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Gut microbial and human genetic
signatures of inflammatory bowel disease
increase risk of comorbid mental
disorders

Check for updates

Junho Lee 1,2,4, Shin Ju Oh3,4, Eunji Ha 1,2, Ga Young Shin3, Hyo Jong Kim3, Kwangwoo Kim 1,2 &
Chang Kyun Lee3

The high prevalence of comorbid mental disorders (CMDs) in patients with inflammatory bowel
disease (IBD) is well-documented. This study delves into the intricate CMD-IBD relationship through
comprehensive analyses using human variants, gut microbiome, and anxiety/depression estimates
from a cohort of 507 IBD patients and 75 controls. Notably, patients with IBD, especially those with
CMD, exhibited lower diversity than controls. We identified 106 differentially abundant taxa (DATs) in
IBD patients compared to controls and 21 DATs distinguishing CMD-affected from CMD-free IBD
patients. Microbial IBD-risk scores, reflecting an individual’s microbial burden for IBD, revealed a
significant enrichment of IBD-risk signatures in CMD-affected patients compared to CMD-free
patients. Additionally, there was an IBD-risk variant potentially regulating the abundance of an IBD/
CMD-associated DAT, suggesting an interplay between IBD-risk variants and dysbiosis in CMD. Our
investigation underscores the pivotal role of IBD-associated gut dysbiosis in predisposing IBD
patients to CMD, partially through genetic variant-mediated mechanisms.

Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and
ulcerative colitis (UC), causes relapsing and remitting inflammation of the
gastrointestinal tract, which has a major impact on the quality of life1,2.
Although the etiology of IBD is largely unknown, several risk factors have
been identified including genetic variants, immunological cytokines, gut
dysbiosis, and environmental triggers2–5.

Several epidemiological studies have reported higher frequencies of
comorbid mental disorders (CMDs) in patients with IBD. The pooled
prevalence of anxiety and depression in patients with inactive IBD has been
estimated to be 31.1% and 25.2%, respectively6. These prevalence estimates
were much higher than those in the general population (3.8% for anxiety
and 3.4% for depression)7.

Previous reports have provided evidence supporting the association
betweenmental disorders and IBD8. For example, IBD patients with high
disease activity exhibited a higher prevalence of anxiety and depression
(57.6% and 38.9%, respectively)6. Similarly, IBD patients with CMD
showed worse prognosis and a high risk of bowel surgery especially in
patients with CD9,10. A population-based analysis revealed that

depression prior to IBD diagnosis was associated with an increased
likelihood of IBD development, especially if they experienced gastro-
intestinal symptoms before the diagnosis of depression11. In addition,
treatment with antidepressants was reported to reduce risk of IBD12.
These results indicate that mental disorders do not occur simply due to
IBD-related confounding effects on mood (e.g., disease activity, fatigue,
flare, frustration, high medical expense).

The accumulated evidence of molecular signatures in both IBD and
mental disorders suggested the presence of shared biomarkers in both
diseases, suggesting common pathological pathways potentially involved in
a bidirectional gut-brain axis13–15. A gut microbiome study that compared
the microbial composition between IBD patients with CMD and those
without CMD emphasized abundance changes in a large number of indi-
vidual taxa according to CMD16. Our recent observations indicate that fecal
microbiota transplantation from patients suffering from both IBD and
depression induces severe IBD-like colitis and depression-like behaviors in
mice17. Considering the gut dysbiosis in patients with IBD and the reported
gut-brain axis in mental disorders18, it could be worth investigating the
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correlation of IBD-specific and CMD-specific changes of microbial abun-
dance in a single cohort.

With respect to human genetic factors, a weak but significant genetic
correlation was observed between depression and IBD in terms of disease-
specific effect sizes of genome-wide variants19. Some of the IBD-risk variants
in stress regulator geneswere enriched in open chromatin regions interacted
with promoters in a brain tissue19. However, the individual genetic variants
that explain the pleiotropic mechanism involved in two diseases remain
unclear.

In this study, we investigated human genetic variants, gut microbiota,
and their interplay that confer riskofCMDinpatientswith IBD, byprofiling
the microbial diversity, abundance level, polygenic risk scores (PRS), and
microbial quantitative trait loci (mbQTL) in a single-center cohort with a
homogenous genetic background.

Results
Summary of study design
This study aimed to comprehensively understand the IBD-risk human
genetic factors and gut microbial dysbiosis associated with the frequent
development of comorbid anxiety and depression in patients with IBD. To
this end, we recruited 507patientswith IBD (UC,n = 290; CD,n = 217) and
75 healthy controls to generate genome-wide variant data from peripheral
blood, 16S rRNA amplicon sequencing data from fecal samples, and/or
HADS data (Fig. 1). There were no significant differences in age, bodymass
index (BMI), cigarette smoking, and alcohol consumption between IBD
cases and healthy controls, except sex ratio (Table 1). HADS information
wasobtained froma subset of patientswith IBD(n = 225; 95UC+ 130CD).
A total of 29 patients with IBD (12.9%; n = 29; 13 UC+ 16 CD) had sig-
nificant anxiety and/or depression with HADS ≥ 11. Non-psychological
characteristics were not significantly different between CMD-free and
CMD-affected patients with IBD (Table 2).

