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Irritable bowel syndrome (IBS) results from disordered brain-gut interactions. Identifying susceptibility genes could high-
light the underlying pathophysiological mechanisms. We designed a digestive health questionnaire for UK Biobank and com-
bined identified cases with IBS with independent cohorts. We conducted a genome-wide association study with 53,400 cases
and 433,201 controls and replicated significant associations in a 23andMe panel (205,252 cases and 1,384,055 controls).
Our study identified and confirmed six genetic susceptibility loci for IBS. Implicated genes included NCAM1, CADM2, PHF2/
FAM120A, DOCK9, CKAP2/TPTE2P3 and BAG6. The first four are associated with mood and anxiety disorders, expressed in
the nervous system, or both. Mirroring this, we also found strong genome-wide correlation between the risk of IBS and anxiety,
neuroticism and depression (r, > 0.5). Additional analyses suggested this arises due to shared pathogenic pathways rather
than, for example, anxiety causing abdominal symptoms. Implicated mechanisms require further exploration to help under-

stand the altered brain-gut interactions underlying IBS.

BS is common worldwide and typically presents in early adult-

hood with symptoms including abdominal pain, bloating and

bowel dysfunction'. Symptom intensity varies over time and
between individuals but IBS has been reported, in severe cases, to
affect quality of life as much as renal impairment or diabetes”.

IBS accounts for approximately half of all referrals to gastroen-
terology clinics®. Although of doubtful clinical value, many patients
undergo multiple investigations, including colonoscopies, to exclude
conditions such as Crohn’s disease or cancer. To the frustration of
patients and clinicians alike, all tests are characteristically normal.
The healthcare costs, combined with indirect employment costs, of
IBS amount to at least €13 billion (£11.7 billion) annually in Europe.

Attempts have been made to identify positive clinical diagnos-
tic features and reduce investigations. The widely used and recently
revised Rome III criteria define IBS as unexplained abdominal pain or
discomfort eased by defecation, with altered stool form or frequency,
for more than six months’. Three main subtypes are recognized:
constipation-predominant (IBS-C), diarrhea-predominant (IBS-D)
or ‘mixed’/alternating constipation and diarrhea (IBS-M). Individuals
with functional constipation and functional diarrhea share the disor-
dered bowel pattern with IBS but do not suffer from pain.

The commonly used IBS treatments, ranging from dietary exclu-
sion to psychoactive medications, are relatively ineffective and their
variety reflects the uncertain etiology®. Behavioral therapies, while

more effective (number needed to treat=4), are not widely avail-
able’. Given the high frequency, impact and cost of IBS, there is a
pressing need for improved pathophysiological understanding to
enable better therapeutic approaches.

The relative importance of peripheral and gut versus central
and psychological factors to IBS etiology is uncertain. The consen-
sus view is that IBS results from abnormal brain-gut interactions.
Recent epidemiological data suggested that, in individuals develop-
ing both IBS and psychological features, the former preceded the
latter in two thirds of cases and the latter preceded the former in one
third®. IBS is associated with abnormalities of central pain process-
ing but also increased gut permeability, mast cell activation, disor-
dered motility and dysbiosis’. Up to one in ten cases are triggered
after infection, so-called postinfectious IBS (PI-IBS)™.

IBS aggregates in families, with individuals being two to three
times more likely to develop IBS if they have an affected relative.
Estimates of heritability from twin studies range widely from 0 up
to 57%'". Twin studies have indirectly investigated whether IBS
and mental health conditions share a genetic basis but have proved
inconclusive'’. Although genetic association studies have provided
pathogenic and therapeutic insights for many conditions", only one
variant (rs10512344) has previously been identified at genome-wide
significance in IBS, with only modest replication'’. Larger data-
sets are clearly required to characterize the recognized heritable
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component of IBS; the use of large population-based cohorts had
been proposed'"”. Broad meta-analysis of cases from different
cohorts and case definitions is also a proven method of increasing
power'®. Between 2006 and 2010, UK Biobank (UKB) recruited half
a million people aged 40-69 years. Participants underwent base-
line assessment and consented to long-term follow-up, including
questionnaires, and linkage to routinely collected health data. All
participants underwent genome-wide SNP genotyping. Therefore,
UKB provides a powerful epidemiological resource for exploring
risk factors for health outcomes'”'*.

The main aim of the current study was to identify genetic risk
factors for IBS through an analysis involving over 250,000 affected
individuals. We report robustly validated genetic susceptibility loci
for IBS and provide evidence of its shared genetic etiology with
mood and anxiety disorders.

Results

Epidemiology. We designed a digestive health questionnaire
(DHQ) for the UKB website, with a link e-mailed to 332,793 UKB
participants with valid e-mail addresses. A total of 171,061 (51.4%)
responses were received and analyzed (Supplementary Fig. 1). The
DHQ included validated instruments for IBS diagnosis (Rome
III symptom criteria), the IBS symptom severity score (IBS-SSS,
measured using the IBS Severity Scoring System)'’ and the Patient
Health Questionnaire 12 Somatic Symptom score (PHQ-12)%. It
also asked about previous IBS diagnosis, environmental exposures
and associated conditions (including anxiety or depression, based
on treatment sought or offered).

After sample exclusions and quality control, we identified a total
of 40,548 UKB participants of European ancestry (Fig. 1a) who met
the diagnostic criteria for IBS (based on DHQ Rome III symptom
data, self-report of previous medical IBS diagnosis or electronic
medical records; see Methods and Supplementary Tables 1 and 2).
The demographics of the DHQ respondents are presented in Table 1.
Females were affected by IBS more commonly than males (72.1%).
IBS-M, with hard and loose stools present at least ‘sometimes’ (alter-
nating), was the most common subtype in patients defined accord-
ing to the Rome III criteria (55.0%).

