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SUMMARY
Gutdysmotility is associatedwithconstipation, diarrhea, and functional gastrointestinal disorders like irritable
bowel syndrome (IBS), although its molecular underpinnings are poorly characterized. We studied stool fre-
quency (defined by the number of bowel movements per day, based on questionnaire data) as a proxy for gut
motility in aGWASmeta-analysis including 167,875 individuals fromUKBiobank and four smaller population-
based cohorts. We identify 14 loci associated with stool frequency (p % 5.0 3 10�8). Gene set and pathway
analyses detected enrichment for genes involved in neurotransmitter/neuropeptide signaling and preferen-
tially expressed in enteric motor neurons controlling peristalsis. PheWAS identified pleiotropic associations
with dysmotility syndromes and the response to their pharmacological treatment. The genetic architecture
of stool frequency correlateswith that of IBS, andUKBiobank participants from the top 1%of stool frequency
polygenic score distributionwere associatedwith 53 higher risk of IBSwith diarrhea. These findings pave the
way for the identification of actionable pathological mechanisms in IBS and the dysmotility syndromes.
INTRODUCTION

Gastrointestinal (GI) motility is essential to digestion, nutrients

absorption, and overall human health, including bi-directional

host-microbiome interactions.1,2 Gut dysmotility and altered

peristalsis are observed in constipation, diarrhea, and common

functional GI disorders like irritable bowel syndrome (IBS).3,4

There is only incomplete understanding of the physiological

mechanisms regulating intestinal motility and their perturbation

in the dysmotility syndromes, and therapeutic options mostly

rely on targeting specific symptoms rather than (currently un-

known) underlying mechanisms. There is evidence of heritability

for gut motility from previous studies in relation to colonic transit

time measured with detectable tracers,5–7 suggesting that ge-

netic association studies may be useful in identifying biological

pathways for therapeutic exploitation.
Ce
This is an open access article under the CC BY-N
Direct assessment of GI motility in humans requires clinical

procedures that are exclusively performed to support patient

diagnosis and therapeutic management and are therefore not

suitable for large-scale population-wide genetic surveys.8 How-

ever, stool consistency and, to a lesser extent, stool frequency

(defined by the number of bowel movements over a period of

time) are valuable indicators of bowel function that correlate

with colonic transit time.9,10 These represent practical surrogate

tools that can be adopted and scaled for studying GI motility at

the population level, thanks to their ease of data collection via

questionnaires and survey-based approaches.

Here, we leverage data from UK Biobank and four smaller

population-based cohorts for a stool frequency genome-wide

association study (GWAS) meta-analysis in a total of 167,875 in-

dividuals of European descent. We show modest but detectable

heritability for this trait, identify 14 loci harboring genes
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15Wellcome Centre for Human Genetics, Nuffield Department of Medicine, University of Oxford, Oxford, UK
16Big Data Institute, Li Ka Shing Centre for Health Information and Discovery, University of Oxford, Oxford, UK
17Kennedy Institute of Rheumatology, University of Oxford, Oxford, UK
18Christ Church, University of Oxford, Oxford, UK
19Division of Gastroenterology, Department of Medicine, University of Cambridge, Cambridge, UK
20MRC Integrative Epidemiology Unit at University of Bristol, Bristol, UK
21Population Health Sciences, Bristol Medical School, University of Bristol, Bristol, UK
22Institute of Clinical Molecular Biology, Christian-Albrechts-University of Kiel, Kiel, Germany
23IBD Pharmacogenetics, College of Medicine and Health, University of Exeter, Exeter, UK
24Dept of Internal Medicine & Clinical Nutrition, Institute of Medicine, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden
25Clinical Enteric Neuroscience Translational and Epidemiological Research (CENTER) and Division of Gastroenterology and Hepatology,

Department of Medicine, Mayo Clinic, Rochester, MN, USA
26IKERBASQUE, Basque Foundation for Science, Bilbao, Spain
27Gastrointestinal Genetics Lab, CIC bioGUNE - BRTA, Derio, Spain
28Present address: Genentech, South San Francisco, CA, USA
29Lead contact
30These authors contributed equally
31These authors contributed equally
*Correspondence: mdamato@cicbiogune.es

https://doi.org/10.1016/j.xgen.2021.100069

Short article
ll

OPEN ACCESS
associated with pathways and cell types plausibly involved in the

control of GI motility in humans, and provide compelling evi-

dence of the relevance of these findings to IBS. The identification

of genetic factors predisposing to altered gut motility may even-

tually allow early identification of individuals at higher risk of

functional GI disorders and therapeutically actionable pathways

that may be targeted for the delineation of alternative treatment

options.

RESULTS

Stool frequency GWAS meta-analysis
We studied genotype and stool frequency questionnaire data in

167,875 individuals of European descent from five population-

based cohorts. These include UK Biobank (UKBB; n =

163,616), LifeLines-DEEP (LLD; n = 942), the Genes for Good

study (GFG; n = 1,069), the Flemish Gut Flora Project (FGFP;

n = 2,001), and the Population-based Colonoscopy study (Pop-

Col; n = 247) (Table S1; STAR Methods). Our GWAS meta-anal-

ysis for stool frequency identified 3,751 genome-wide-significant

associations (p % 5.0 3 10�8) at 14 independent loci (Figures 1

and S1; Tables 1 and S2). The strongest signal was detected

for marker rs12273363 on chromosome 11 (p = 4.8 3 10�21), in

proximity to the brain-derived neurotrophic factor (BDNF) gene.