To dissect the potential causal relationships between IBD-risk factors
and mental disorders (depicted in Fig. 2), we first tested whether IBD-risk
microbial signatures, including microbial diversity and taxon-level abun-
dance, were more predominant in IBD patients with CMD than in those
without CMD. Second, we tested whether the effects of genome-wide

variants on IBD were correlated with those on mental disorders in the
general population and whether PRSs for IBD or mental disorders were
higher in IBD patients with CMD than in those without CMD. Finally, we
tested whether IBD-risk genetic variants mediate changes in the abundance
of microbiota that confer risk of CMD.

Enhanced IBD-specific gut dysbiosis in IBD patients with CMD
Fecal microbiota composition was examined using 16S rRNA amplicon
sequencing for both IBD patients and healthy controls (Fig. 3). We esti-
mated gutmicrobial diversity andgenus-level abundance inKoreanpatients
with IBD and healthy controls. Shannon alpha diversity index was sig-
nificantly lower in patients with IBD (mean alpha diversity �α = 3.98) than
healthy controls (�α = 4.85) at the genus level (P = 3.93 ×10−15; Fig. 4a),
showing similar differences in alpha diversity between each IBD subtype
and the control group (P = 2.90 ×10−11 for UC and P = 6.26 ×10−19 for CD,
respectively; Supplementary Figure 1). The stratification of patients with
IBD according to CMD status revealed that IBD patients with CMD had
even less alpha diversity (�α = 3.59) in the gut microbiota compared to
controls (P = 6.69 ×10−9) or CMD-free IBD patients (�α = 3.93, P = 0.047;
Fig. 4a). Alpha diversity in the anxiety group (�α = 3.39) was relatively lower
than that in the depression group (�α = 3.75); however, the differencewas not
statistically significant (P = 0.189).

Consistently, otherdiversity indiceswere significantly lower in patients
with IBD than healthy controls (P = 4.32 ×10−13 for Simpson index,
P = 9.82×10−13 for richness,P = 1.06×10−11 for Faith’phylogenetic diversity
(PD) index), especially in CMD-affected IBD patients than CMD-free IBD
patients (P = 0.0604 for Simpson index, P = 7.77 ×10−3 for richness,
P = 0.0104 for Faith’s PD index; Fig. 4). In the sameanalysis for each subtype
(UC and CD) of IBD, we observed a similar trend of decreased alpha
diversity in patients with CMD but this did not achieve statistical sig-
nificance, probably due to the decreased sample sizes in a stratification
analysis (Supplementary Fig. 1).

We then evaluated beta diversity using the individual-to-
individual Bray–Curtis dissimilarity from the gut microbiome com-
position at the genus level. There was a significant dissimilarity of the
gut microbiome composition between patients with IBD and healthy

Fig. 1 | A schematic diagram summarizing the study participants. The schematic diagram illustrates the sample groups in the Kyung Hee University Hospital cohort
according to data availability and analysis methods.
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controls (P ≤ 0.001; Fig. 4e; see also Supplementary Fig. 2). In a prin-
cipal coordinate analysis (PCoA) for the Bray–Curtis dissimilarity, the
top principal component (PC1) explained 20.22% of the variance in the
dissimilarity of gut microbiome composition among individuals and
were significantly higher in patients with IBD than healthy controls
(P = 8.07 ×10−20; Fig. 4e). In addition, there was a significant trend
toward higher PC1 values in the order of healthy controls, CMD-free
IBD patients, and CMD-affected IBD patients (P = 2.24 ×10−14 in a
Jonckheere-Terpstra test among the three groups, P = 0.0345 between
CMD-free and CMD-affected IBD patient groups). Thus, it is tempting
to suggest that a part of the microbiota that largely contributes to the
top PCs may explain the risk of both CMD and IBD.

Given the alpha and beta diversity analysis results, we hypothe-
sized that a part of the IBD-associated gut microbiota is further
involved in the development of CMD, which may explain the high
prevalence of depression and anxiety in patients with IBD. In this
context, we aimed to investigate the taxa whose relative abundance

changes were associated with the risk of both IBD and CMD with the
same direction of abundance changes in these two diseases.

