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The gut virome in Irritable Bowel Syndrome differs from that of controls
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ABSTRACT
Irritable Bowel Syndrome (IBS), the most common gastrointestinal disorder, is diagnosed solely on 
symptoms. Potentially diagnostic alterations in the bacterial component of the gut microbiome (the 
bacteriome) are associated with IBS, but despite the known role of the virome (particularly 
bacteriophages), in shaping the gut bacteriome, few studies have investigated the virome in IBS. 
We performed metagenomic sequencing of fecal Virus-Like Particles (VLPs) from 55 patients with 
IBS and 51 control individuals. We detected significantly lower alpha diversity of viral clusters 
comprising both known and novel viruses (viral ‘dark matter’) in IBS and a significant difference in 
beta diversity compared to controls, but not between IBS symptom subtypes. The three most 
abundant bacteriophage clusters belonged to the Siphoviridae, Myoviridae, and Podoviridae families 
(Order Caudovirales). A core virome (defined as a cluster present in at least 50% of samples) of 5 and 
12 viral clusters was identified in IBS and control subjects, respectively. We also identified a subset 
of viral clusters that showed differential abundance between IBS and controls. The virome did not 
co-vary significantly with the bacteriome, with IBS clinical subtype, or with Bile Acid Malabsorption 
status. However, differences in the virome could be related back to the bacteriome as analysis of 
CRISPR spacers indicated that the virome alterations were at least partially related to the alterations 
in the bacteriome. We found no evidence for a shift from lytic to lysogenic replication of core viral 
clusters, a phenomenon reported for the gut virome of patients with Inflammatory Bowel Disease. 
Collectively, our data show alterations in the virome of patients with IBS, regardless of clinical 
subtype, which may facilitate development of new microbiome-based therapeutics.
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Introduction

Irritable Bowel Syndrome (IBS) is the most com-
mon functional gastrointestinal disorder, affecting 
about 11% of the global population.1 Diagnosis of 
IBS is based on symptoms, including recurrent 
abdominal pain and changes in bowel habits using 
the Rome IV diagnostic criteria. Three clinical sub-
types are recognized: IBS with constipation (IBS- 
C), IBS with diarrhea (IBS-D), and IBS with mixed 
bowel habits (IBS-M).2 The cause of IBS is 
unknown and perhaps multi-factorial, with input 
from genetics,3,4 psychological stress,5 anxiety and 
depression, disruption of gut-brain interactions,6 

diet,7 low grade inflammation,8 and previous evi-
dence of gastroenteritis in a subset of cases.9 

Multiple studies have shown that the bacterial com-
ponent of the microbiome (the bacteriome) is 
altered in IBS10–14 and that IBS-D and IBS-M can 

be distinguished from bile acid malabsorption 
(BAM), a differential diagnosis of IBS-D15 based 
upon a metabolomic signature.12

The gut virome, which is mainly composed of 
bacteriophages (phages) of the dsDNA 
Caudovirales order, plays a major role in shaping 
the composition and interactions of the bacteriome 
through predation and co-evolution and by facil-
itating horizontal gene transfer and nutrient turn-
over in the bacteriome.16 Extensive inter-individual 
variation as well as high temporal stability of indi-
vidual gut viromes have been reported.17–20 Despite 
a key role in the gut microbial ecosystem, the vir-
ome is relatively understudied in gastrointestinal 
diseases in contrast to the bacteriome, although 
recent reports suggest disturbances of the gut vir-
ome in inflammatory bowel disease (IBD)17,21–24 
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and in one small study of IBS.25 The aims of the 
present study were, therefore, to investigate if the 
gut virome is altered in patients with IBS and to 
determine if any alterations distinguished the 
symptom-based clinical subtypes of IBS.

Results

Taxonomy of known and unknown phage sequences 
in IBS

The clinical features of the study participants which 
included 55 patients with IBS (based on Rome IV 
criteria) and 51 non-IBS controls are outlined in 
Table 1. We isolated and performed shotgun 
sequencing of Virus Like Particle (VLP) dsDNA 
from purified fecal samples. Reads were assembled 
into non-redundant contigs, filtered to retain those 
with viral signal (Figure S1 & S2) as described in 
Methods and clustered into 2,962 viral clusters 
(VCs), analogous to genus/sub-family taxonomic 