Gene set and pathway enrichment analyses
A classical gene set enrichment analysis11 highlighted the RE-

ACTOME pathways ‘‘Class B/2 secretin family receptors’’ and

‘‘transmission across chemical synapses,’’ with involvement of

genes from multiple loci (Table S3). GeneNetwork12 co-expres-

sion analysis identified significant enrichment for relevant
2 Cell Genomics 1, 100069, December 8, 2021
KEGG pathways, including ‘‘olfactory transduction’’ and ‘‘neuro-

active ligand receptor interaction’’ and Gene Ontology terms

‘‘detection of chemical stimulus involved in sensory perception,’’

‘‘olfactory receptor activity,’’ and ‘‘neuropeptide signaling

pathway’’ (Figure S2; Tables S4–S6). Similarly, PASCAL13

pathway-level analysis returned ‘‘neurotransmitter receptor

binding and downstream transmission in the postsynaptic cell’’

and ‘‘serotonin receptors’’ as the top-enriched REACTOME

pathways (Table S7).

Functional annotation at the single-cell level
Using single-cell transcriptomic data available from human

colonic mucosa and muscularis propria,14,15 we inspected the

expression of candidate genes at the associated loci in relation

to immune, epithelial, stromal, and glial cells, muscle cells, and

enteric neuron subtype (Figures 2A and S3; STAR Methods).

They were strongly enriched in enteric neurons (p = 1.1 3

10�4) and more so in putative motor neurons (excitatory and/or

inhibitory subtypes, p = 7.3 3 10�8) reportedly involved in the

control of peristalsis,15 with contribution from several loci

(Figure 2B).

Prioritization of candidate genes
FINEMAP analysis of candidate causative SNPs from each locus

(STAR Methods) mapped 5 out of 14 signals at single-marker

resolution with >50% probability (Table 1). Variants rs4556017

and rs13162291 were mapped with highest confidence (respec-

tive probabilities 95.1% and 83.5%) and are both associated

with expression quantitative trait loci (eQTLs) in multiple tissues

(Figure S4). In particular, rs4556017 shows eQTLs for the acetyl-

cholinesteraseACHE, and rs13162291 shows eQTLs for the fatty
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Figure 1. Manhattan plot of stool frequency

GWAS meta-analysis results

GWAS association signals (�log10 P) are reported

for SNPmarkers across all chromosomes shown in

alternate gray colors. Significance level corre-

sponding to the genome-wide significant (p =

5.0 3 10�8) threshold is indicated with a dashed

red horizontal line. For each independent associ-

ation signal, the nearest gene (within 100 kb,

otherwise the lead SNP) is reported. Genome-wide

significant markers are highlighted in green.

*GWAS results for the X chromosome are only

available for UKBB.
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acid hydroxylase FAXDC2 (Figure S5), two genes expressed in

enteric and motor neurons (Figure 2A). The SNP rs11240503 is

associated with a colon-specific eQTL for CDK18 (Figure S5), a

protein kinase expressed in colonic M cells and BEST4+ entero-

cytes (Figure 2A), while rs62482222 is associated with eQTLs for

21 genes in multiple tissues (Table S2; Figure S4). Finally, the

rs12273363marker is associated with eQTLs for a long non-cod-

ing antisense RNA (BDNF-AS, Figure S5) modulating the expres-

sion of BDNF.16 Of note, rs12273363 emerged as top GWAS

signal in our meta-analysis (p = 4.8 3 10�21; Table 1) and also

showed consistent genetic effects in pilot follow-up analyses

of stool consistency and colonic transit time (Tables S8 and

S9): in these, the T allele linked to more frequent stools was

significantly associated with (1) softer/looser stools in 2,338 indi-

viduals from GFG, LLD, and PopCol and (2) faster transit in a

small cohort of 160 IBS patients. Other loci harbored candidate

genes of known relevance to GI motility and dysmotility

syndromes, like neuropeptides/neurotransmitters and their re-

ceptors (CALCA/CALCB and CRHR1), ion channels (KCNJ4),

tight junction proteins (CLDN15), and others (Table S2).

Correlations with other diseases and traits
Phenome-wide association study (PheWAS) of the 14 stool fre-

quency-associated signals in publicly available GWAS data (us-

ing lead SNPs and their linkage disequilibrium [LD] proxies;

STAR Methods) suggested some of these loci to be associated

also to other traits and diseases across multiple domains (Fig-

ure S6A). The loci tagged by markers rs12273363 and

rs2732706 showed the largest number of associations, mostly

with anthropometric and psychiatric traits (Table S10). Because

of the known effects of gut microbiota composition on GI motility

and vice versa,2 we also tested the 14 loci for association in

recent GWAS data from the MiBioGen consortium (same

PheWAS protocol; STAR Methods), in relation to host genetic

variation influencing the composition of the human fecal micro-

biome.17 Inspection of GWAS data for 211 different taxa (STAR

Methods) identified the BDNF locus to be associated also with

fecal abundance (reduced for the rs12273363 T allele) of the

genus Ruminococcaceae UCG-005 (Figure S7).

LD score regression (LDSC) analysis estimated SNP-based

stool frequency heritability around 7% (SNP heritability, h2SNP =
Cell
0.073) and identified strong genetic corre-

lation with IBS (rg = 0.42, p = 5.1 3 10�5),

while additional significant findings were
obtained for other GI (diverticular disease, use of proton pump in-

hibitors) and psychiatric (anxiety, depression) traits (Figure S6B;

Table S11). Medications did not attenuate genetic effects or the

strength of the association signals (Table S12).

Sex-specific analyses
Three GWAS signals were detected upon stratification into male

and female groups, respectively, on chromosome 20 for man

(rs6123818) and chromosomes 6 (rs1268068) and 19 for women

(rs10407548) (Table S13; Figure S8). The locus on chromosome

19 (Figure S9) harbors genes coding for free fatty acid receptors

(FFAR1 and FFRA3) that are known to bind short-chain fatty

acids whose luminal concentration can affect gut motility (i.e.,

butyrate).18 The GWAS signal was fine-mapped with high confi-

dence (probability 98.9%) to the lead SNP rs10407548, linked to

FFAR3 gene expression via eQTLs detected in multiple tissues

for its LD proxies rs756904, rs756905, and rs756906 (based on

data from FUMA; STARMethods). Medications did not attenuate

genetic effects or the strength of sex-specific association signals

(Table S14).