We identified 106 differentially abundant taxa (DATs), including nine
phyla, 10 classes, 15orders, 28 families, and44genera, betweenpatientswith
IBD and healthy controls at a false discovery rate threshold of 5% (Sup-
plementary Data 1; Fig. 5a). Of the IBD-associated DATs with complete
taxonomic classification information (n = 75), a total of 20 identified taxa
(26.7%) have already been reported to exhibit differential abundance in
previous IBD gutmicrobial studies at various taxonomic levels20,21, showing
the consistent directions of abundance changes in patients with IBD; they
included the phyla Firmicutes, Proteobacteria, and Tenericutes; the classes
Gammaproteobacteria and Mollicutes; the order Clostridiales; the families
Christensenellaceae, Enterococcaceae, and Mogibacteriaceae; the genera
Actinomyces, Barnesiella, Bifidobacterium, Bilophila, Butyricimonas, Cam-
pylobacter, Coprococcus, Eggerthella, Enterococcus, Paraprevotella, and
Pediococcus. In addition, a large number of IBD-associated DATs were
newly identified by taking advantage of using a large-scale IBD cohort with

Table 1 | Clinical characteristics of the study participants at a sampling point

All IBD Control P-valueª

UC CD Total patients

Baseline characteristics

n 582 290 217 507 75

Age, median (range) 40 (17–86) 48 (17–86) 33 (18–76) 40 (17–86) 43 (18–66) 0.670

Male, n (%) 350 (60.1%) 165 (56.9%) 167 (77.0%) 332 (65.5%) 18 (24.0%) 1.79 ×10−11

BMI, kg/m2, mean (SD) 22.8 (3.29) 23.02 (2.83) 22.3 (3.78) 22.8 (3.30) 23.2 (3.26) 0.350

Alcohol, n (%) 199 (34.2%) 100 (34.5%) 78 (35.9%) 178 (35.1%) 21 (28.0%) 0.280

Current smoker, n (%) 45 (7.7%) 15 (5.2%) 25 (11.5%) 40 (7.9%) 5 (6.7%) 0.890

Breastfed, n (%) 228 (78.6%) 162 (74.7%) 390 (76.9%) NA

Disease characteristics

Disease duration, year, mean (SD) 8.97 (6.64) 8.93 (5.81) 8.956 (6.29) NA

Disease activity score, mean (SD)b 1.78 (2.07) 1.96 (4.58) 1.86 (3.36) NA

IBD inflammatory bowel disease, UC ulcerative colitis, CD Crohn’s disease, BMI body mass index, SD standard deviation, NA not available.
aP-values were calculated using chi-square tests for categorical variables and t-tests for numeric variables between patients with IBD and controls.
bDisease activity score was measured based on the Mayo score in patients with UC and the Harvey–Bradshaw index in patients with CD.

Table 2 | Clinical characteristics of IBD patients with HADS information at a sampling point

CMD-free IBD CMD-affected IBDª

All (n = 196) All (n = 29) Anxiety (n = 15) Depression (n = 22) P-valueb

Age, median (range) 37 (18-77) 35 (21-59) 30 (22-59) 38.5 (21-59) 0.397

Male, n (%) 135 (68.9%) 22 (75.9%) 10 (66.7%) 17 (77.3%) 0.584

BMI, kg/m2, mean (SD) 22.8 (3.32) 22.4 (3.86) 22.5 (4.48) 21.9 (3.0) 0.608

Alcohol, n (%) 82 (41.8%) 10 (34.5%) 5 (33.3%) 6 (27.3%) 0.583

Current smoker, n (%) 15 (7.65%) 2 (6.9%) 1 (6.7%) 1 (4.5%) 1.000

Breastfed, n (%) 154 (78.6%) 20 (69.0%) 9 (60.0%) 15 (68.2%) 0.419

Subtype, n (%)

UC 82 (41.8%) 13 (44.8%) 7 (46.7%) 9 (40.9%)

CD 114 (58.2%) 16 (55.2%) 8 (53.3%) 13 (59.1%)

Disease activity score, mean (SD)c

Mayo score (for UC) 1.84 (2.15) 2.62 (3.38) 3.71 (4.35) 3.22 (3.93) 0.437

HBI (for CD) 1.32 (3.43) 2.19 (2.04) 2.50 (2.07) 1.77 (1.74) 0.159

Disease duration, year, mean (SD) 9.38 (5.85) 7.51 (4.00) 8.16 (3.98) 7.27 (4.21) 0.0333

IBD inflammatory bowel disease, CMD Comorbid mental disorder, BMI body mass index, SD standard deviation, UC ulcerative colitis, CD Crohn’s disease, HBI Harvey–Bradshaw index.
aCMD in patients with IBD was defined as having significant anxiety or depression with a HADS-A/D score of 11 or higher.
bP-values were calculated using chi-square tests for categorical variables and t-tests for numeric variables between patients with CMD-free and CMD-affected IBD.
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an underrepresented ethnicity (Supplementary Data 1). Considering the
ancestral heterogeneity and the significantnumberof replicatedassociations
of known IBD-associated taxa, novel IBD-associated DATs are likely to be
useful biomarkers and therapeutic targets, especially in East Asian patients
with IBD.