level, based on gene sharing (Bin Jang et al., 2019) 
with 2,233 VCs composed of more than 2 contigs 
(75.4%). Of note, each methodology used to iden-
tify putative viral contigs yielded many contigs 
unique to that approach (Figure S1). VCs com-
posed of contigs that had less than 75% breadth of 
mapped read coverage (see Methods) were 
removed, retaining 2,957 VCs. Only 33 clusters 
contained a reference genome from the Viral 
RefSeq database (version 97), highlighting the 
amount of ‘viral dark matter’ present in the gut 
virome. Thus, putative family level taxonomy was 
assigned based on contig level taxonomy using the 
UniprotKB TrEMBL database as described in 
Methods and putative bacterial hosts were pre-
dicted at species level by comparing CRISPR 
spacers on bacterial metagenomic contigs from 69 
patients in our IBS cohort12 which had bacterial 
metagenomic data available, to protospacers on 
viral contigs in VCs, although many VCs could 
not be assigned bacterial host(s) (Figure2; Tables 
S1 & S2). Using the above methodology, 36% of 
clusters (Table S3) and 46.9% of contigs (Table S4) 
remained unclassified at family level across all sam-
ples. At family level, 46.5% of cluster and 43.7% of 
contig abundance were accounted for by clusters 
and contigs that could not be classified (Tables S3 & 
S4, Figure S3). Unclassified VCs accounted for 
42.2% and 45.2% of the family level abundance in 
controls and IBS respectively (Table S5).

Of classified clusters, the most abundant families 
were those of the tailed bacteriophage viruses 
Siphoviridae (27.7%), Myoviridae (13%), and 
Podoviridae (8.9%) respectively, which are all in 
the Caudovirales order, in agreement with previous 
studies of the gut virome in healthy and disease 
cohorts (Table S3).17–21,24,26,27 The 4th most abun-
dant family (6%) was the Mimiviridae family, 
whose members infect amoebae and protists, and 
whose member Mimivirus has been previously 
noted as a potentially dubious taxonomic classifica-
tion in a study of the gut virome in ulcerative 
colitis.24,28 This led us to examine the confidence 
of the taxonomic classifications in more detail. 
Examination of the percentage identity and percen-
tage coverage for each protein sequence aligned to 
the hit protein used for taxonomic assignment 
(percentage query cover) revealed a wide distribu-
tion of both scores for each family indicating that 

Table 1. Clinical features of control and IBS subjects.
Control (n = 51) IBS (n = 55)

Age range, years (mean) 20–64 (45) 18–66 (40)
Sex (male/female) 12/39 14/41
BMI Class, n (%)
Normal 21 (41) 24 (44)
Obese Class I 10 (20) 7 (13)
Obese Class II 3 (6) 4 (7)
Obese Class III 1 (2) 3 (5)
Overweight 15 (29) 16 (29)
Underweight 1 (2) 1 (2)
HADS: Anxiety, n (%)
Normal (0–10) 46 (90) 43 (78)
Abnormal (11–21) 5 (10) 12 (22)
HADS: Depression, n (%)
Normal (0–10) 51 (100) 48 (87)
Abnormal (11–21) 0 (0) 7 (13)
Bristol Stool Score, n (%)
Normal 43 (84) 15 (27)
Constipated 7 (14) 15 (27)
Diarrhea 1 (2) 25 (46)
IBS subtype, n (%)
IBS-C 21 (38)
IBS-D N/A 17 (31)
IBS-M 17 (31)
SeHCAT assayed, n (%) 9 (18) 31 (56)
Dietary group (FFQ), n (%)
Omnivore 49 (96) 52 (94)
Vegetarian 1 (2) 2 (4)
Pescatarian 1 (2) 0 (0)
Gluten-free 0 (0) 1 (2)
Drinks alcohol, n (%)
Current 46 (90) 39 (71)
Previous 0 (0) 0 (0)
Never 5 (10) 16 (29)
Smoker, n (%)
Current 7* (14) 7* (13)
Previous 8 (16) 14 (25)
Never 36 (70) 34 (62)