Stool frequency polygenic scores and IBS
We further explored the relevance of stool frequency GWAS find-

ings to IBS by computing polygenic scores (PGSs) based on

stool frequencyGWAS summary statistics obtained in this study.

This was done using a two-step testing and validation approach

on two independent, non-overlapping subsets of UKBB data:

participants with Digestive Health Questionnaire data available

(DHQ+ individuals, n = 163,616, the same cohort used for

GWAS analyses based on stool frequency data from the DHQ

survey) and those without DHQ data (DHQ� individuals; n =

291,496) (Table S15; STAR Methods). Based on Rome III criteria

for IBS from DHQ data (in DHQ+ participants), the distribution of

PGSs was significantly different in IBS versus asymptomatic in-

dividuals, most pronouncedly for the IBS diarrhea subtype (IBS-

D; p < 1 3 10�300) (Figure 3). Risk of IBS-D markedly increased

toward the upper tail of PGS distribution (odds ratio [OR] = 5.5;

p = 1.3 3 10�155 for the top 1% and OR = 4.3; p < 1 3 10�300

for the top 5% of the distribution; Figure 3; Table S16). Although

the diarrhea subtype could not be tested (IBS Rome III data not

available for DHQ� individuals), PGSs were validated in the
Genomics 1, 100069, December 8, 2021 3



Table 1. Stool frequency GWAS meta-analysis and fine mapping results

Chr Lead SNP Start–end (bp) EA OA EAF Beta (SE)a p p Het

Nearest gene

(other genes)b
Most likely causal

SNP (%probability)d

1 rs11240503 205473772–205485290 A G 0.300 0.018 (0.003) 7.80E�09 0.66 CDK18 (5) rs11240503 (0.588)e

5 rs39819 122069447–122402133 A G 0.671 0.018 (0.003) 1.20E�09 0.87 SNX24 (4) –

5 rs13162291 154369987–154447535 A G 0.191 0.020 (0.004) 2.70E�08 0.08 KIF4B (4) rs13162291 (0.835)e

7 rs12700026 2556512–2605424 A C 0.890 �0.029 (0.005) 1.40E�10 0.38 LFNG (4) rs12700026, rs12700027 (0.350)

7 rs62482222 100122391–100197866 A G 0.118 0.023 (0.004) 1.40E�08 0.08 FBXO24 (29)c rs62482222 (0.770)e

7 rs4556017 100618993–100632790 T C 0.853 0.024 (0.004) 1.00E�09 0.30 MUC12 (10)c rs4556017 (0.951)e

8 rs10957534 71502376–72012331 C G 0.367 �0.016 (0.003) 1.30E�08 0.11 (5) –

11 rs6486216 14999189–15120775 T C 0.276 0.018 (0.003) 1.10E�08 0.53 CALCB (4) –

11 rs12273363 27477864–27748493 T C 0.795 0.032 (0.003) 4.80E�21 0.09 BDNF (3) rs12273363 (0.525)e

12 rs11176001 66393756–66410673 A C 0.132 0.034 (0.004) 1.60E�16 0.73 (1) rs11176001 (0.392)

12 rs10492268 98344454–98385439 T C 0.552 0.016 (0.003) 1.60E�08 0.81 – rs10492268 (0.187)

12 rs3858648 115873190–115940482 A C 0.508 �0.016 (0.003) 1.20E�08 0.60 – rs3858648 (0.077)

17 rs2732706 43463493–44865603 T C 0.221 0.024 (0.003) 4.40E�12 0.15 ARL17B (109) –

22 rs5757162 38869463–39152412 T C 0.286 0.017 (0.003) 4.00E�08 0.25 FAM227A (15) –

Chr, chromosome; EA, effect allele; OA, other allele; EAF, effect allele frequency
aPositive beta = higher stool frequency
bNearest gene (within 100 kb from lead SNP) and other genes in the region, based on FUMA positional and eQTL mapping
cThese loci share four mapped genes
dOnly causal SNPs identified with >5% probability are reported
eCausal SNPs identified with >50% probability
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Figure 2. Heatmap of colonic stool frequency gene expression

(A) An illustrative selection of stool frequency genes (annotated with locus membership at the top) is reported for their expression in relevant cell types from

colonic mucosa and colonic muscularis, ordered according to increasing expression.

(B) The expression of all stool frequency genes (see Figure S3 for an extended heatmap of the full dataset) is reported collapsed by locus (median values),

demonstrating that multiple loci are enriched for neuronal expression.

The heatmaps display log2(TP10K+1) transformed data, and the expression of each gene is scaled across all cells and shown in color scale ranging from 0 to the

99th data quantile (to avoid high/low expressed genes dominating the heatmap). ICCs, interstitial cells of Cajal; PSN, putative sensory neuron; PEMN, putative

excitatory motor neuron; PIMN, putative inhibitory motor neuron; PIN, putative interneuron; PSVN, secretomotor/vasodilator neuron. Cell types, neuron types,

and subtypes are classified as defined previously in Drokhlyansky et al.15
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independent DHQ� dataset in which the prevalence of IBS diag-

noses (from medical records or self-reported) increased across

PGS percentiles (OR = 1.3; p = 7.5 3 10�3, for the top 1% of

the distribution; Table S16), and their values were significantly

higher in cases than in controls (p = 1.9 3 10�8). These results

suggest that stool frequency PGSs may contribute to the identi-

fication of individuals at increased risk of IBS, particularly IBS-D.

