible for fast inhibition in the
basal ganglia. It has been reported that Gaba A receptor is
confirmed to be one of the most significant drug targets in the
treatment of neuropsychiatric diseases, including epilepsy and
anxiety40. Baiap3 is mainly expressed in the hypothalamus, central,
medial and basomedial amygdaloid nuclei, and the paraventri-
cular nucleus of the thalamus (database: Allen Brain Atlas)41. And,
these areas play vital roles in modulating autonomic functions and
regulating anxiety-related behaviors42,43. Magel2 was expressed in
arcuate nucleus of hypothalamus, overlapping with vasopressin

positive neurons44. The abnormality of Magel2 has been
confirmed to be involved in neurological disease development45.
Cybb is mainly expressed in granulocyte, and mouse brain
microglia46. The deficiency or mutation of Cybb has been reported
to be associated with the pathogenesis of chronic granulomatous
disease and neurodegenerative disease47. In addition, Paraprevo-
tella and Catabacter were identified to have a strong correlation
with the above four genes (Fig. 7). However, future studies
clarifying the regulation of these target genes and specific gut
bacteria in the pathogenesis of SCZ, are also needed. Recent
studies48,49 have highlighted the importance of aberrant alter-
native splicing (AS) of mRNA in neurological diseases, including
SCZ. Five AS events were identified including skipping exon (SE),
retained intron (RI), alternative 5′ splice site (A5SS), alternative 3′
splice site (A3SS), and mutually exclusive exons (MXE) in our RNA-
seq results (data not shown). These findings suggest that FMT not
only regulates gene expression in the mouse brain but also affects
alternative splicing. Furthermore, AS events of SCZ-like genes will
be focused in our further study.
Several limitations to our study must be acknowledged. The

sample size in the current study was relatively small. To eliminate
interference factors to the maximum extent, some subjects with
smoking, other metabolic diseases and gastrointestinal symptoms,
have been excluded in this study, and it is difficult to recruit SCZ
patients with combination therapy. Thus, only 20 patients with
SCZ were included in our present study. However, our results were
credible that gut microbiota exerted potential modulation effects
on SCZ, which were also consistent with the previous studies13,14.
Our current results were limited by the fact that microbiota for
FMT were combined from all the SCZ patients with different age
and sex, and only the whole brain of the recipient mouse was
examined. In our future research, a more nuanced approach will
be used to examine transcriptomic changes across different brain
regions. Despite these limitations, our exploratory results have the
potential to better understand the molecular mechanism under-
lying SCZ pathophysiology, and may lead to new diagnostic and
treatment strategies for future SCZ studies.
In summary, our results revealed the effects of gut microbiota

on mice by FMT, and our study was also the first time to illustrate
the correlation between the microbiota and gene expression
levels by 16 s rRNA-seq and brain transcriptome in a SCZ-related
FMT mice model. We anticipate our present study can facilitate
the understanding of the mechanism underlying SCZ treatment
by FMT in clinical practice.

DATA AVAILABILITY
All the raw sequences have been deposited in the NCBI Sequence Read Archive (SRA)
under the accession number SRP412965. A STORMS (Strengthening the Organizing
and Reporting of Microbiome Studies) checklist is available at Zenodo https://doi.org/
10.5281/zenodo.8434471.

Received: 28 November 2023; Accepted: 6 March 2024;

REFERENCES
1. Whiteford, H. A. et al. Global burden of disease attributable to mental and sub-

stance use disorders: findings from the Global Burden of Disease Study 2010.
Lancet 382, 1575–1586 (2013).

2. Comer, A. L., Carrier, M., Tremblay, M.-È. & Cruz-Martín, A. The inflamed brain in
schizophrenia: the convergence of genetic and environmental risk factors that
lead to uncontrolled neuroinflammation. Front. Cell. Neurosci. 14, 274 (2020).