A total of 24,845 respondents reported current abdominal symp-
toms meeting standard diagnostic criteria (DHQ Rome III, Fig.
1) at the time of the survey, providing a point prevalence of IBS
of 14.5%. Of these, only 8,836 (35.6%) had a hospital-documented
IBS diagnosis, via an IBS ICD-10 code (International Statistical
Classification of Diseases and Related Health Problems, 10th revi-
sion), or reported having been diagnosed with IBS by a doctor
(DHQ self-report and/or unprompted self-report). They reported
greater gastrointestinal symptom severity (quantified via IBS-SSS)
than those not medically diagnosed (odds ratio (OR) and 95% con-
fidence interval (CI)=1.07 (1.07-1.08) per IBS-SSS unit); Fig. 1b
and Supplementary Table 3).

Risk factors and associated conditions. As reported previously, a
family history of IBS was more common in cases than controls (24.0
versus 9.5%, OR and 95% CI=3.73 (3.60-3.88)). However, birth by
Cesarean section was not (2.6 versus 2.5%, OR and 95% CI=1.02
(0.94-1.11); Table 1). A significantly higher proportion of cases
with IBS recalled receiving long-term or recurrent antibiotics dur-
ing childhood compared with controls (20.0 versus 9.6%, OR and
95% CI=2.22 (2.13-2.30)). The severity of current IBS symptoms
correlated positively with recalled childhood antibiotic exposure
(OR and 95% CI=1.04 (1.04-1.04) per IBS-SSS unit) and family
history (OR and 95% CI=1.05 (1.05-1.06)). Participants with anxi-
ety also reported increased antibiotics use in childhood (18.4%, OR
and 95% CI=1.64 (1.59-1.70); Supplementary Table 4).

Regarding comorbidities, as documented previously, the rates
of appendicectomy, cholecystectomy and hysterectomy were all
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increased in IBS (Supplementary Table 5), as were the rates of atopic
disease (Table 1). Anxiety and depression were each approximately
twice as common (Table 1 and Supplementary Table 4); 34.3% of
cases reported treatment for anxiety compared with 16.1% of con-
trols. This effect was more prominent in individuals medically diag-
nosed with IBS.

Themedian PHQ-12 score was4 (interquartile range (IQR) =2-6)
in controls and 6 (IQR=4-9) in pooled cases (7 in all four con-
stituent subgroups, Supplementary Table 6; see also ‘Median scores
among pooled and individual diagnoses’ in the Supplementary
Note). The PHQ-12 score correlated with IBS symptom severity
(Pearson’s correlation=0.40 (95% CI=0.39-0.41) among 31,402
IBS cases completing all PHQ-12 and IBS-SSS questions), with back
pain, limb pain and tiredness driving this association (Fig. 1c and
Supplementary Figs. 2 and 3). Among UKB participants with pre-
vious generalized anxiety disorder-7 (GAD-7) scores (n=79,430;
Supplementary Table 7) or Patient Health Questionnaire-9 (PHQ-
9) depression scores (n=79,087, Supplementary Table 8; see
Supplementary Note for definitions), these scores were consistently
higher in cases with IBS than controls (OR and 95% CI=1.14 (1.14-
1.15) per GAD-7 unit and 1.15 (1.15-1.16) per PHQ-9 unit) and
correlated with IBS-SSS (Pearson’s correlations and 95% Cls among
cases=0.24 (0.22-0.25) and 0.27 (0.25-0.28), respectively; Fig. 1d
and Supplementary Fig. 4).

The respective prevalence for functional constipation and func-
tional diarrhea (that is, bowel disturbance without abdominal pain
or discomfort; see ‘Definitions of IBS cases’ in the Supplementary
Note) were 6.4% and 11.7% (Table 1). Somatic symptoms (PHQ-
12) and treatment for anxiety or depression were less strongly asso-
ciated with functional diarrhea than with IBS-D (excess OR and
95% CI=1.24 (1.22-1.26) per PHQ-12 unit and 1.58 (1.46-1.72),
respectively), with similar effects for functional constipation and
IBS-C (Table 1).

Genetics. We identified six independent IBS susceptibility loci at
genome-wide significance (P <5X 107®) in a discovery cohort total-
ing 53,400 cases and 433,201 controls (Fig. 2a and Supplementary
Fig. 5). This resulted from pooling IBS cases across all case defi-
nitions to maximize power, in a meta-analysis of data from UKB
(40,548 cases and 293,220 controls; Supplementary Tables 1
and 2) and the international collaborative Bellygenes initiative
(12,852 cases and 139,981 controls; Methods and Supplementary
Table 9). Using data from an independent panel from 23andMe
(Supplementary Note), all six loci were replicated at Bonferroni sig-
nificance (P<0.0083) with the same direction of effect (Table 2).
All were found on autosomal chromosomes (none on the X chro-
mosome) and conferred modest ORs < 1.05. Three out of six loci
also had reported associations with mood and anxiety disorders
and related phenotypes”'~>°.

We undertook genetic fine-mapping to establish plausible causal
variants (Supplementary Fig. 5) and used several techniques to
identify candidate causal genes within IBS risk loci (Supplementary
Table 10; see ‘Gene mapping’ in the Supplementary Note). Among
the genes implicated (Table 2) were two encoding neural adhe-
sion molecules: neural cell adhesion molecule 1 (NCAMI) and
cell adhesion molecule 2 (CADM?2). Ranking tissues according to
enrichment for risk gene expression (Supplementary Fig. 6), the
brain came top of the list (LDSC applied to specifically expressed
genes™ coefficient=8.32x107", s.em.=4.5x10"", P=0.03).
However, this result was not statistically significant after correcting
for multiple testing, which may in part reflect lack of power due
to low SNP heritability. Using expression colocalization analysis as
a separate method to implicate specific gene-tissue combinations,
we found evidence that the six IBS-associated variants regulate gene
expression across a number of tissues, with many genes particularly
expressed in the brain (Fig. 2b).
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Fig. 1| Diagnostic modalities and comorbidities of IBS. a, Venn diagram of overlap between UKB IBS cases by different diagnostic modality, split by DHQ
respondents and nonrespondents. The areas and numbers indicate the sample size. Most participants with current symptoms (DHQ Rome llI, yellow) did
not report being diagnosed with IBS either when listing medical conditions unprompted at UKB enrollment (unprompted self-report, green) or when asked
specifically about a previous IBS diagnosis when completing the DHQ (DHQ self-report, blue). Conversely, many participants previously diagnosed with
IBS, even those formally recorded during a hospital admission (hospital ICD-10, red), did not have symptoms sufficient for Rome Ill criteria IBS diagnosis
at the time of their DHQ response. b, Among individuals experiencing IBS symptoms (DHQ Rome IlI positive), those previously diagnosed by a clinician