DISCUSSION

We report the results of aGWAS for stool frequency based on the

meta-analysis of genetic and health-related data in 167,875 indi-

viduals of European descent. Our approach aimed at identifying

relevant physiological pathways and mechanisms via indirectly

measuring GI function based on suitable questionnaire data on

bowel habits. A similar strategy was adopted in a previous study;

however, no significant results were obtained, likely due to the

small size of the cohorts analyzed (total n = 1,281 from LLD

and PopCol, also included here after re-analysis using a GWAS

pipeline common to all cohorts).19 We report modest but detect-

able heritability for stool frequency, confirming previous evi-

dence coming from studies of defecation in invertebrates

(C. elegans) and experimental rat models.20,21 At the same

time, we identify genome-wide significant association at 14 inde-

pendent loci, which harbor genes and variants implicating path-

ways, cell types, and mechanisms plausibly affecting human gut

motility in health and disease.

GWAS-downstream analyses suggest an enrichment for

candidate genes involved in neuropeptide and neurotransmitter
signaling, sensory perception, and control of motor function in

the gut, pathways notoriously central to the enteric nervous sys-

tem.22 Our cell-type-specific analyses show that stool frequency

candidate genes are strongly enriched for their expression in

enteric neurons, a specific pattern otherwise undetected at the

whole-tissue level. This appears to be more pronounced in puta-

tive excitatory and inhibitorymotor neurons that have been asso-

ciated with peristalsis and mechanosensation of gut distention

(PEMN and PIMN subtypes expressing the mechanosensitive

ion channel PIEZO2).15 Further investigation of such expression

patterns may contribute important insight into the exact mecha-

nisms underlying neurogenic motor control in the gut and even-

tually aid the development of future therapeutic strategies to

modify GI function and motility.

Individual candidate genes that seem most likely to play an

important role in the control of stool frequency also suggest

the involvement of neuropeptide/neurotransmitter signaling

pathways. This is best exemplified by the strongest GWAS asso-

ciation we detected for the BDNF locus on chromosome 11. The

signal is mappedwith relatively high confidence (>50%probabil-

ity) to the rs12273363 marker, which is linked to multiple func-

tional effects on BDNF expression: it has eQTL effects on an

antisense transcript (BDNF-AS) that induces BDNF mRNA

degradation16 and lies in a regulatory region previously shown

to impart allele-specific, direct repression of BDNF promoter ac-

tivity (with rs12273363 T a less active repressor).23 BDNF is a

neurotrophin expressed in the central and peripheral nervous

systems, with neurotransmitter modulatory properties and a

crucial role in neuronal growth, differentiation, survival, and
Cell Genomics 1, 100069, December 8, 2021 5



Figure 3. Stool frequency polygenic scores and IBS in UK Biobank

Results are reported (including statistical significance) in relation to PGS dis-

tribution in IBS cases versus controls (left panels; p values from t test) and in

relation to the prevalence of IBS across PGS percentiles in the entire cohort

(right panels; with top 5% of the distribution highlighted with shaded area, p

values versus the rest of the cohort from logistic regression). IBS and subtypes

defined according to Rome III Criteria based on DHQ questionnaire data (see

STAR Methods and Table S15).

Short article
ll

OPEN ACCESS
plasticity.24 It has also been implicated in several diseases

includingmajor depression, bipolar disorder, and other psychiat-

ric conditions.25 BDNF is recognized to influence many impor-

tant gut functions, including sensation, motility, epithelial barrier,

neuroprotection, and neuroplasticity.26 Multiple lines of evi-

dence indicate that BDNF has prokinetic effects on gut

motility,27–29 including accelerated GI and colonic transit in

healthy individuals administered recombinant BDNF (r-me-

tHuBDNF).30 Hence, our findings are in line with these observa-

tions in that the rs12273363 T allele associated with more

frequent stools, shorter colonic transit time, and reduced stool
6 Cell Genomics 1, 100069, December 8, 2021
consistency has also been shown to associate with stronger

BDNF expression.23 Altogether, this suggests a bona fide role

for BDNF in the genetically determined modulation of human

gut motility and warrants new analyses of recombinant BDNF tri-

als based on genotype stratification, eventually also in relation to

some of its reported side effects.30

Our results also point to interesting candidate genes from

other stool frequency loci where the association signal has

been refined: ACHE, FAXDC2, CDK18, and the female-specific

signal for FFAR3 all show eQTL associations with individual var-

iants that have been fine mapped with >50% probability. ACHE

codes for an enzyme that hydrolyzes the neurotransmitter

acetylcholine at neuromuscular junctions and is overexpressed

in Hirschsprung’s disease,31 while FAXDC2 is a hydroxylase of

fatty acids whose luminal concentrations are known to affect

gut motility;32,33 they are both expressed in enteric and motor

neurons and therefore represent ideal functional candidates.

CDK18 encodes a protein kinase expressed in colonic M cells

and BEST4+ enterocytes specialized in electrolyte and pH

sensing;15,34 hence, its associated colon-specific eQTL may be

relevant to colonic osmolarity and, consequently, transit. Finally,

FFAR3 is expressed on enterochromaffin cells and enteric neu-

rons, where it can sense short-chain fatty acids derived from

bacterial fermentation and induce suppression of serotonin-

mediated gut motility.35,36

Other strong functional candidates with a well-known role in

GI motility include alpha and beta calcitonin gene-related pep-

tides (CALCA and CALCB genes) from the rs6486216 locus37

and the corticotropin-releasing hormone receptor (CRHR1)

from the rs2732706 locus.38 In particular, CALCA and CALCB

code for a series of small hormones with a known role in gut

physiology (due to tissue-specific alternative RNA splicing and

post-translational processing).39 These include alpha (CALCA)

and beta (CALCB) versions of calcitonin, calcitonin gene-

related peptide, and katacalcin, resulting in the potential

involvement of up to a dozen or more signaling proteins in the

mechanism(s) linking genetic variation to the modulation of

stool frequency.