In parallel, we identified the significantly differential abundance of
21 taxa between CMD-free and CMD-affected patients with IBD
(Supplementary Data 1; PFDR < 0.05; Fig. 5b). Of the identified DATs
with complete taxonomic classification information (n = 18), 10 taxa
(55.6%) have been associated with anxiety or depression in previous
studies16,22–25. Intriguingly, 13 CMD-associated taxa were also IBD-

associated taxa in our cohort, with 11 showing the same directions of the
abundance changes in both CMD and IBD, which was significantly
more consistent than expected by chance (P = 6.05 ×10−4 in a binomial
test; Fig. 5c; see also Supplementary Data 1). This result indicated that
patients with CMD-affected IBD demonstrated a significantly greater
deviation in the abundance levels of these taxa from those observed in
healthy controls, in comparison to the degree of deviation exhibited by
patients with CMD-free IBD from controls. This trend is consistent
with the distribution of PC1 values among the three phenotypic groups
in the PCoA results. All genera associated with both IBD and CMD
showed significant correlations with PC1 values (Supplementary Data

Fig. 2 | Summary of the study strategy.Thefigure shows a simplified representation of the research scope and strategies to investigate the contributions of IBD-risk factors to
the development of CMD using a large Korean case-control cohort with gut microbial and human genetic data and clinical outcomes.

Fig. 3 | Stacked bar plots illustrating the fecal microbial taxonomic profiles at the
family level. Each stacked bar indicates the relative abundance of microbial families
in each sample from (a) UC, (b) CD, and (c) heathy control groups. Families with a

median relative abundance of less than 1% are depicted in gray. Sample groups are
divided based on the availability of HADS data and the affected status of CMD.
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Fig. 4 | Microbial alpha and beta diversity indices. Alpha diversity was assessed
based on the Shannon index (a), Simpson index (b), richness (c), and Faith’s PD
index (d) at the genus level. P-values for statistical differences in alpha diversity were
calculated using t-test between healthy controls and patients with IBD and between
CMD-free and CMD-affected IBD patients. e Beta diversity was measured based on
the Bray–Curtis dissimilarity of individuals’ genus abundance and visualized in a

PCoA plot according to the top two principal components (PCs). The centroid of
each cluster is marked by a diamond. The top PC that explained the largest pro-
portion (20.22%) of variance inmicrobial composition in the study subjects is shown
in a boxplot according to the affected status. TheP-value froma Jonckheere-Terpstra
test (PJT) was calculated to test for a significant trend toward higher PC1 values in the
order of healthy controls, CMD-free IBD patients, and CMD-affected IBD patients.
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2).We also noted that 14 IBD-associated genera, evenwithout statistical
evidence of CMD associations, showed consistent directions of abun-
dance changes in IBD and CMD (Supplementary Fig. 3).

To assess whether the CMD-specific microbial change enriches
the microbial risk factors for IBD, we newly developed a single statistic
to indicate the IBD-specific microbial burden, referred to as microbial
risk score (MRS), which is a linear summation of the normalized
abundance levels of CMD-associated genera in an individual weighted
by the pre-estimated IBD-specific effect sizes (see the Methods sec-
tion). We found that a higher MRS for IBD is associated with an
increased risk of CMD in patients with IBD (P = 7.33 ×10−3). When the
study subjects were dichotomized into two groups at the median MRS,
the high-MRS group had a large odds ratio of 5.0 (95% confidence

interval = 1.7–15.4) for CMD development in a multivariate logistic
regression (Table 3).

No evidence of IBD-risk genetic variants on the susceptibility to
CMD in patients with IBD
Genome-wide association studies have identified many risk loci for IBD26,27

and mental disorders28,29. A positive correlation between the disease-risk
effects of genome-wide genetic variants on IBD and depression has been
previously reported using linkage disequilibrium score regression (LDSC)19.
Thus, it is likely that a high genetic burden from the reported IBD-risk
variants increases the susceptibility to CMD in patients with IBD.

To test this hypothesis, we calculated individual disease-specific PRSs
based on the reported disease effect sizes of genetically independent risk

Fig. 5 | Comparison of the microbial abundance changes specific to the status of
IBD andCMD. Log2-fold changes (LFCs) inmicrobial abundance were estimated at
the various taxonomic levels in a differential abundance analysis between healthy
controls and patients with IBD (a), and between CMD-free and CMD-affected IBD
patients (b). c The LFCs were then plotted in volcano plots based on their PFDR

values. The scatter plot represents phenotype-specific LFCs for genera associated
with either IBDorCMD (PFDR < 0.05). Data points highlighted in redwith error bars
of 95% confidence intervals indicate the genera whose abundance changes were
significant in both phenotypes. Their names were provided with the initial of the
lowest taxonomic rank that was classified. N.S. not significant.
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variants (n = 136 for IBD, 87 for UC, 119 for CD, 70 for anxiety, or 49 for
depression) from previous genome-wide association studies (GWASs) in
multiple ancestral populations26–29, as described in theMethods section.We
note that the previously reported significance of the LDSC-based genetic
correlation between IBD and mental disorders was replicated in the public
GWAS results used in our PRS analysis (Supplementary Table 2).