had greater symptom severity, with an increase in the number of IBS diagnostic modalities (connected dots, middle; top: sample size is shown) being
associated with an increase in symptom severity score (IBS-SSS, bottom). Distributions are colored by the number of diagnoses and the groups shown

are mutually exclusive. For post-hoc statistics, see Supplementary Table 3. ¢, Severity of different somatic symptoms in the past three months among
digestively healthy controls and IBS cases (classified as mild, moderate and severe based on IBS-SSS). Mean scores for PHQ-12 items ranked from O (not
bothered at all) to 2 (bothered a lot) are shown. Pooled refers to all UKB cases in the discovery cohort. d, As above, for symptoms of anxiety in the last two
weeks, measured using average scores for GAD-7 items ranked from O (never bothered) to 3 (bothered nearly every day).

One association mapped to the major histocompatibility com-
plex (MHC) class 3 region close to BAG cochaperone 6 (BAG6). The
signal is not driven by human leukocyte antigen (HLA) alleles and
is independent of known MHC associations with ulcerative coli-
tis, celiac disease or microscopic colitis (Supplementary Fig. 7 and
Supplementary Tables 11 and 12) (refs. *=*). It is also independent
of lead variants for neuroticism at this locus (highest *=0.51)*.

Eight additional loci showed genome-wide significant asso-
ciation with various IBS definitions (Methods) but not the whole
discovery cohort, of which five were replicated in the 23andMe
data (Supplementary Fig. 8 and Supplementary Tables 13 and
14). These require further study. The female-specific signal iden-
tified previously* for unprompted self-reported IBS in the UKB
was also observed in our female-specific analysis of unprompted
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self-reported data but was not detected in female-specific analy-
ses of any other case definitions from UKB or Bellygenes initiative,
nor replicated in the 23andMe unstratified analyses of both sexes
(Supplementary Table 15), possibly suggesting survey-specific fac-
tors playing a role. Specific candidate gene associations previously
reviewed in the literature*** also did not show significant evidence
of association after multiple testing correction (all P> 0.015).

LDSC estimated a modest but significant genome-wide SNP
heritability for IBS of 5.77% (s.e.m.=0.35%) in the discovery
cohort, with no evidence of population stratification (LDSC inter-
cept=0.9951, s.e.m.=0.007). This was consistent across case defini-
tions within UKB (h? range of 5.42-7.71%), with similar values seen
in the Bellygenes (h*=3.14%, s.e.m.=0.74%) and 23andMe cohorts
(h*=5.39%, s.e.m.=0.02%).
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Table 1| Demographics, symptom severity, family history and associated conditions for IBS patients diagnosed via different

modalities and with different IBS subtypes

Scores among DHQ Among DHQ participants (%) Atopy
participants completing (%)
the relevant sections
Group n Male Female Age Age Mean Mean Mean Family Childhood Bornby Treatment Treatment Pooled
(%) (%) (years) (s.d.) IBS-SSS PHQ-12 GAD-7 history antibiotic Cesarean foranxiety for asthma/
of IBS exposure section offeredor depression hay
sought offeredor  fever/
sought eczema
Controls (DHQ 72,356 503 497 65.3 7.5 33 4.0 1.5 9.5 9.6 2.5 16.1 18.0 181
respondents)
Hospital ICD-10 4,237 234 76.6 65.9 79 202* 74 3.6* 31.8* 24.0* 2.5 43.0* 43.6* 29.3*
Unprompted 9,309 257 743 65.2 8.0 196  71* 3.3* 30.7* 19.8* 2.3 A41.0* 40.0* 29.6*
self-report
DHQ, Rome IlI 24,845 279 721 63.9 77 194~ 71" 3.3* 24.3* 20.4* 2.6 33.7* 35.1* 24.0*
criteria
DHQ, self-report 16,289 26.2 73.8 64.0 77 177 69" 31 29.0* 21.6* 2.7 39.7¢ 39.3* 25.9*
Pooled (any 40,548 279 721 64.3 7.8 173  6.8* 31 24.0*  20.0* 2.6 34.3* 35.2* 24.8*
of the four
definitions
above)
DHQ, Rome Il 3989 169 831 645 78 190" 68 32" 222" 192" 2.2 323 341 214
criteria, type C
DHQ, Rome |lI 6,506 332 66.8 63.8 77 185*  6.5* 3.0* 23.8* 190" 2.8 321" 33.0* 24.0*
criteria, type D
DHQ, Rome IlI 13,666 285 715 63.8 7.8 204*  75* 3.6* 25.6*  21.5* 2.6 35.2* 36.9* 24.8*
criteria, type M
DHQ, Rome IlI 672 310 69.0 65.6 75 124* 5.6* 2.4* 16.7* 17.7* 2.8 27.5% 24.9* 23.8*
criteria, type U
DHQ, 860 24.2 758 62.2 7.8 196*  74* 3.6* 30.3* 277 3.5 42.0* 42.4* 26.6*
postinfectious
DHQ functional 3502 339 661 671 74 64* 47- 18 125° 10 25 231 254" 19.0
constipation
DHQ, functional 5386 61.0 39.0 65.1 75 49*  4.3* 1.8* 1.0* 107 2.6 20.3* 22.0* 20.5*

diarrhea

Digestively healthy controls and functional constipation as well as diarrhea groups are shown for reference. Gastrointestinal symptoms are captured by the IBS-SSS (range 0-500), while somatic symptoms
are captured by the (modified) PHQ-12 (range 0-22). The GAD-7 score captures symptoms of anxiety (range 0-21). The single asterisk marks significant differences from the control group after adjusting
for age, sex, DHQ participation and (Bonferroni) multiple testing at P<0.05/108 (two-sided logistic regression test). Age and sex differences were not tested.