Our PheWASanalysis finds that 10 out of 14 signals associated

with stool frequency in the current study have been previously

associated with lifestyle, anthropometric, and disease-related

traits (psychiatric conditions in particular). Also of interest is the

association with fecal abundance of Ruminococcaceae UCG-

005 detected for the BDNF locus, where the rs12273363 T allele

linked to more frequent stools was also associated with

decreased abundance of this genus. This is in line with previous

observations linking increased fecal levels of Ruminococcaceae

to harder (usually less frequent) stools.40

Broader evidence of genetic overlap with other conditions

came from our LDSC analyses, which further highlighted shared

genetic architecture with gastrointestinal diseases and co-

morbid neuroaffective traits,41 independent of risk factors asso-

ciated with use of specific medications. We further explored this

in relation to IBS by computing PGSs based on our stool fre-

quency GWAS meta-analysis and testing them in two indepen-

dent subsets of UKBB. Stool frequency PGSs were significantly

higher in IBS cases versus asymptomatic controls defined ac-

cording to Rome III criteria (from questionnaire) or a doctor’s
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diagnosis (self-reported or from medical records). Individuals

from the upper tail of the PGS distribution were more likely

affected by IBS and exposed to up to >53 higher risk of IBS-D

compared to the rest of the population (in the top 1% of the dis-

tribution). Of note, at least in UKBB, the heritability of stool fre-

quency (h2SNP = 0.073) appears to be higher than that of IBS

(h2SNP = 0.037 on the liability scale, based on previous GWAS

data on self-reported IBS).42 This suggests that, once neces-

sarily refined and further validated in independent cohorts,

PGSs derived from the simple stool frequency trait may ulti-

mately contribute to an early identification, and eventual preven-

tive treatment, of individuals at higher risk of developing IBS and

other complex dysmotility syndromes.

Limitations of the study
Our study has some limitations based on the study design. First,

the current analyses could not take into account likely contrib-

uting environmental factors, including diet, as this information

was unavailable in most of the datasets. Second, cell types

and neuronal subtypes relevant to stool frequency candidate

genes have been classified here based on single-cell gene

expression data in a small number of tissue types. Additional

expression analyses in other tissues and cell types, as well as

functional characterizations, are required in order to examine

specific mechanisms involved in the control of motility. Finally,

additional genetic and mechanistic studies are needed to

resolve causative gene(s) and/or variant(s) at the associated

loci. These are important directions for follow-up investigation

and future studies.

In conclusion, we identify 14 loci associated with stool fre-

quency. Our gene and pathway analyses identify an enrichment

of genes with a plausible role in GI motility, possibly acting via

neurotransmission and similar pathways in subsets of enteric

neurons. The demonstrated relevance of these findings to IBS

warrants further study for the identification of actionable patho-

logical mechanisms in the dysmotility syndromes.
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62. Le Nevé, B., Brazeilles, R., Derrien, M., Tap, J., Guyonnet, D., Ohman, L.,

Törnblom, H., and Simrén, M. (2016). Lactulose Challenge Determines

Visceral Sensitivity and Severity of Symptoms in Patients With Irritable

Bowel Syndrome. Clin. Gastroenterol. Hepatol. 14, 226, 33.e1, 3.

63. Tap, J., Derrien, M., Törnblom, H., Brazeilles, R., Cools-Portier, S., Doré,
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LifeLines Deep Tigchelaar et al., 201556 https://www.lifelines.nl

Genes for Good Project Brieger et al., 201957 https://genesforgood.sph.umich.edu/

Flemish Gut Flora Project Vandeputte et al., 2017;58 Falony et al.,

201659
N/A

PopCol Kjellström et al., 2014;60 Walter et al.,

201061
N/A

IBS cohort with transit time data Le Nevé et al., 2016;62 Tap et al., 201763 N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Prof. Mauro D’Amato

(mdamato@cicbiogune.es).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
The stool frequency GWAS meta-analysis summary statistics have been deposited in the GWAS Catalog (https://www.ebi.ac.uk/

gwas/) with the study accession ID GCST90002250. Stool frequency PGS is deposited in the PGS Catalog (https://www.

pgscatalog.org/), under an ID associated with the publication. Publicly available analysis software and code were used as described

in the method details.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study cohorts
We included in this study analyses of a total of 459,531 individuals with available phenotype and genotype data across five popula-

tion-based cohorts, and a case cohort for transit studies (Table S1) Health-related information was derived from questionnaires and

participants’ electronic medical records, with stool frequency defined as the number of stool passes per day, after data harmoniza-

tion (see below for cohort-specific definitions of stool frequency). Selected genotype data was also studied in relation to colonic

transit time in a pilot follow-up analysis of a small cohort of 160 IBS patients fromSweden. A detailed description of all cohorts follows

below (see also Tables S1 and S15 for summary information).

UK Biobank

UK Biobank (UKBB, https://www.ukbiobank.ac.uk) is a population-based cohort consisting of approximately 500,000 individuals

(aged 40–69 years) genotyped on Affymetrix UK BiLEVE Axiom and Affymetrix UKBB Axiom arrays and recruited between 2006

and 2010 in the United Kingdom.55 Each participant underwent cognitive and physical assessment at enrollment and, together

with genotypes, extensive health-related information has been collected over time, including data from their healthcare medical re-

cords. Available genotype and a series of phenotypes derived from UKBB data have been used for the purpose of this study in rela-

tion to individuals self-reporting white-British, Irish, white ethnic background (UKBB data field 21000), as follows: 1) stool frequency

was defined as a quantitative trait (mean = 1.42 ± 0.002SE) based on data extracted from the Digestive health web-based question-

naire (DHQ, https://biobank.ctsu.ox.ac.uk/showcase/showcase/docs/digestive_health.pdf) in relation to the question ‘‘What is the

average number of times you open your bowels per day’’? (UKBB data field 21044); 2) irritable bowel syndrome (IBS) and its diarrhea