* 1 subject in each group smoked e-cigarettes; N/A not applicable
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many of the classifications (Figure 1 and Figure S4) 
were based on low scores. While families in the 
Caudovirales order had high-scoring hits present, 
scores for most other families, including 
Mimiviridae were low indicating that the family- 
level classification was not reliable. Except for 
Mimiviridae, all other families with low scoring 
hits had very low abundances (<0.2% of total abun-
dance at VC level and <0.6% at contig level; Tables 
S3 & S4, Figure 1). Ascoviridae, Iridoviridae, 
Marseilleviridae, Pithoviridae, and Poxviridae, all 
families of nucleocytoplasmic large dsDNA viruses 
(NCLDVs; proposed order Megavirales29) of eukar-
yotes had mainly low scoring hits (Figure 1) and 
were present in very low abundances (Figure 1; 
Table S1). Furthermore, Pithoviridae viruses have 
a diameter of 500 nm, which is larger than the 
450 nm filter used to remove non-viral material in 
this study (Methods), and so would not be expected 

in our sequence data.30 Some Mimivirdae genomes 
are less than 450 nm and so could legitimately be 
present in our data. However, taxonomic assign-
ments to families without the presence of high 
scoring hits or with low abundance are likely not 
as reliable as those for Caudovirales.

The gut virome differs between IBS and controls

Alpha diversity was significantly lower in the IBS 
fecal virome compared with controls as measured 
with VCs (Figure 2a; Wilcoxon p < .05). Among the 
IBS clinical subtypes, the viromes of IBS-D and 
IBS-M were significantly less diverse than controls, 
based upon both observed and Shannon diversity 
metrics, and the IBS-D virome was significantly less 
diverse than IBS-C for observed VC counts (Figure 
S5a; Wilcoxon p < .05).

Figure 1. Confidence in taxonomic classifications, as measured by percentage query coverage and percent identity for protein 
sequences, predicted from the pooled contigs from IBS (n = 55) and control samples (n = 51), (n = 51,703 contigs). Each protein 
sequence was taxonomically classified using its top Diamond hit to the viral component of the UniProtKB TrEMBL database. Where the 
percentage of the query length covered was >100 due to gaps in the alignment, the coverage value was set to a value of 100. Family 
abundance was calculated by summing the abundance of all contigs assigned to that family and percentage family abundance 
calculated as the abundance of a family divided by the abundance of all families. Dashed lines indicate 75% identity and query 
coverage.
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Significantly lower alpha diversity was also 
observed at contig level (Figure S6) in IBS and the 
IBS subtypes compared to controls, showing that 
the grouping of contigs into VCs had not masked 
any differences occurring at species/strain level. 
Visualization of the total abundance of VCs com-
pared with the prevalence of those VCs in IBS and 
controls (Figure 2b) showed that VCs with lower 
prevalence contribute more to the total abundance 
in the IBS fecal phageome while there is a larger 
spread of the abundance values at each prevalence 
level in controls.

To determine if a core virome was present in IBS 
or control subjects, where the core virome was 
operationally defined as VCs present in at least 
50% of individuals in a group, the prevalence of 
VCs in each group and across all samples was 
examined (Tables S6 & S7). We identified 5 and 
12 core VCs in IBS and controls, respectively. Of 
these, four of the five VCs that were core VCs in IBS 

were also core VCs in the controls and six VCs were 
identified as core when considering all 106 subjects 
(Table S6). The highest prevalence was attributed to 
two VCs, both present in 76 samples. One was 
taxonomically assigned as Myoviridae and was pre-
sent in 41 IBS and 35 control samples, while the 
other was unclassified and found in 40 IBS and 36 
control subjects. All core VCs either had taxonomic 
assignments to families in the Caudovirales order 
or were unclassified but together accounted for 
only 6% of the total VC abundance. We could not 
identify a putative bacterial host for most core VCs 
from our analysis of CRISPR spacers with the 
exception of VC_1982_0, a core VC in controls 
only, which had some contigs with hits to 
Lachnospiraceae and VC_513_0, a core VC in all 
samples, which had some contigs with hits to 
Bacteroides (Table S6).

Additional examination of all pairwise distances, 
as measured using pairwise Bray-Curtis dissimilarity 

Figure 2. Difference in viral diversity between IBS and Controls. A) Boxplots of richness (observed) and alpha diversity (Shannon) 
estimates for IBS and control samples (Control: n = 51; IBS: n = 55 (IBS-C: n = 21; IBS-D: n = 17; IBS-M: n = 17) computed from viral 
cluster counts, showing significant differences (Wilcoxon rank-sum test p < .05) between IBS and controls. B). Barplots showing the 
total abundance of each viral family in control and IBS populations by prevalence in each population).
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of VC abundance between samples, for samples in 
the IBS group, and separately, for all samples in the 
control group, showed that the IBS group had 
a greater degree of heterogeneity as defined by larger 
distances between samples and this difference was 
statistically significant between IBS and control 
groups (Figure S7; Wilcoxon rank-sum test 
p < .05). Taken together, the lower amount of core 
VCs and larger distances between IBS samples, 
demonstrate that the IBS gut virome is more indivi-
dual-specific than that of controls.