In a combined analysis with additional out-of-study controls, the
patients with IBD showed significantly higher disease-specific PRSs for
IBD, CD, UC, and depression than those of the controls
(8.17 ×10−13 ≤ P ≤ 0.0182; Supplementary Fig. 4) except for anxiety. How-
ever, therewas no evidence of the involvement of the genetic burdenof IBD-
risk variants in the development of CMD (P = 0.641). Moreover, patients
with CMD did not show significantly higher PRSs for anxiety and depres-
sion than those without CMD (P ≥ 0.321). This result indicates a relatively
weak genetic effect of mental disorder-risk variants on the development of
CMD inpatientswith IBDor suggests that the development ofCMD in IBD
mayhave a different etiology from the generalmental disorders that develop
in the general population.

Regulatory effects of IBD-risk variants on CMD-risk microbial
abundance levels
We searched for mbQTLs, which represent human genetic loci associated
with relative microbial abundance, for each CMD-risk taxon through a
genus-wide case-only GWAS using both microbial abundance and genetic
data from patients with IBD, followed by a meta-analysis with a previous
mbQTL from a larger-scale study30 involving multiple cohorts. We eval-
uated the genetic overlap of mbQTLs for CMD-risk taxa with known risk
variants for IBD and mental disorders.

Among the 11 taxa associatedwithboth IBDandCMDwith consistent
directions of abundance changes, we identified a single locus where the T
allele of rs35866622 in the FUT2-FUT1 locus was associated with the lower
relative abundance of the genus Ruminococcus at the genome-wide sig-
nificance threshold of 5 × 10−8 (torques group; P = 2.51 × 10−8, β =−0.061,
95% confidence interval=−0.082 to−0.040; Supplementary Figure 5). The
genus Ruminococcus is a well-known IBD-associated taxon31 and our study
showed a significantly low level in its relative abundance in both patients
with IBD (compared to controls; P = 6.83 × 10−3) and patients with CMD-
affected IBD(compared topatientswithCMD-free IBD;P = 4.13 × 10−2). In
addition, the identified human mbQTL variant rs35866622 for the genus
Ruminococcus has been reported as a lead disease-risk variant of IBD and
CD, and itsT allele conferred risk of the diseases26,27. Therefore, it is plausible
to suspect that the IBD-risk allele in the FUT2-FUT1 locus has been asso-
ciated with lower relative abundance of the genus Ruminococcus, thus
potentially increasing the genetic liability to both IBD and CMD.

The locus around rs35866622 contains a number of proxy variants of
the lead variant in a high linkage disequilibrium (LD), including a nonsense
variant rs601338 in FUT2 (r2 = 1.00 and 0.80 in 1KGP East Asians and
1KGP Europeans, respectively). FUT2 encodes α-(1, 2)-fucosyltransferase
enzymes responsible for the secretionofHantigens in bodyfluids, including
the gut mucosa. The absence of H antigens in the gut mucosal fluid, caused
by two copies of nonfunctional FUT2 alleles with the nonsense allele of
rs601338, has been reported to have a large impact on the abundance levels
of several taxa30,32, some of which have been previously associatedwith IBD-
associated dysbiosis30,32,33.

Discussion
To our knowledge, this study represents the inaugural investigation of both
host genetic and gut microbial factors in IBD patients afflicted with CMD.
Our integrative analysis of thehumangenomeandgutmicrobiome revealed
that IBD-risk dysbiosis was significantly enhanced in patients with CMD,
whose gut microbiota was characterized by less diversity and more dysre-
gulated abundance levels of IBD-associated microbial taxa than those
without CMD. An MRS analysis showed that an enrichment of microbial
IBD-risk factors dramatically increases susceptibility toCMD.Moreover, an
IBD-risk mbQTL allele was associated with a lower relative abundance ofT
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the genus Ruminococcus, which exhibited protective associations against
both IBD and CMD. Our results strongly suggest that the gut-brain axis
plays a crucial role in the development of CMD in patients with IBD, with
IBD-specific gut dysbiosis primarily contributing to CMD risk and a host-
gut microbiota interaction partially mediating this relationship.

We identified five genera associated with the risk of both IBD and
CMD, with the same direction of relative abundance changes in both
conditions (Fig. 5c). This indicates that extremely severe alteration in the
abundance of IBD-associated taxa in patients with CMD-affected IBD. For
instance, the genusCoprococcus is 5.7-fold higher in patients with IBD than
in healthy controls and 2.8-fold in patients with CMD compared to those
without CMD. Indeed, the same genus was 8.6-fold lower in CMD-affected
IBD patients than in healthy controls (Supplementary Data 1).