(IBS-D), constipation (IBS-C) and mixed (IBS-M) subtypes according to consensus Rome III Criteria were also derived from specific

items in the DHQ (UKBB data fields 21025-21034), after excluding individuals reporting celiac disease or gluten sensitivity (UKBB

data field 21068); 3) IBS diagnoses for a non-overlapping set of UKBB participants (those who did not fill the DHQ) were obtained

based on the combination of non-cancer illness codes, self-reported (UKBB data field 20002) and K58 (IBS) codes according to

the International Classifications of Diseases version-10 (ICD10) from hospital inpatient records (UKBB data fields 41202 and

41024) after excluding individuals self-reporting or ever diagnosed with celiac disease (UKBB data fields 20002, 41202 and

41024). UKBB received ethical approval from the competent Research Ethics Committee (REC reference for UKBB is 11/NW/

0382). The demographics of UKBB individuals included in this study are reported in Tables S1 and S15, together with the studied

phenotypes and the specific tools used to derive these.

LifeLines-DEEP

The LifeLines-DEEP cohort (LLD) is a subcohort of the prospective population-based LifeLines cohort (https://www.lifelines.nl) from

the northern provinces of the Netherlands (Groningen, Drenthe and Friesland) and includes participants of Dutch ancestry whose

molecular profiles (genome, epigenome, transcriptome, microbiome, metabolome and other biological parameters) and health-

related information were collected for integrative analyses and the identification of disease biomarkers.56 Data on stool frequency

and consistency were extracted from gastrointestinal health questionnaires including daily records of defecation patterns (including

number of bowel movements per day [mean = 1.37 ± 0.19SE], and Bristol Scale values [mean = 3.85 ± 0.03SE]), available for 942

individuals included in this study genotyped on customized Illumina Infinium array (HumanCytoSNP-12 BeadChip15 and the Immu-

noChip). The Ethics Committee of the University Medical Centre Groningen approved the study. The demographics of LLD are re-

ported in Table S1.

Genes for Good

The Genes for Good study (GFG, https://genesforgood.sph.umich.edu/) is a population-based cohort initiated by the University of

Michigan in 2015, which includes participants across the US who provided a saliva sample for DNA genotyping on Illumina Inðnium

CoreExome array.57 Health history and daily tracking surveys (including bowel habits from a questionnaire on Gastrointestinal Con-

ditions) were collected via social media (Facebook application). At the time of analysis, information on average weekly stool fre-

quency (mean = 7.84 ± 0.12SE) and genetic data were available for 1,069 participants who answered the question ‘‘On average,

how many times per week do you empty the bowel’’? (harmonized to daily frequency dividing values by 7, with resulting mean =

1.12 ± 0.02SE). Stool consistency (mean = 3.79 ± 0.04SE) was derived from answers to the question ‘‘Looking at the picture provided

(showing the Bristol Stool chart), what faeces type best represents your typical stool passing’’?. The study was approved by the Uni-

versity of Michigan Institutional Review Board. The demographics of GFG are reported in Table S1.
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Flemish Gut Flora Project

TheFlemishGut FloraProject (FGFP) is apopulation-basedcohort that comprises individuals from theFlanders regionofBelgium.58,59

Primary aim of FGFP is the implementation of large-scale microbiome analyses in relation to health and lifestyle factors, and a 2018

release containing genotype (Illumina Human CoreExome array) and bowel data for 2,027 individuals was included in this study. Vol-

unteers filled in a health and lifestyle questionnaire inwhich they reported frequency of defecation in two separate questions. In the first

question, participants provided information on howmany days they defecated the previousweek. In the following question, theywere

asked about how many bowel movements they had, on average, on those days they had defecated. The stool frequency per day

(mean = 1.37± 0.02SE) was obtained combining these two questions, that ismultiplying the number of defecation days by the number

of bowel movements on those days. The FGFP study was approved by the medical ethics committee of the University of Brussels -

Brussels University Hospital (approval 143201215505, 5/12/2012), and the demographics of participants included in this study are

reported in Table S1.

PopCol

ThePopulation-basedColonoscopy (PopCol) study isacohort ofSwedish-born individuals fromStockholm,Sweden,which includesan

omics-rich set of participantswith available data frombowel symptomsquestionnaires, gastroenterology visits, and biospecimens.60,61

For the purpose of this study, we included data from 247 participants with available genotype (Illumina HumanOmniExpressExome 8v1

array) and stool frequency and consistency data (number of bowel movements per day, mean = 1.42 ± 0.044SE; Bristol Scale values

mean = 3.96 ± 0.06SE), extracted from records of defecation patterns kept in daily diaries over a 1-2 weeks period. The study protocol

was approved by Karolinska Institutet’s Research Ethics Committee, and PopCol demographics of PopCol are reported in Table S1.

IBS cohort with transit time data

Swedish adult IBS patients (N = 160) were recruited at Sahlgrenska Hospital, University of Gothenburg, Sweden, and have been pre-

viously described elsewhere.62,63 The diagnosis of IBS was based on clinical presentation and according to the Rome III Criteria.

Exclusion criteria were other GI diseases including celiac disease, inflammatory bowel disease or microscopic colitis, medication

history of probiotics or antibiotics within 1 month before the recruitment, severe psychiatric disorders, and history of drug or alcohol

abuse. Selected genotypes (extracted from available Illumina Inðnium CoreExome24 array data) were studied in relation to colonic

transit time (also called oro-anal transit time). Consent was obtained from all participants and the study was approved by the local

ethics committee. The demographics of this cohort are reported in Table S1.