IBS-C showed weak genetic correlation with functional consti-
pation, as did IBS-D with functional diarrhea (Supplementary Fig.
9). IBS-C and IBS-D correlated with each other but there were no
cross-correlations, that is, IBS-C did not correlate with functional
diarrhea. Heritability for the IBS subtypes was comparable with IBS
overall; IBS subtypes showed similar genetic correlation with men-
tal health and personality traits (Supplementary Table 16).

We compared the overlap between susceptibility with IBS and
751 other traits and diseases listed in the LD Hub*. The stron-
gest correlations in genome-wide risk were with mood and anxi-
ety disorders and related phenotypes, including anxiety (r,=0.58,
s.em.=0.10), neuroticism (7,=0.54, s.em.=0.04), depression
(r,=0.53, s.e.m.=0.05) and insomnia (r,=0.42, s.e.m.=0.05)".
Across the genome, the same alleles that predisposed to IBS also
predisposed to mood and anxiety disorders. The correlations were
consistent regardless of the mode of diagnosis of anxiety or depres-
sion (Supplementary Fig. 10) (refs. ***). We calculated phenotypic
correlations for these traits on a comparable liability scale (Fig. 3
and Supplementary Table 16). Mostly, the phenotypic and genotypic
correlations mirrored each other, although genetic correlations
were often larger. Notably, other digestive diseases presenting with
similar symptoms, including celiac disease (r,=0.03, s.e.m.=0.08,
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P=0.69) and Crohn’s disease (r,=0.08, s.e.m.=0.04, P=0.06), were
not genetically correlated with IBS.

We also ran higher-specificity (IBS cases meeting at least 2 of
the 4 UKB case definitions, 11,201 cases and 293,220 controls) and
high-severity (IBS-SSS > 300, 4,296 cases and 72,356 controls) anal-
yses in UKB. The former produced no new associations. The latter,
while being more heritable (liability scale h*=0.42, s.e.m.=0.05,
Cochran’s Q=51.7, P=6.31x10""* compared with the discovery
cohort IBS), produced one association (rs9947289, P=2.80x 107*)
that did not replicate (P=0.57 in the 23andMe data; Supplementary
Table 13). Both of these phenotypes recapitulated the same genetic
correlation with mood and anxiety disorders as found in the discov-
ery cohort (Supplementary Fig. 11).

To explore the role of shared genetic risk versus direct pheno-
typic overlap, we compared the genome-wide association study
(GWAS) results for IBS having removed participants with anxiety
to the GWAS results for anxiety having removed participants with
IBS (for anxiety definitions, see Supplementary Tables 17 and 18).
The genetic correlation between IBS and anxiety attenuated but
remained strong (r,=0.31, s.e.m.=0.06; Supplementary Fig. 12).
We next used bidirectional Mendelian randomization® with an
independent anxiety GWASY, as well as genome-wide latent vari-
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Fig. 2 | Genome-wide association results for IBS. a, Manhattan plot showing the distribution of IBS-associated SNPs across the genome. The dashed
line indicates the genome-wide significance threshold at P=5x 1078, P values are from a two-sided test, after inverse variance-weighted fixed-effects
meta-analysis. See Supplementary Fig. 5 for zoomed-in visualizations with linkage disequilibrium data, posterior probabilities of causality and transcript
annotations. b, Expression of genes implicated in IBS etiology through causal effects of associated variants on gene expression across a range of tissues.
Darker green indicates higher gene expression and the golden outlines indicate tissue-gene combinations where the IBS-associated variant was known
to influence gene expression in this tissue (colocalization posterior > 0.5). Genes with at least one colocalization event across tissues with expression

quantitative trait locus data from the GTEx dataset are shown.

able Mendelian randomization®, to explore directionality. Multiple
models could explain our data (Supplementary Table 19) but they
were best explained by shared genetic risk pathways rather than
causal effects between the two traits. Similar complex causal rela-
tionships were evident between IBS and mental health and person-
ality traits other than anxiety (Supplementary Table 19).

Discussion

The importance of this study lies in its scale and therefore the
robustness of its genetic results. We have identified replicable
genetic associations for IBS, providing new biological insights,
while demonstrating that overall its heritability is modest. Two
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observations are particularly striking: the genetic overlap between
IBS and mood and anxiety disorders and the lack of signals impli-
cating genes expressed specifically in the gut or overlapping other
intestinal disorders. Our findings suggest that, with respect to the
genetically determined risk for IBS, neuronal pathways play a domi-
nant role.

Increasing abdominal symptom severity correlated with increas-
ing PHQ-12 somatic symptom scores, particularly for the domains
of tiredness, back pain, limb pain and headache (Fig. 1). Multifocal
pain suggests either poor coping skills, perhaps relating to psycho-
logical comorbidity, or visceral hypersensitivity from aberrant anti-
nociceptive mechanisms®. By contrast, the painless bowel disorders,
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Table 2 | Variants associated with IBS, their effect measured in the discovery cohort and P values for association in the discovery

cohort, the replication cohort and the meta-analysis of these two

Variant Effect P values Annotation
(discovery)
SNP Chromosome Position Alleles Frequency OR 95%Cl Discovery Replication Meta- Mapped Previously implicated
number analysis gene in
rs1248825 3 84,993,411 C/A 0.33 1.05 1.03-1.07 1.20x10° 490x10-% 748x10™> CADM2 Personality traits
(risk-taking,
neuroticism, anxiety)”,
cannabis use?
rs2736155 6 31,605199 G/C 0.48 1.05 1.02-1.07 3.88x107° 8.28x10° 319x10"? BAG6
rs10156602 9 96,345,328 G/A 0.63 1.04 1.02-1.06 4.36x10° 118x10% 3.04x107"° PHF2, Neuroticism?,
FAM120A0S depression??, autism*
rs7106434 1 112,860,579 C/T 0.41 1.04 1.02-1.06 319x10-8 2.27x10=°> 917x10™" NCAM1 Neuroticism?,
depression””, cannabis
use’?, anorexia
nervosa“®
rs5803650 13 53,939,598 CT/C 048 1.05 1.03-1.07 297x108 2.25x10% 6.31x107* CKAP2,
TPTE2P3
rs9513519 13 99,610,146  G/A 0.62 1.04 1.02-1.06 3.09x10® 4.20%x10-°> 2.31x107"° DOCK9