The genus Coprococcus is a butyrate-producing microbe involved in
the hypothalamic-pituitary-adrenal axis and is known to be depleted in
individualswith depression and stress18,34. The reduced production of short-
chain fatty acids, including butyrate, facilitates inflammation or barrier
dysfunction in the gastrointestinal tract35,36. In addition, a recent study
suggested a possible role of butyrate-unrelatedmechanisms in Coprococcus
in association with quality of life18.

Another important observation was that the IBD-risk variant
rs35866622 was an mbQTL for CMD-associated bacteria (Supplementary
Fig. 5).We examined the genetic effects on the compositional changes in the
microbiome to understand the mediating effect between IBD-risk variants
and CMDs through alterations in themicrobiome. The IBD-riskmbQTL is
suggested to regulate the IBD/CMD-associated genus Ruminococcus by
regulating the secretion of H antigens in the gut mucosa32,37,38. This finding
suggests that the genetic burden of IBD partially contributes to the frequent
occurrence of mental disorders in patients with IBD, suggesting that FUT2
proteins and H antigens might be potential therapeutic targets for IBD and
CMD.Ruminococcus spp., butyrate-producingbacteria that are abundant in
the gutmicrobial community39,40, were also lower inpatientswith IBD inour
study, especially in patients with CMD. A similar lower level of Rumino-
coccus torqueswaspreviously reported inpatientswithCD41.Adiscussionof
the other IBD/CMD-associated genera is provided in Supplementary
Note 1.

Notably, CMD-associated taxa without significant IBD associations
need to be further investigated to understand whether they are IBD-
independent mental disorder-risk factors or secondary outcomes from
mental disorder-mediated effects on microbiome composition. For exam-
ple, we found a CMD association of the orders Coriobacteriales and Pas-
teurellales, the family Pasteurellaceae, and the genusCollinsella, which were
previously reported to be associated with anxiety or depression in the same
direction as abundance changes in affected individuals (Supplementary
Data 1).

Although a significant but weak genetic correlation between mental
disorder in the general population and IBD was observed in an analysis
using large-scale public GWAS results (Supplementary Table 2), the PRS-
level genetic burden for IBD or mental disorders was not significantly dif-
ferent between CMD-affected and CMD-free IBD patients in our study
cohort (Supplementary Fig. 4). Given the small sample size for the genetic
association analysis, our results indicate that pleiotropic variants for the risk
of IBD and mental disorders have little or much weaker effects on the
development of CMD in patients with IBD than the effects of gut dysbio-
sis on CMD.

A case-only study in Switzerland was previously conducted to identify
DATs in the gut correlated with Hospital Anxiety and Depression Scale
(HADS; HADS-A for anxiety; HADS-D for depression) scores in patients
with IBD in remission16. None of the reported CMD-associated genera with
complete classification information (n = 14; eight genera tested inour study)
were replicated in our analyses (Supplementary Data 1). The inconsistent
results may indicate ancestry-specific heterogeneity in microbial effects on
CMDs between European and East Asian populations, possibly due to the
population-specific gut microbial community and the population-specific
abundance levels of CMD-associated taxa that could be associated with

genetic background, diet, and lifestyle, as well as the degree of statistical
power in a differential microbial abundance analysis. In addition, the Swiss
sample size (n = 204) was moderate and was further stratified in the dif-
ferential abundance analysis according to the type of IBD or CMD. Addi-
tionally, the statistical models used in the two studies differed (linear
regression vs. generalized linear regression using a negative binomial
distribution).

This study provided unique opportunities to examine the gut
microbiome and human genome-wide single nucleotide polymorphism
(SNP) data simultaneously in a single center cohort, which allowed us to
investigate gut dysbiosis and human genetic data separately, as well as to
explore their interconnections. In addition, conducting both case-
control and case-only microbial analyses within the same cohort could
offer more reliable identification of shared risk factors between IBD and
CMD, as compared to conducting separate analyses using two inde-
pendent cohorts with different conditions such as genetic background,
diet, and disease activities.

Nevertheless, this study has five major limitations. First, the
number of CMD-affected patients was relatively small, although our
sample size was relatively large among the published microbial studies
on IBD. Large effects of gut dysbiosis were detected with strong sta-
tistical confidence in our study. However, it is likely that very small
changes in microbial abundance and PRS in patients with CMD would
not be detectable in our sample size. Second, the analyses of PRS and
mbQTL were largely dependent on public resources generated from
European populations. There is uncertainty regarding the cross-
ancestry transferability of IBD PRS variants and the different genetic
architectures of European and Korean populations in terms of allelic
frequency and LD. Better analysis will be ensured by public resources
generated from future East Asian-specific genome-wide association
studies to identify mbQTLs and IBD susceptibility loci. Third, our
analyses rely on stool samples, which may not fully represent the gut
microbiome composition. Forth, our analyses assess differences in
relative abundances rather than absolute abundances. Therefore, con-
clusions regarding abundance changes, such as that observed with
Ruminococcus, signify differences in abundance relative to other taxa
rather than absolute abundance difference. Five, theHADS information
was not available for the control group. Although we rigorously
reviewed clinical records to exclude individuals with a history of or
current mental health conditions, we cannot rule out the possibility of
including controls with high HADS values.