METHOD DETAILS

Genotype quality control, imputation, and individual GWAS
A common pipeline withminormodificationswas applied to all cohorts for quality control (QC) of genotype data, imputation, and stool

frequency GWAS tests. Briefly, Genotype QC filters were applied per sample (missing rate < 95%–99%; heterozygosity rate > 3SD)

and per marker (call rate > 95%–99%; Hardy-Weinberg equilibrium p < 1.03 10�04), and individuals of non-European ancestry (de-

tected from principal component analysis of European reference populations 1000 genomes or HumanGenome Diversity Project), or

with genotype-phenotype sex discrepancy were excluded from the analyses. Missing genotypes were imputed using the Haplotype

Reference Consortium (HRC), UK10K, or 1KG as reference panels, and association tests were performedwithmixed linear models to

control for population stratification using BOLT-LMM v2.3.444 or SAIGE v0.3845 on high quality (INFO > 0.8) common (MAF > 0.01)

markers including sex, age, the first 10 PCs and genotyping array (if relevant) as covariates in the GWAS analyses. Sex-specific an-

alyses in UKBB were carried out using the same GWAS pipeline, after stratifying participants’ data into male and female groups. In

order to counteract departures from normality, stool frequency values were rank-based inverse normal transformed before testing.

GWAS meta-analysis
Individual stool frequency GWAS results were brought forward into the pipeline for the purpose of the meta-analysis, with no GWAS

showing genomic inflation (l<1.1). Post-imputation QC on GWAS summary statistics was first implemented using EasyQC v9.2

(https://www.genepi-regensburg.de/easyqc), to check for data integrity and harmonize SNP IDs and allele coding across datasets.

Markers with allele frequency deviating > 20% from the HRC reference panel were excluded, together with indels and multi-allelic

markers. A fixed-effect meta-analysis based on the inverse-variance weighted method was performed with METAL v2011-03-25,46

on a total of 167,875 individuals and 8,817,117 markers showing no heterogeneity of effects (Cochran’s Q-test p value > 0.05) and

present in at least 2 cohorts. The Manhattan plot was generated using the R package qqman v0.1.6 (https://github.com/

stephenturner/qqman), annotating each locus with the nearest gene (if within 100kb from the tag SNP). Regional plots were produced

with Locuszoom (http://locuszoom.org). The calculated linkage disequilibrium (LD) score regression intercept was equal to 1.02

(compared to a lambda inflation of 1.14), suggesting polygenicity mostly accounts for statistical inflation.64

Functional annotation of stool frequency loci
Locus definition and content

Annotation of stool frequency loci was done with functional mapping and annotation of genetic associations (FUMA) v1.3.5,47 based

on GWAS meta-analysis summary statistics. Independent association signals were identified based on SNP P value (%5.0 3 10�8)

and LD between markers (r2 < 0.6). Association signals were merged into a single locus for LD blocks closer than 250kb apart. Gene
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content at stool frequency loci was annotated based on positional and eQTLmapping, also with FUMA using default parameters and

FDR p < 0.05. The COnditional and JOint (COJO) function from the GCTA 1.93.2beta software package52 was used to run conditional

analyses at each locus, and identify independent association signals based on stool frequency GWAS meta-analysis summary sta-

tistics (COJO performs secondary association scans conditioning on lead SNPs).

Fine mapping

Fine-mapping was performed for the 14 genome-wide significant loci using FINEMAP v1.3,48 with z-scores from the stool frequency

GWASmeta-analysis and LD matrices derived from the genotype probabilities (.bgen files) of UKBB data. Specific eQTL traits asso-

ciated with fine mapped SNPs were identified based on data from GTEx v8.65

Enrichment analyses
Gene-set and pathway enrichment analyses

Functional enrichment of stool frequency associated genes (as from positional and eQTL mapping with FUMA) was evaluated using

multiple alternative computational approaches. Classical gene-set enrichment analyses were performed with the R implementation

of XGR v1.1.8 (http://galahad.well.ox.ac.uk:3030/),11 using the ‘‘xEnricherGenes’’ function to screen with hypergeometric test the

REACTOME pathways with a minimum overlap of 5 genes. We then used GeneNetwork v2.0,12 in relation to Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathways and GeneOntology (GO) terms, exploiting gene co-regulation matrices to predict pathway

membership by integrating 31,499 public RNA-seq samples. The algorithm uses amethod based on principal component analysis of

co-expression matrices, and subsequent non-parametric testing (Mann-Whitney U-test) between components of known gene sets

and the genes of interest. Enrichment of molecular pathways from the REACTOME libraries was tested using PASCAL with stool fre-

quency GWASmeta-analysis summary statistics.13 PASCAL uses a pathway scoring based on a modified Fisher method with a bet-

ter control on type I errors. The algorithm uses GWAS meta-analysis summary statistics as input and allows to aggregate SNP P

values across pathway genes, while controlling for genes in LD that cannot be treated independently.

Cell-type enrichment analyses

Look up of stool frequency gene expression was done on previously reported scRNA-seq and RAISIN RNA-seq data from human

colonic mucosa and muscularis propria,14,15 in relation to 76 cell types including immune, stromal and enteric neurons, among

others. As described,15 enteric neurons were partitioned into 5 classes based on the expression of major neurotransmitters/neuro-

peptides (CHAT,SLC5A7,NOS1, VIP) and other knownmarkers: putative sensory neurons (PSN), interneurons (PIN subsets 1 and 2),

secretomotor/vasodilator neurons (PSVN), and excitatory (PEMN subsets 1 and 2) and inhibitory motor neurons (PIMN subsets 1-5).

Heatmaps were produced using the ggplot2 R package (https://ggplot2.tidyverse.org) on log2(TP10K+1) transformed data, and the

expression of each gene scaled across all cells. A heatmap showing gene expression collapsed by locus was created by calculating

and reporting locus-specific median values of gene expression for genes at corresponding loci. Enrichment tests, comparing the

expression of stool frequency genes versus background genes in enteric and motor neurons, were conducted using Fisher’s Exact

test, controlling for type I error by FDR adjustment.