The reported frequencies and effects are those of the second allele. The second allele is defined such that it increases IBS risk. Allele frequencies are taken from UKB. Previous associations were obtained

from the literature and GWAS Catalog (Supplementary Note).

functional constipation and functional diarrhea, were less strongly
associated with raised PHQ-12 scores or psychological comorbidity.

IBS showed the strongest genome-wide overlap with psychologi-
cal traits: anxiety, neuroticism, depression and schizophrenia (Fig.
3). GAD-7 anxiety scores correlated with IBS severity (Fig. 1) and
34.3% of cases with IBS had sought or had been treated for anxiety
versus 16.1% of controls (Table 1). Although the phenotypic cor-
relation was strong, the genetic correlation appeared quantitatively
even greater (Fig. 3). Furthermore, this genetic correlation between
IBS and anxiety persisted even after eliminating data from indi-
viduals with phenotypic overlap (that is, between GWAS for ‘IBS
excluding anxiety’ and ‘anxiety excluding IBS’; Supplementary Fig.
12). Thus, their co-occurrence probably reflects shared etiologic
pathways between IBS and anxiety rather than one condition simply
causing the other. This conclusion was supported by the Mendelian
randomization analysis.

Four out of six of the confirmed IBS loci implicated genes influ-
encing mood or anxiety disorders, genes expressed in the nervous
system or both. These include NCAM1 (also associated with neu-
roticism, anxiety, mood disorders and anorexia nervosa)»*>*,
CADM?2 (also associated with neuroticism, anxiety and cannabis
use)*"*?, PHD finger protein 2 (PHF2)/family with sequence simi-
larity 120A (FAM120A) (also associated with neuroticism, depres-
sion and autism)*** and dedicator of cytokinesis 9 (DOCKDY).
Brain expression of NCAM1 and CADM?2 was implicated in our
colocalization analysis (Fig. 2b and Supplementary Table 10): both
regulate neural circuit formation and influence changes in white
matter microstructure found in both mood disorders and IBS*>*"*2,
PHF2 and DOCKJ also play key roles in brain development*+*. Of
note, NCAMI, PHF2 and DOCKY are also expressed in the rich
network of nerve fibers and ganglia of the gut, while CADM?2 is
not”. Predominant brain expression, combined with the coassocia-
tion of IBS with several psychological traits, perhaps most strongly
implicates the central nervous system as the site where these gene
variants exert their action. However, the genetic variants may also
be acting peripherally for the subset expressed in the enteric ner-
vous system, which shares many neurotransmitters, signaling path-
ways and anatomical properties as well as rich communication with
the brain.
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The MHC signal is independent of known HLA associations
with ulcerative colitis and celiac disease; in fact, it localizes to BAG6
(Supplementary Fig. 7 and Supplementary Tables 10-12). BAG6 is
known to chaperone misfolded proteins, regulate membrane pro-
tein dynamics and affect diverse processes from apoptosis to anti-
gen presentation***’. Functional exploration of BAG6 may yield new
IBS pathophysiological insights unconnected to the nervous system.

IBS genome-wide SNP heritability was just 5.8% (s.e.m.<0.01) in
the European ancestry population in this study and the effect sizes of
our susceptibility loci were modest (OR < 1.05). Earlier genetic stud-
ies of IBS were underpowered to detect such small effects. By com-
parison, SNP heritability estimates for Crohn’s disease, ulcerative
colitis and anxiety are 41%, 23% and 26%, respectively***’. Previous
IBS heritability estimates, from family and twin studies, varied widely
at 0-57% (ref. '"). Our results indicate that the genetic contribution
to IBS heritability is modest and imply that additional environmen-
tal factors, including dysbiosis, diet, stress and learned behaviors, all
potentially shared within families, play a more prominent role.

Regarding dysbiosis, we noted increased childhood exposure to
antibiotics among IBS cases (20.0%) versus controls (9.6%). While
there are clearly biases inherent to recall of events from childhood,
this result is corroborated by previous studies specifically set up to
address this question™. Interestingly, we saw the same association
with anxiety (18.4%). Among possible explanations, childhood
antibiotics might increase the risk of IBS (and perhaps anxiety)
by embedding a dysbiotic gut flora and disturbing the balance of
short-chain fatty acid metabolites known to influence microg-
lial development and mood™'. Equally, anxiety in late adulthood
might influence recall of childhood antibiotic exposure, and famil-
ial anxiety might lead parents to take their offspring to the doctor
repeatedly for minor ailments, resulting in recurrent antibiotic
exposure. While enteric infection can alter the baseline gut micro-
biota and trigger PI-IBS, in the UKB PI-IBS closely mirrored ‘con-
ventional’ IBS in terms of symptom severity, frequency of family
history and association with psychological traits, suggesting that the
infectious ‘seed’ falls on fertile ground to trigger IBS in predisposed
individuals.