3. Fabbri, C. & Serretti, A. Role of 108 schizophrenia‐associated loci in modulating
psychopathological dimensions in schizophrenia and bipolar disorder. Am. J.
Med. Genet. B: Neuropsychiatr. Genet. 174, 757–764 (2017).

4. Kim, Y. et al. Comparative genomic evidence for the involvement of schizo-
phrenia risk genes in antipsychotic effects. Mol. Psychiatry 23, 708–712 (2018).

N. Wei et al.

10

Schizophrenia (2024)    44 Published in partnership with the Schizophrenia International Research Society

https://doi.org/10.5281/zenodo.8434471
https://doi.org/10.5281/zenodo.8434471


5. Wang, Q. et al. A Bayesian framework that integrates multi-omics data and gene
networks predicts risk genes from schizophrenia GWAS data. Nat. Neurosci. 22,
691–699 (2019).

6. Arslan, A. Imaging genetics of schizophrenia in the post-GWAS era. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 80, 155–165 (2018).

7. Stępnicki, P., Kondej, M. & Kaczor, A. A. Current concepts and treatments of
schizophrenia. Molecules 23, 2087 (2018).

8. Guarner, F. & Malagelada, J.-R. Gut flora in health and disease. Lancet 361,
512–519 (2003).

9. Quigley, E. M. Gut bacteria in health and disease. Gastroenterol. Hepatol. 9, 560 (2013).
10. Cryan, J. F. & Dinan, T. G. Mind-altering microorganisms: the impact of the gut

microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712 (2012).
11. Hsiao, E. Y. et al. Microbiota modulate behavioral and physiological abnormalities

associated with neurodevelopmental disorders. Cell 155, 1451–1463 (2013).
12. Shen, Y. et al. Analysis of gut microbiota diversity and auxiliary diagnosis as a

biomarker in patients with schizophrenia: a cross-sectional study. Schizophr. Res.
197, 470–477 (2018).

13. Zheng, P. et al. The gut microbiome from patients with schizophrenia modulates
the glutamate-glutamine-GABA cycle and schizophrenia-relevant behaviors in
mice. Sci. Adv. 5, eaau8317 (2019).

14. Zhu, F. et al. Transplantation of microbiota from drug-free patients with schizo-
phrenia causes schizophrenia-like abnormal behaviors and dysregulated kynur-
enine metabolism in mice. Mol. Psychiatry 25, 2905–2918 (2020).

15. Ma, X. et al. Alteration of the gut microbiome in first-episode drug-naïve and
chronic medicated schizophrenia correlate with regional brain volumes. J. Psy-
chiatr. Res. 123, 136–144 (2020).

16. Luczynski, P. et al. Growing up in a bubble: using germ-free animals to assess the
influence of the gut microbiota on brain and behavior. Int. J. Neuropsycho-
pharmacol. 19, pyw020 (2016).

17. Cherian, K., Schatzberg, A. F. & Keller, J. HPA axis in psychotic major depression
and schizophrenia spectrum disorders: Cortisol, clinical symptomatology, and
cognition. Schizophr. Res. 213, 72–79 (2019).

18. Ikeda, M. et al. Genome-wide association study detected novel susceptibility
genes for schizophrenia and shared trans-populations/diseases genetic effect.
Schizophr. Bull. 45, 824–834 (2019).

19. Callahan, B. J. et al. DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583 (2016).

20. Zheng, P. et al. Gut microbiome remodeling induces depressive-like behaviors
through a pathway mediated by the host’s metabolism. Mol. Psychiatry 21,
786–796 (2016).

21. Newell, C. et al. Ketogenic diet modifies the gut microbiota in a murine model of
autism spectrum disorder. Mol. Autism 7, 1–6 (2016).

22. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol.
12, 1–18 (2011).

23. Hintze, K. J. et al. Broad scope method for creating humanized animal models for
animal health and disease research through antibiotic treatment and human
fecal transfer. Gut Microbes 5, 183–191 (2014).