Cross-trait analyses
PheWAS for stool frequency GWAS signals in other traits

TheGWASCatalog43 and PhenoScanner v251 were screened with 14 stool frequency lead SNPs and their high LD proxies (r2 > 0.8) in

order to highlight associations (P%5.0 3 10�8) with other traits. Associations were plotted with Circlize (cran.r-project.org/web/

packages/circlize). GWAS meta-analyses of human genome-microbiome association studies (N = 211 taxa) were downloaded from

the MiBioGen consortium (https://mibiogen.gcc.rug.nl) and screened with stool frequency lead SNPs and their high LD proxies (r2 >

0.8). For each risk locus, we considered the best P value obtained for the lead SNP or its LD proxies, after Bonferroni correction for

multiple comparisons (p< 1.7310�5 significance threshold, considering adjustment for 211MiBioGen traits314 stool frequency loci).

Genetic correlations

Stool frequencyh2SNPand the rg betweenstool frequencyandother complex traitswereestimatedusingLDSCv1.0.1,49 implemented in

the CTG-VL platform (vl.genoma.io), which integrates public summary statistics of 1,387 traits frommultiple repositories, filtered based

on significant (p < 0.05) heritability with h2SNP z-score
3 2. Tests for statistical significance were FDR adjusted to control for type I errors.

Multi trait conditional analyses

Multi-trait COnditional and JOint analysis 1.93.2beta (mtCOJO),53 was adopted to generate conditioned GWAS summary statistics

for stool frequency (outcome) after correcting for the SNP effects ofmedication traits (exposures). mtCOJO estimates the effect of the

exposure on the outcome either by generalized summary-data-based mendelian randomization or from genetic correlation (rg) anal-

ysis when there are not enough genome-wide significant SNPs for the exposure trait (at least 10 required by default). mtCOJO anal-

ysis was carried out on stool frequency GWAS meta-analysis data versus medication traits (derived from UKBB fields 20003 and

6154) that showed significant rg from LDSC analysis.

Polygenic score analyses
PGS based on a pruning and thresholding approach were built using PRSice-2 v2.2.11.50 Effect estimates and corresponding stan-

dard errors from the stool frequency GWAS meta-analysis were studied for their relevance to IBS in a 2-step approach including

testing and validation. First, we used them to generate the best PGS model for IBS according to gold-standard Rome III Criteria
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(based on DHQ questionnaire data available for N = 163,616 individuals, see Table S15), using PRSice-2 default settings and UKBB

v3 imputed data. Specifically, the best model was derived for IBS and subtypes (IBS-C, IBS-D and IBS-M) based on the largest

Nagelkerke’s R2 value obtained by testing varying numbers of SNPs selected from a large range of stool frequency GWAS P value

thresholds (from p= 5.03 10�8 to p = 1) according to the standard PRSice-2 pipeline. A total of 263,279 LD pruned variants (clumping

parameters clump-kb = 250, clump-p = 1, clump-r2 = 0.1 as default) entered the analysis, and the best models included 263,279

variants for Rome III IBS, IBS-D and IBS-M (P threshold = 1), and 146,077 variants for Rome III IBS-C (P threshold = 0.332). Then,

PGS were tested again versus IBS for validation (using the 263,279 best-model markers with PLINK54 v2.0 –score function) in the

independent DHQ- remainder UKBB subset (N = 291,496), based on IBS defined according to ICD10 and self-reported diagnoses

from participants’ healthcare records. The PGS for each individual in the target IBS trait were computed as the sum of effect sizes of

all the SNPs included in the respective model. To account for differences in the numbers of variants per cohort and facilitate inter-

pretation, a normalized polygenic score standardized to a normal distribution (mean = 0, SD = 1) was created per cohort. Student’s

t test was employed to determine the significance of the difference between the mean PGSs in IBS and controls. PGSs were binned

into percentiles and the subset of IBS patients within a given magnitude of increased stool frequency PGS (top percentiles) was

compared to the reminder of the population in a logistic regression adjusting for sex, age, the first 10 PCs and genotyping array.

Colonic transit time measurement
Patients were asked to ingest 10 radiopaque rings every morning for 6 consecutive days. On the morning of the seventh day, the

radiopaque rings retained in the bowel weremeasured using fluoroscopy (Exposcop 7000 Compact; ZiehmGmbH, N€uremberg, Ger-

many). Colonic transit time per day was calculated as the number of retained radiopaque rings divided by the daily dose number, that

is by 10.66 Colonic transit time values were scrutinized with the R package ‘‘bestNormalize’’ (https://github.com/petersonR/

bestNormalize) and an ordered quantile transformation applied to obtain best normality statistics for the genetic analyses.

Look-up of GWAS signals in relation to stool consistency and colonic transit time
Pilot follow-up analyses of stool frequency GWAS signals were carried out in relation to stool consistency and colonic transit time.

Summary statistics for the 14 stool frequency associated loci were extracted from GWAS data produced for 2338 individuals with

Bristol stool score values from LLD, FGF and PopCol (see Study Cohorts section), andmeta-analyzed using the same pipeline adop-

ted for the stool frequency GWAS. The genotypes of lead SNPs (or r2 > 0.9 proxies) from the 14 stool frequency associated loci were

extracted from imputed genotype data available for a small cohort of 160 Swedish IBS patients with measured colonic transit time

(see Study Cohorts section). Following outliers’ removal and genotype QC, GWAS effect alleles were tested for association in a linear

regression model, adjusting for age, sex and first 10 PCs from PCA analysis of genotype data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details on statistical tests, significance cut-offs and sample sizes can be found in the tables and figure legends. P values are reported

based on FDR correction for type I errors, unless specified differently. When relevant, further details are found in the method details

for the specific measurement.
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