One question is whether the neuronal emphasis of our results
derives from our strategy of combining multiple IBS definitions
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Fig. 3 | Genetic and phenotypic correlations between IBS and other traits. Correlations of genetic risk (coheritability estimates, left) and phenotype (ORs,
middle, and liability-scale correlation, right) between IBS and other traits. The subset of all LD Hub traits (excluding rapid GWAS results) with significant
genetic correlation (two-tailed coheritability test as implemented in the LDSC with unadjusted P< 0.05) in both UKB data (light blue, 40,548 cases and
293,220 controls) and the independent Bellygenes cohort (orange, 12,852 cases and 139,981 controls) is shown, as well as the meta-analysis used for
discovery (black, 53,400 cases and 433,201 controls). IBS had a similar genetic risk profile to traits such as neuroticism, depression and insomnia (for
which P values were significant in all datasets after multiple testing correction for the number of traits tested). Traits highlighted in yellow were added
manually given their clinical relevance. Anxiety was not initially included since it is only available in the LD Hub as a rapid GWAS result. Among UKB
participants, we present ORs (middle) and phenotypic correlations values (right) for these traits. Sample sizes (restricted to UKB participants who were
either cases or controls in the discovery cohort; n=333,768) were as follows: anxiety or panic attacks, 8,714; neuroticism, 271,423 (scores); depressive
symptoms, 24,311; insomnia, 326; schizophrenia, 574; bipolar disorder, 1,207; asthma, 41,178.

to increase statistical power, including pooling ‘opposite’ subtypes
(for example, IBS-C and IBS-D), that is, whether gut-specific effects
might be lost in the pooling such that the brain remains the com-
mon link between these. However, the heritability of IBS subtypes is
comparable with IBS overall; IBS-C and IBS-D share approximately
50% of their genetic susceptibility and each of the subgroups also
individually genetically correlates with mental health and per-
sonality traits (Supplementary Table 16). Furthermore, subtype
GWAS identified only one significant signal in IBS-C and none in
IBS-D, suggesting an absence of strong subtype-specific, possibly
gut-focused genetic effects.

Aside from the pooling strategy, justified by our LDSC analysis
(Methods), other potential weaknesses include the use of Rome III
criteria instead of the more restricted Rome IV criteria, since the
former were the standard at the time of study design™, the fact the
IBS diagnosis was made based on Rome IIT symptoms reported via
the DHQ rather than by medical review for nearly half of cases in
the UKB cohort and the limited age range and ancestry of UKB.
However, we believe that the fact that all of the loci identified at
genome-wide significance thresholds in the discovery panel repli-
cated in the independent 23andMe panel validates both the findings
and the approach taken.

Our GWAS and the results of our polygenic analyses provide
important new insights. Individual loci identified by the GWAS
implicate new target genes within previously under-researched
pathways (for example, neuronal adhesion). Mendelian random-
ization and genome-wide correlation analyses demonstrate shared
genetic risk pathways between anxiety and IBS that are independent
of the comorbidity between these two traits. This may point toward
a mechanistic rationale for the efficacy of psychoactive medications
and behavioral therapies and suggest that more attention should be
paid to identifying new therapeutics that target neuronal function.
We anticipate that future research will build on our discoveries,
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both by investigating the target genes identified and exploring the
shared genetic risk across traits to improve our understanding of the
disordered brain-gut interactions that characterize IBS.
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Methods

For details of the cohorts, descriptive statistics, association analysis methodologies
and functional interpretation of associations, see the Supplementary Note.

Ethics oversight. The UKB DHQ was approved as a substantial amendment to the
UKB protocol by the North West - Haydock Research Ethics Committee, reference
no. 11/NW/038e. The Bellygenes initiative study received ethical approval from the
Stockholm Ethics Examination Authority (EPN ID 2016/1620-31/2) and Monash
University Human Research Ethics Committee (MUHREC ID 20326). Written
informed consent was obtained from all participants. This study did not award
compensation to any participant.

Data and study participants. Our discovery cohort combined cases of IBS
identified in UKB with cases from the Bellygenes initiative. Replication was
sought in an independent panel from 23andMe. Cases ascertained in UKB met
at least one of the following four conditions (the DHQ is viewable online - UKB
resource 595): (1) DHQ Rome III: met Rome IIT symptom criteria for IBS
diagnosis without other diagnostic explanations for these symptoms; (2) DHQ
‘self-report’: answered ‘yes’ to the question ‘Have you ever been diagnosed with
IBS?’; (3) Unprompted ‘self-report’: self-reported IBS diagnosis in response

to question ‘Has a doctor ever told you that you have any ... serious medical
conditions?’; (4) hospital ICD-10: linked hospital episode statistics indicating
inpatient or day-case admission with clinician diagnosis of IBS entered as main or
secondary ICD-10 diagnosis.

Participants with conditions such as celiac disease, inflammatory bowel disease
or previous intestinal resectional surgery that could result in IBS-like symptoms
were excluded from both cases and digestively healthy controls to avoid signal
contamination. For detailed case and control inclusion and exclusion criteria, see
Supplementary Tables 1 and 2, respectively. To maximize sample size, cases from
the 4 UKB groups were pooled (1 =40,548). This approach was supported by
demonstrating high genetic correlations between them using LDSC* following a
separate GWAS on each (minimum pairwise r,=0.70, s.e.m.=0.06; Supplementary
Fig. 13) and by previous literature on the consistency of genetic results obtained
from different diagnostic definitions in UKB'®.

We then meta-analyzed IBS GWAS data from UKB (40,548 cases) and
Bellygenes initiative (12,852 cases and 139,981 controls; Supplementary Table
9), an international collaboration studying IBS genetics based on electronic
medical records, specialist diagnoses form tertiary clinics and questionnaire data
(including Rome III criteria) across multiple cohorts, having again demonstrated
high genetic correlation between them (r,=0.998, s.e.m.=0.129). This produced a
total discovery cohort of 53,400 cases and 433,201 controls. Evidence of replication
was sought in a large 23andMe dataset (Supplementary Note). 23andMe cases
(n=205,252) self-reported being diagnosed or treated for IBS while controls
(n=1,384,055) did not.