24. Zhao, W. et al. Transplantation of fecal microbiota from patients with alcoholism
induces anxiety/depression behaviors and decreases brain mGluR1/PKC ε levels
in mouse. Biofactors 46, 38–54 (2020).

25. Griebel, G., Sanger, D. J. & Perrault, G. The use of the rat elevated plus-maze to
discriminate between non-selective and BZ-1 (ω 1) selective, benzodiazepine
receptor ligands. Psychopharmacology 124, 245–254 (1996).

26. Porsolt, R. D., Le Pichon, M. & Jalfre, M. Depression: a new animal model sensitive
to antidepressant treatments. Nature 266, 730–732 (1977).

27. Yao, Y. et al. The role of short-chain fatty acids in immunity, inflammation and
metabolism. Crit. Rev. Food Sci. Nutr. 62, 1–12 (2022).

28. Liang, T. et al. Interplay of lymphocytes with the intestinal microbiota in children
with nonalcoholic fatty liver disease. Nutrients 14, 4641 (2022).

29. Jiang, H. et al. Altered fecal microbiota composition in patients with major
depressive disorder. Brain Behav. Immun. 48, 186–194 (2015).

30. Parker, B. J., Wearsch, P. A., Veloo, A. C. & Rodriguez-Palacios, A. The genus
Alistipes: gut bacteria with emerging implications to inflammation, cancer, and
mental health. Front. Immunol. 11, 906 (2020).

31. Nguyen, T. T. et al. Gut microbiome in Schizophrenia: altered functional pathways
related to immune modulation and atherosclerotic risk. Brain Behav. Immun. 91,
245–256 (2021).

32. Castro-Nallar, E. et al. Composition, taxonomy and functional diversity of the
oropharynx microbiome in individuals with schizophrenia and controls. PeerJ 3,
e1140 (2015).

33. Jones, C. A., Watson, D. & Fone, K. Animal models of schizophrenia. Br. J. Phar-
macol. 164, 1162–1194 (2011).

34. Du, Y. et al. Exosome transplantation from patients with schizophrenia causes
schizophrenia-relevant behaviors in mice: an integrative multi-omics data ana-
lysis. Schizophr. Bull. 47, 1288–1299 (2021).

35. Powell, C. M. & Miyakawa, T. Schizophrenia-relevant behavioral testing in rodent
models: a uniquely human disorder? Biol. Psychiatry 59, 1198–1207 (2006).

36. Kennedy, E. A., King, K. Y. & Baldridge, M. T. Mouse microbiota models: comparing
germ-free mice and antibiotics treatment as tools for modifying gut bacteria.
Front. Physiol. 9, 1534 (2018).

37. Liang, W. et al. Alterations of glycerophospholipid and fatty acyl metabolism in
multiple brain regions of schizophrenia microbiota recipient mice. Neu-
ropsychiatr. Dis. Treat. 15, 3219–3229 (2019).

38. Wang, Z. et al. Gut microbiota modulates the inflammatory response and cognitive
impairment induced by sleep deprivation. Mol. Psychiatry 26, 6277–6292 (2021).

39. Qu, Z. et al. Fecal microbiota transplantation for diseases: therapeutic potential,
methodology, risk management in clinical practice. Life Sci. 304, 120719 (2022).

40. Bonnert, T. P. et al. θ, a novel γ-aminobutyric acid type A receptor subunit. Proc.
Natl Acad. Sci. USA 96, 9891–9896 (1999).

41. Cirimotich, C. M., Ramirez, J. L. & Dimopoulos, G. Native microbiota shape insect
vector competence for human pathogens. Cell Host Microbe 10, 307–310 (2011).

42. Gorman, J. M., Kent, J. M., Sullivan, G. M. & Coplan, J. D. Neuroanatomical
hypothesis of panic disorder, revised. Am. J. Psychiatry 157, 493–505 (2000).