Beta diversity, as measured using a PCoA of 
Bray-Curtis dissimilarity of VC abundance, was 
also significantly different between IBS and controls 
(PMANOVA p-value = 0.001), with the only sig-
nificant split occurring at the second eigenvector 
(Students t-test, p-value = 0.0004) (Figure 3a). 
Testing beta diversity based on VCs instead of 
contigs accounted for more of the variance (10.7% 
of the total variance for VCs, see Figure 3, versus 
6.4% for contigs, see Figure S8, was accounted by 
the first two axes) and improved the separation 
between IBS and controls (Figure S8a), demonstrat-
ing that VCs carry a stronger biological signal; 

however, stratification of IBS based on clinical sub-
types was not significant at VC or contig level 
(PMANOVA p-value = 0.1) (Figure S5b and 
Figure S8b). s

Feature selection analysis using the DeSeq2 
methodology on viral cluster counts, identified 10 
VCs that were significantly differentially abundant 
between IBS and non-IBS controls, seven of which 
showed reduced abundance in the IBS subjects 
(Table S8). Of those with decreased abundance, 
three were unclassified at family level, one was 
classified as Mimiviridae and three were classified 
in the Caudovirales order (two as Siphoviridae and 
one as Podoviridae). Of those with increased abun-
dance, one was classified as Mimiviridae, one as 
Podoviridae, and one as Siphoviridae. Most differ-
entially abundant VCs were present in very few 
samples in either IBS or Controls (median of four 
samples in IBS and nine samples in controls), 
except for VC_1982_0. This VC, which was classi-
fied as Podoviridae, displayed increased abundance 
in IBS (log2FC = 3.8) and was a core VC in control 
samples (present in 53% of control samples and 
46% of IBS samples). The DESeq2 methodology 

PCOA 2 (4.9%) 

)
%

8.5(
1

A
OCP

(a) (b)

Figure 3. Difference in viral clusters between IBS and Controls. A) PCoA generated using the Bray-Curtis dissimilarity of viral cluster 
abundances (log-of abundance with pseudocount) between IBS and control samples showing a significant split between IBS and 
Control subjects (R2 = 0.0145, PMANOVA p-value = 0.001). The significant split was associated with the second eigenvector only (t.test 
p-value = 0.0004). PCoA1 is on the vertical axis, while PCoA2 is on the horizontal axis. B) Visualization of viral clusters using Canonical 
Correlation analysis with the Spearman methodology. Clusters significantly associated with the second eigenvector are highlighted as 
dark gray (n = 116). Of the 116 significant clusters, 114 are negatively associated with the second eigenvector showing a reduction in 
abundance and/or prevalence of these viral clusters across the PCoA2 axis which is associated with the IBS vs Control separation.
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reported large log2 fold changes between groups 
(mean and standard deviation of absolute log2FC 
of 20.6 ± 9.8) but the VCs identified were often at 
a low prevalence in each group. A second feature- 
level analysis was performed that correlated VC 
abundance against the secondary axis of the VCs 
(Table S9) that were significantly associated with 
the IBS-to-control split after correction for multiple 
testing (Canonical Correlation analysis with 
Spearman methodology, Benjamini-Hochberg 
adjusted p-value <0.05). Of these, 114 showed 
decreased abundance in IBS. The findings from 
the two feature selection methodologies applied 
reflect the reduced abundance and loss of viral 
features in IBS as would be predicted by the overall 
decrease in gut virome alpha diversity in IBS com-
pared with controls.