Analyses of IBS subtypes were conducted solely using UKB DHQ data based
on standard definitions of IBS-C, IBS-D, IBS-M and IBS-U according to the
frequency of hard or lumpy stools versus loose, mushy or watery stools. Functional
constipation and functional diarrhea cases were identified similarly, and with the
same exclusions per IBS cases, but (in contrast to the Rome III definition of IBS)
needed to have responded ‘never’ when asked about the frequency of abdominal
pain in the last three months. Likewise, analyses of IBS severity (using the IBS-SSS)
and associated somatic symptoms (using the PHQ-12) were restricted to DHQ
respondents. Anxiety and depression were identified among UKB participants
based on previously surveyed responses to GAD-7 anxiety and PHQ-9 depression
questionnaires, self-report of diagnosis with depression or anxiety/panic attack,
diagnostic codes for major depression and phobic or generalized anxiety disorder
in electronic healthcare records or reporting of treatment being sought or offered
for these conditions in our DHQ (Supplementary Note).

Statistical analysis. Association between IBS and nongenetic risk factors, including
risk factors assayed by recall from the DHQ, was tested using logistic regression
conditioning on age and sex (Supplementary Note, ‘Nongenetic associations’).

Standard genetic quality control was carried out to remove samples with poor
genotype quality and variants with poor genotyping or imputation performance.
Only participants of European ancestry were included in the discovery dataset
due to the limited number of non-European ancestry participants. GWAS were
conducted using a linear mixed model (BOLT-LMM v.2.3.2)* to control for
population stratification and relatedness. Meta-analysis of GWAS summary
statistics was carried out using METAL (March 2011 release)**. The UKB
GWAS was stratified into DHQ respondents and nonrespondents, with results
meta-analyzed to avoid genetic confounding with questionnaire response
(Supplementary Fig. 14).

We assigned loci to candidate genes using annotations from FUMA v.1.3.4%,
as well as from a colocalization analysis using Coloc v.3.2-1°° on multi-tissue
expression data from the Genotype-Tissue Expression (GTEx) consortium™’.
We calculated SNP heritability and coheritability (r,, genetic correlation) using
univariate and bivariate LDSC" against a range of traits via the LD Hub website™.
Other statistical analyses were carried out using R v.3.6.1; any P values were
obtained from two-sided tests unless otherwise specified.
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Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Genome-wide summary statistics have been deposited to the European
Bioinformatics Institute GWAS Catalog (https://www.ebi.ac.uk/gwas/) under
accession no. GCST90016564. Individual-level data on the DHQ responses, along
with matching genotype, electronic health record and survey data, are available

via an application to the UK Biobank Access Management System (https://bbams.
ndph.ox.ac.uk/ams/). Individual-level data for 23andMe were not shared as part

of this project to protect the privacy of 23andMe participants. Data used for the
analyses pertinent to the Bellygenes initiative include both individual-level and
aggregate data. Individual-level data from the following sources can be obtained
via applications to the respective biobanks and cohorts: TWINGENE (https://ki.se/
en/research/swedish-twin-registry-for-researchers); HUNT (https://www.ntnu.
edu/hunt/data); Michigan Genomics Initiative (https://precisionhealth.umich.
edu/our-research/michigangenomics/); Estonian Genome Center of the University
of Tartu (https://genomics.ut.ee/en/biobank.ee/data-access); Lifelines (https://
www.lifelines.nl/researcher/how-to-apply); Gene-Environment and Gene-Gene
Interaction Research Application (dbGaP Study accession no. phs000674.v2.p2,
now superseded by phs000674.v3.p3). Data from IBS patients from tertiary centers
can be requested from Mauro D’Amato at mdamato@cicbiogune.es and may be
made available depending on specific material and data transfer agreements with
principal investigators at respective collaborating institutions.

Code availability
All software used is publicly available at the URLSs or references cited. The R code
for additional analyses is available at https://doi.org/10.5281/zenodo.5048820.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

OXX O OO0 000F%
X

X OO X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No relevant software was used to collect data used in the study.

Data analysis BOLT-LMM was used to conduct the GWAS in the UK Biobank sample. Results were meta-analyzed with Bellygenes data using METAL (March
2011 version). We assigned loci to candidate genes using annotations from FUMA (v1.3.4), as well as from a colocalization analysis using Coloc
(v3.2-1). To perform conditional analyses, we extracted SNPs associated with gastrointestinal disorders other than IBS from UK Biobank bgen
data in expected dosage format using gctool 2.0.5 (https://www.well.ox.ac.uk/~gav/qgctool_v2/). For clumping, we used PLINK version 2.00a2
and PLINK version 1.90b6.7. Use of gctool and PLINK is detailed in the Supplementary Note, as these tools were used for file format
conversions rather than key analyses. We calculated SNP heritability and co-heritability (rg, genetic correlation) using univariate and bivariate
LDSC (v1.0.0) against a range of traits via the LD Hub (v1.9.0) website. Further statistical analyses were carried out using R version 3.6.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Genome-wide summary statistics have been deposited to the EBI GWAS catalogue (https://www.ebi.ac.uk/gwas/), under accession GCST90016564. Individual-level
data on the DHQ responses, along with matching genotype, electronic health record and survey data, are available via an application to the UK Biobank Access




Management System (https://bbams.ndph.ox.ac.uk/ams/). Individual-level data for the23andMe were not shared as part of this project to protect the privacy of
23andMe participants. Data used for the analyses pertinent to the Bellygenes initiative include both individual-level and aggregate data. Individual-level data from
the following sources can be obtained via applications to the respective biobanks and cohorts: TWINGENE (https://ki.se/en/research/swedish-twin-registry-for-
researchers), HUNT (https://www.ntnu.edu/hunt/data), Michigan Genomics Initiative (https://precisionhealth.umich.edu/our-research/michigangenomics/), EGCUT
(https://genomics.ut.ee/en/biobank.ee/data-access), LifeLines (https://www.lifelines.nl/researcher/how-to-apply), GEIRA (dbGaP Study
Accession:phs000674.v2.p2). Data from IBS patients from tertiary centers can be requested from Mauro D’Amato at mdamato@cicbiogune.es, and may be made
available depending on specific Material and Data Transfer Agreements with principal investigators at respective collaborating institutions.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This study did not recruit participants up until a target sample size was reached. Instead, this study uses the pre-defined UK Biobank sample,
allowing participants to supply additional data on digestive health.