In summary, this study demonstrated how IBD-risk factors in the gut
microbiota and human genetic variants are associated with prevalent
comorbid depression and anxiety in patients with IBD through a series of
comprehensive analyses in a large single-centerprospective IBDcohort. The
identified gut bacteria and genetic markers may serve as predictive bio-
markers and therapeutic targets for mental disorders, thus providing new
insights and opportunities to explore the underlying mechanisms of CMD
development in IBD.

Methods
Study cohort
All patients and healthy controls were enrolled at the IBD Center of Kyung
HeeUniversityHospital (Seoul, Republic of Korea) betweenApril 2018 and
October 2022, after providing written informed consent. This study was
approved by the Institutional Review Board of Kyung Hee University
Hospital (KHUH 2018-03-006) and compiled with all relevant ethical
regulations including the Declaration of Helsinki. The patients met the
diagnostic criteria of CD or UC based on clinical, biochemical, stool, and
endoscopic findings using histopathological and cross-sectional imaging
methods42. Clinical disease activity was measured using the
Harvey–Bradshaw index (HBI) for CD and theMayo score forUC. Clinical
remission was defined as HBI ≤ 4 and Mayo score ≤243.

We obtained genomic and fecal microbial DNAs from genetically
unrelated individuals over 17 years of age and collected basic
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demographic and clinical data from all participants (Table 1). We
carefully selected healthy controls from a pool of randomly recruited
participants who met stringent criteria to ensure a rigorous compar-
ison with IBD patients collected during the same period. Exclusion
criteria comprised individuals who had consistently consumed pro-
biotics for over a week in the past three months, those who had used
medications affecting the gastrointestinal system (such as painkillers
and anti-inflammatory drugs) in the last week, participants who had
taken antibiotics in the previous month, and those who had recently
experienced acute gastrointestinal issues such as diarrhea and stomach
pain. After applying these exclusion criteria, the remaining healthy
controls had no serious illnesses, including gastrointestinal inflam-
mation, and had no family history of IBD or mental disorders at
enrollment. Additionally, healthy controls currently undergoing
treatment for mental disorders, and similar conditions were strictly
excluded during the screening process. The fecal samples were col-
lected using the Stool Nucleic Acid Collection and Preservation Tube
(NORGEN BioTek) and promptly stored at −80 °C until DNA
extraction44.

Psychometric evaluation
The HADS45, a standardized psychological scale containing anxiety and
depression subscales namedHADS-A andHADS-D, respectively, was used
for the psychometric testing of 225 patients with IBD. Significant anxiety
and depression were defined as HADS-A ≥ 11 and HADS-D ≥ 11, respec-
tively, as previously described46.

16S rRNA amplicon sequencing and microbial abundance
analysis
The V3 to V4 regions of the 16S rRNA genes in fecal DNA were amplified
using Agilent Herculase II fusion DNA Polymerase and Illumina Nextera
XT library preparation kit v2 for paired-end sequencing on the MiSeq
platform. The sequences of the targeted regions of the 16S rRNAgenes were
reconstructed by merging high-quality paired-end reads after trimming
adapter bases and low-quality bases using Trimmomatic47 and QIIME248.
We employed an amplicon sequence variant (ASV) method49 to denoise
sequence errors and remove chimeric sequences. Taxonomic classification
and phylogenetic annotation were performed using reference sequences
from Greengenes v13.8 database50. ASVs were collapsed into taxonomic
levels from phylum to genus for downstream analysis.

For diversity analyses, we employed the ‘diversity core-metrics-phy-
logenetic’ function in QIIME248, subsampling reads to the minimum
sampling depth across samples using rarefaction51. We assessed the Shan-
non index, species richness by observed features, Simpson index, andFaith’s
PD index to quantify the alpha diversity of the gut microbial community
using library size-corrected sequencingdata52–54. Thebetadiversity of the gut
microbial composition among individual samples was examined using a
PCoA based on the Bray–Curtis dissimilarity estimated from normalized
microbial abundance levels using DESeq255 and vegan56 packages. Differ-
ential beta diversity between sample groups of interest was evaluated by
distance-based permutational multivariate analysis of variance using the
adonis package56. Analysis of the differential abundance of the gut micro-
biota was performed using DESeq2 to estimate the log2-fold changes in
abundance between sample groups for only taxa present in at least 10% of
samples from any phenotypic group used in the comparison. Sex, age, BMI,
alcohol consumption, and current smoking statuswere adjusted in the case-
control analysis. In the case-only differential abundance analysis, we addi-
tionally included IBD subtypes disease activity scores, and disease duration
as covariates.