We used CRISPR protospacers to predict the 
bacterial hosts for the phages represented by the 
contigs in the ten VCs that were differentially abun-
dant between IBS and control groups, and in the 
116 VCs associated with the IBS to control split as 
defined above. CRISPR spacers prediction resulted 
in four phage contigs in one VC (VC_1832_0) with 

hits to spacers on two bacterial contigs and two 
phage contigs in another VC (VC_1982_0) with 
hits to two different bacterial contigs. VC_1832_0, 
which was unclassified at family level, had 
a significantly lower abundance in IBS, whereas 
VC_1982_0, classified as Podoviridae and a core 
VC in controls, had significantly higher abundance 
in IBS (Figure 4). Of the four contigs in VC_1832_0 
contigs, three unclassified phage contigs had 
matches to one unclassified bacterium and one 
unclassified phage contig had a predicted 
Bacteroides host. In VC_1982_0, one contig had 
a predicted Lachnospiraceae host and the other 
had a hit to an unclassified bacterium. Both 
Lachnospiraceae and Bacteroides have been 
reported as being present at altered abundance in 
IBS.31,32 The remaining eight differentially abun-
dant VCs did not yield any hits to spacers on 
bacterial contigs.

Analysis of bacterial hosts for the 116 VCs asso-
ciated with the IBS to control split yielded 12 VCs 
containing contigs with hits to Prevotella (2 VCs), 
Faecalibacterium (4 VCs), Blautia and Ruminococcus 
(both associated with 1 VC), Firmicutes (3 VCs), 

Phage contigs Bacterial contigs

NODE_113_length_21658_cov_156.495478 Unclassified phage 

NODE_127_length_22638_cov_14.094503 Unclassified phage                                      k141_5676167  Unclassified bacterium

NODE_25_length_53272_cov_60.574577 Unclassified phage 

NODE_116_length_14055_cov_29.469046 Caudovirales (Podoviridae sp.)     k141_4858603 Lachnospiraceae bacterium AC2029

NODE_118_length_34974_cov_6.925133 Unclassified phage k141_212205 Bacteroides sp. 

NODE_932_length_4930_cov_3.148416 Caudovirales (Podoviridae sp.) k141_886207 Unclassified bacterium 

Figure 4. Sankey plot of putative phage contigs and their putative bacterial hosts based on CRISPR spacer sequences in VC_1832_0 
and VC_1982_0, which were two of ten differentially abundant VCs between IBS and controls. To produce this plot, phage contigs in 
the 10 VCs were restricted to those that had a match based on CRISPR spacer sequences to a bacterial contig, resulting in 6 contigs, 4 
from viral cluster, VC_1832_0 and 2 from VC_1982_0 (phage contigs beginning with NODE_116 and NODE_932). VC_1832_0 had 
significantly decreased abundance, and VC_1982_0 had significantly increased abundance in IBS compared with control samples, as 
reported by DeSeq2. For phage contigs, the putative species is indicated in brackets beside the phage family name.
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Clostridia (I VC), and Aerobutyricum (1 VC) species 
in a subset of VCs with decreased abundance in IBS; 
however, we could not predict bacterial hosts for 
most contigs in these VCs (Table S9). The two VCs 
with hits to Prevotella were unclassified at family 
level but phage families Myoviridae and 
Siphoviridae were associated with the other bacterial 
hosts.

In summary, the reduced core virome, low 
count of gut virome species, and differential abun-
dance observed in IBS signals a distinctive and 
limited virome in IBS compared with non-IBS 
controls.

Despite these differences, we found that the gut 
virome could not be used as predictive of IBS 
based on an XGBOOST machine learning pipe-
line, implemented as described previously for 
IBD17 with five fold cross-validations. Predictive 
models showed no predictive power when com-
bined with gut virome cluster data with AUCs 
close to 0.5.

The gut virome does not co-vary with the 
bacteriome or BAM status

Bile acid malabsorption (BAM) causes diarrhea 
which is clinically difficult to distinguish from 
IBS-D.15 We recently showed that the fecal meta-
bolome, but not the microbiome, could distin-
guish subjects with BAM from those with IBS.12 

We first used co-inertia analysis to test for co- 
variance between the gut virome VCs and bacter-
iome for 326 bacterial species in 103 samples for 
which we had bacteriome information and found 
only limited global similarity between the gut bac-
teriome and virome (RV = 0.45; data not shown). 
Analysis using contigs instead of VCs also yielded 
a low RV value of 0.43 indicating that the co- 
variance between the VCs and the gut bacteriome 
of these samples was limited.

To determine if BAM status interacted with the 
gut virome, the BAM status of 28 patients with IBS 
(4 borderlines, 5 mild, 4 moderate, 12 normal, and 
3 severe BAM cases) was compared with VC abun-
dance in the fecal virome data. No significant rela-
tionship was identified (PMANOVA on Spearman 
distance, p-value = 0.16), although the low number 
of samples used was a limitation.