Data exclusions UK Biobank participants with conditions such as coeliac disease, inflammatory bowel disease or previous intestinal resectional surgery which
could result in IBS-like symptoms were excluded from both cases and digestively healthy controls to avoid signal contamination. These
exclusion criteria were pre-established.

Replication All genetic associations passing the genome-wide significance threshold in the discovery cohort were successfully replicated in an
independent 23andMe dataset. The discovery analysis was performed once, and its results were replicated once.

Randomization  Participants were not randomly allocated into experiment groups. Instead, case and control groups for the genetic analyses were defined to
have IBS or be digestively healthy. Differences between cases and controls were accounted for by including covariates such as age, sex, and
transformations thereof in the genetic and phenotypic association analyses. Survey response bias was accounted for by analyzing respondents
and non-respondents separately, then meta-analyzing the results.

Blinding Data collectors were blinded to the genotype status of the participants, and participants were not made aware of their genotype status by UK

Biobank. Unblinded genotype data was available to data analysts, but standard quality control and analysis software was used which makes
blinding not relevant for this study.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.qg. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
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Randomization allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.
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Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? [ | Yes [ Ino

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology

X

|:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used

Validation

Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

State the source of each cell line used.

Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  gme any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information).

Indicate where the specimens have been deposited to permit free access by other researchers.
If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where

they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

Field-collected samples

Ethics oversight

For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

UK Biobank participants were between ages 40-69 upon recruitment, and predominantly of European ancestry. A subset
responded to the digestive health questionnaire (DHQ), one of the means used to identify IBS cases. Respondents have lower
rates of IBS as measured via hospital ICD-10 codes (1.16% vs 1.40% among 171,061 respondents and 317,234 non-
respondents, respectively), but not unprompted self-reporting (2.85% vs 2.30%). They also have lower rates of mental health
disorders based on hospital ICD-10 codes (schizophrenia: 0.04% vs 0.21%, depression: 1.77% vs 3.40%) and unprompted self-
reporting (schizophrenia: 0.05% vs 0.16%, depression: 5.83% vs 6.20%). Respondents also had a lower mean age than non-
respondents (64.8 vs 65.8 years when the DHQ data were collected), and were more often female (56.7% vs 52.9%).
Response rates also varied by ethnicity, e.g. 15.8% (1205 of 7645) among participants who report a Black or Black British
background compared to 36.0% (165243 of 459256) among participants reporting a White ethnic background. Ultimately,
the GWAS was conducted in a sample of European ancestry (this includes the Bellygenes population described in Table S9).
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Recruitment UK Biobank recruitment has been documented elsewhere, but in brief, it is known that its participants are disproportionately
older, healthier and wealthier than the UK population as a whole. This, combined with the fact that the individuals analyzed
were of European ancestry, means results may not generalize to the entire population, or populations from other ancestries.

This study expanded the UK Biobank dataset via a digestive health questionnaire (DHQ). The final digestive health
questionnaire (available online as UK Biobank resource 595) was incorporated into the UK Biobank Questionnaire platform
and advertised via email as an online questionnaire entitled ‘digestive health’. Participants who had agreed to email contact
were sent a hyperlink to their questionnaire, enabling linkage of results to other data in the UK Biobank dataset. The DHQ
was also available on the participant area of the UK Biobank website and participants without email addresses received a
flyer with their annual postal newsletter encouraging them to login to the participants’ area of the UK Biobank website, and
complete the questionnaire. Given that this resulted in a sample with a predominantly white British background (as is true for
UK Biobank generally), genetic associations with IBS identified in this study may not generalize to non-European populations.
Additionally, the fact that the sample consists of older individuals means that genetic association specific to IBS as it presents
in younger individuals may be missed.

Recruitment of the Bellygenes cohorts is as described in the supplement. Briefly, the Bellygenes initiative is a large
international collaboration that includes data from multiple biobanks, population-based cohorts, and patients from tertiary
gastroenterology clinics worldwide. Three independent datasets were included in this study, based on different definitions of
IBS: Rome Criteria for population-based cohorts HUNT, TWINGENE and LifeLines; ICD10 diagnoses from healthcare records
for Mayo Genome Consortium, Estonia Genome Center at the University of Tartu, Michigan Genomics Initiative, and Genetic
Epidemiology Research on Ageing from the Kasier Permanente biobank; gastroenterologist diagnosis for tertiary center
patients. Except for patients from tertiary centers (who were recruited into IBS-specific studies at respective sites) the
recruitment of participants into other cohorts was not focused on IBS or any other disease, as these are population-based
cohorts (whose implementation has been described previously, see Supplementary Methods). As in the case of UK Biobank
(whose “healthy volunteer” selection bias has been described) self-selection bias cannot be excluded for individuals from the
Bellygenes initiative (comprising multiple population-based cohorts). Given the observed genetic link between mood/anxiety
disorders and IBS, an overestimation of genetic risk effects may not be ruled out if increased propensity to volunteering data
for research were assumed as common denominator for mood/anxiety disorders and IBS.
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Ethics oversight This study meta-analyzies UK Biobank and Bellygenes data. The UK Biobank digestive health questionnaire was approved as a
substantial amendment to the UK Biobank protocol by the North West - Haydock REC, reference 11/NW/038e. The
Bellygenes initiative study received ethical approval from Stockholm Ethics Examination Authority (EPN ID 2016/1620-31/2)
and Monash University Human Research Ethics Committee (MUHREC ID 20326). Informed consent was obtained from all
human participants. This study did not award compensation to any participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Ooodooods
Ooogoood

Any other potentially harmful combination of experiments and agents
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ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.




Software

Cell population abundance

Gating strategy

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

[ ] Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference
(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

-
=
C
=
()
=
(D
wn
I
Q
=
(@)
o
=
®
5o,
o
=
)
@
wv
C
=
=
Q
=
<




Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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