43. Parfitt, G. M. et al. Bidirectional control of anxiety-related behaviors in mice: role
of inputs arising from the ventral hippocampus to the lateral septum and medial
prefrontal cortex. Neuropsychopharmacology 42, 1715–1728 (2017).

44. Carias, K. V. & Wevrick, R. Preclinical testing in translational animal models of
prader-willi syndrome: overview and gap analysis. Mol. Ther. Methods Clin. Dev.
13, 344–358 (2019).

45. Gigliucci, V. et al. Oxytocin receptors in the Magel2 mouse model of autism:
Specific region, age, sex and oxytocin treatment effects. Front. Neurosci. 17,
1026939 (2023).

46. Zhang, Y. et al. An RNA-sequencing transcriptome and splicing database of glia,
neurons, and vascular cells of the cerebral cortex (vol 35, pg 11929, 2014). J.
Neurosci. 35, 864–866 (2015).

47. Simpson, D. S. A. & Oliver, P. L. ROS generation in microglia: understanding
oxidative stress and inflammation in neurodegenerative disease. Antioxidants 9,
743 (2020).

48. Gandal, M. J. et al. Transcriptome-wide isoform-level dysregulation in ASD,
schizophrenia, and bipolar disorder. Science 362, 1265 (2018).

49. Nik, S. & Bowman, T. V. Splicing and neurodegeneration: Insights and mechan-
isms. Wires RNA 10, e1532 (2019).

ACKNOWLEDGEMENTS
We thank LetPub (www.letpub.com) for its linguistic assistance during the
preparation of this manuscript. This work was sponsored by “the China Postdoctoral
Science Foundation (2022M711171)” and supported by the Basic research project of
Shanghai 2023 Science and Technology Innovation Action Plan (23JC1401800).

AUTHOR CONTRIBUTIONS
Y.D., Z.B.L., N.N.W., and L.C. developed the study design and supervised the study.
M.L.J., X.C.S., Y.Z., and Y.H.H. mainly performed the mouse model and animal
experiments. X.Y.R. mainly performed real-time PCR experiment. N.N.W. performed
the data analysis and data interpretation. N.N.W. performed the formal analysis,
drafted the first manuscript, performed the submission and revision of the
manuscript. All authors read and approved the final manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41537-024-00460-6.

Correspondence and requests for materials should be addressed to Li Cui,
Zhibing Lin or Yi Dong.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

N. Wei et al.

11

Published in partnership with the Schizophrenia International Research Society Schizophrenia (2024)    44 

http://www.letpub.com
https://doi.org/10.1038/s41537-024-00460-6
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

N. Wei et al.

12

Schizophrenia (2024)    44 Published in partnership with the Schizophrenia International Research Society

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Transplantation of gut microbiota derived from patients with schizophrenia induces schizophrenia-like behaviors and dysregulated brain transcript response in�mice
	Introduction
	Materials and methods
	Human subjects
	DNA extraction and 16S rRNA gene sequencing
	Animals and antibiotic treatment
	FMT experiments
	Behavioral�tests
	Open-field�test
	Elevated plus maze�test
	Forced swimming�test

	Social interaction behaviors
	RNA-seq library preparation and sequencing
	RNA extraction and quantitative real-time PCR experiments
	Statistical analysis

	Results
	Characteristics of cases and controls
	Patients with SCZ exhibit lower gut bacterial diversity
	Patients with SCZ characterize gut microbiota dysbiosis
	Fecal transplant from patients with SCZ induces SCZ-like behaviors in recipient�mice
	Gut microbiome composition in recipient mice transplanted with SCZ or HC fecal microbiota
	Dysregulated transcriptional response in the brain of SCZ fecal microbiota-recipient�mice
	Overlaps and distinctions of transcriptomes in the brains of SCZ patients and fecal microbiota-recipient�mice
	Correlation analysis of the enriched or depleted microbes in FMT mice with differential genes in�brains

	Discussion
	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