IBD MRS estimation
To understand the difference in the IBD-specificmicrobial burden between
IBD patients with CMD and without CMD, the MRS for IBD was newly
developed based on the abundance of CMD-associated genera, which were
identified in differential abundance analysis, in each individual and the pre-

estimated IBD-specific effect sizes of the same genera. The equation for the
IBD MRS of an individual k (MRSk) is

MRSk ¼
Xn

i¼1

zik

ffiffiffiffiffiffiffi
βi
�� ��

q
sgn βi

� �
ð1Þ

where n is the number of CMD-associated genera, zi is the normal
transformed DESeq-normalized read count for the i-th genus in the

individual k, and
ffiffiffiffiffiffiffi
βi
�� ��

q
is the scaling factor to make zi have a variance as

muchas the absolute value ofβi that is the pre-estimated log2-fold change in
the abundance of the i-th genus in patients with IBD compared to healthy
controls in the study. sgn βi

� �
is the sign function that returns +1 or −1

according to the sign of βi.

Genotyping and whole genome imputation
Genome-wide data of SNPs in a subset of patients with IBDwere generated
using the Korea Biobank Array57 to estimate PRSs for IBD, depression, and
anxiety inpatientswithorwithoutCMDand to explorehumanmbQTLs for
the bacteria of interest. After a general quality control procedure for the
genotyping data (Supplementary Table 1), 541,449 high-quality variants
with call rates ≥97%, minor allele frequencies ≥1%, and P values for
Hardy–Weinberg equilibrium ≥1 ×10−7 were retained in 225 unrelated
patients who showed a homogeneous genetic background and per-sample
genotyping call rates ≥0.95. Whole genome imputation was performed
usingMinimac358 with the reference panel derived from the 1000 Genomes
Project phase 3 (1KGP3) data, after phasing the genotyping data into
haplotypes using SHAPEIT software (v2.r904)59. All variants with impu-
tation quality scores (R2) > 0.4 (n = 10,689,279) were subjected to sub-
sequent analyses.

Genetic correlation
We estimated the between-trait genetic correlations of effect sizes of
genome-wide variants on IBD, depression, and anxiety. We used the large-
scale European GWAS summary statistics for IBD27, depression, and
anxiety28,29, but notAsianGWAS statistics because ourmeta-analysis results
for mbQTLs were mostly derived from European populations and there
were no publicly available Asian GWAS summary statistics for the three
traits. Genetic correlationswere calculated using LDSC60with pre-estimated
scores of LD in the 1KGP3 European population.

PRS calculation
We calculated individual-level PRSs for IBD and mental disorders in IBD
patients with HADS information based on the reported effect sizes of 136
variants for IBD (87 for UC, 119 for CD)26,27, 49 for depression, and 70 for
anxiety28,29. The variants used for the PRS calculation were genetically and
physically independent of each other (population-specific r2 < 0.2 and dis-
tance >1Mb). They exceeded the GWAS significance threshold for disease
risk in previous studies and are listed in our genetic data. Disease-specific
PRS distributions in Korean individuals were obtained from the same
variant sets in the whole genome imputation data of the Korean National
Institute of Health cohort (n = 72,179)61.

MbQTL analysis for microbial taxa associated with both IBD
and CMD
Genome-wide mbQTL analysis was performed to test for genetic associa-
tions with the abundance of the taxa of interest. The microbial abundance
level of each taxon was normalized across samples using the rank-based
inverse normal transformation. A multivariable linear regression model
between microbial abundance and the allelic dosage of each genetic variant
was examinedusingRVTESTS62,with adjustment forpotential confounders
such as sex, age, BMI, alcohol consumption, current smoking, IBD subtype,
disease activity score, mental disorder status, and the top five genotypic
principal components. A genome-wide mbQTL meta-analysis was per-
formed using our result and a previous large-scale mbQTL analysis result30
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(from 18,340 individuals; Europeans = 78.0%, non-Europeans = 22.0%) by
METAL63 using the inverse variance-weighted fixed-effects model.

Data availability
All data relevant to the study are included in the article or uploaded as
supplementary information. The 16S rRNA amplicon sequencing data
generated in this study is available in the NCBI repository under accession
number SRA: PRJNA1101759. The other data are available from the cor-
responding authors upon reasonable request.

Code availability
The software packages used in this study are open access. The analytic codes
utilized in this study for microbiome analysis and mbQTL analysis via the
link below: https://github.com/KimLabKHU/16S-rRNA-microbiome/
tree/main.
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