No evidence of conversion from lytic to lysogenic life 
cycle in IBS

A gut virome study of patients with IBD found 
evidence that the virulent phage core in healthy 
individuals is replaced with temperate phage in 
IBD patients.17 To determine if this is the case in 
IBS, we examined 943 VCs (31.9% of VCs) that we 
identified as putative temperate VCs (see 
Methods) for differential abundance in IBS and 
controls. We did not find any VCs which were 
differentially abundant (Wilcoxon signed-rank 
test, Benjamini-Hochberg adjusted p-value <0.05) 
indicating that there is no switch in core phage 
lifecycles in IBS.

Discussion

Our data show that there is a limited core virome 
in patients with IBS and controls. Those with IBS 
had reduced gut virome diversity and more indi-
vidual-specific viromes compared with non-IBS 
controls, but there were no significant differences 
in diversity of the gut virome among the IBS 
clinical subtypes. The use of VCs helped attenuate 
the strong inter-individual variation observed 
when using strain level contigs as documented 
for IBD.17 It detected more sharing than seen at 
contig level and improved stratification between 
IBS and controls, especially in beta diversity ana-
lysis. Of classified VCs, families in the 
Caudovirales order (Myoviridae, Podoviridae, 
Siphoviridae) predominated in both IBS and con-
trols, with a minimal core gut virome, as reported 
in other gut virome studies for diseased and 
healthy populations.17–22,24,26,27 The IBS gut vir-
ome is distinct from that of controls, but there is 
only one core VC (unclassified taxonomy) identi-
fied in IBS that was not also found as a core VC in 
controls.

To our knowledge, there is a single previous 
report on the gut virome in IBS25 which investi-
gated the fecal virome of 25 patients with IBS and 
17 controls using the subset of reads that could be 
classified to known viral families by alignment to 
the Viral RefSeq database. The larger study pre-
sented here examines both known and unknown 
viral sequences. We corroborated the reduction in 
phage alpha diversity in IBS and lack of robust 
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differentiation among IBS subtypes reported by 
Ansari et al.25 However, we did not identify sig-
nificant differences in families of eukaryotic 
viruses of the order Megavirales between patients 
with IBS and controls, as reported by Ansari et al.25 

with the exception of two VCs assigned to the 
Mimiviridae family, one of which was more abun-
dant in IBS and one with less abundance but we 
noted that the protein sequence hits used to clas-
sify this family had low support. All other mem-
bers of the Megavirales order in our data had very 
low abundances and alignment scores and did not 
display significantly different abundances between 
IBS and controls. Due to the challenges of taxo-
nomic assignment, we cannot rule out the pre-
sence of eukaryotic viruses in the gut virome as 
these viruses have been identified in the gut vir-
ome of both healthy subjects and those with gas-
troenteritis previously and have been cultured 
from human stools.33,34 However, they likely ori-
ginate from amoebas in drinking water and 
a definitive role for these viruses in pathogenesis 
is lacking. Difficulties with taxonomic assignment 
of eukaryotic viruses in the gut virome have been 
previously reported;28 both viral genome assembly 
and taxonomic assignment of viruses are challen-
ging due to the lack of a universal marker gene, 
high numbers of hypervariable and repeat 
regions,35,36 rapid mutation rates,36 horizontal 
transfer between viruses and bacteria and incom-
plete databases.35,37–40 Validated methods such as 
vConTACT241 can cluster contigs and assign tax-
onomy; in our data; however, many clusters 
remained unclassified with this approach high-
lighting the large amount of viral dark matter in 
the gut virome.

The core gut virome, dominated by lytic phage, 
seems to be replaced by temperate phage in IBD.17 

To determine if a similar phenomenon is involved 
in IBS, we examined the differential abundance of 
all putative temperate VCs between IBS and con-
trols, but we did not find any evidence of 
a difference and conclude that replacement of the 
predominant phage lifecycles is not a consistent 
observation in IBS.

Since residual bacterial sequences may be pre-
sent in VLP datasets,42 we filtered our contigs to 
retain only those with viral signal, which we 

performed by combining the results of 
a comprehensive set of methodologies used in 
other gut virome studies.17,20,26,43 We observed 
low concordance across the approaches highlight-
ing the utility of combining multiple methods. 
A potential limitation of our study is that novel 
viruses containing features that are substantially 
different from those cataloged in viral databases 
could be missed, and that bacterial contigs with 
loci homologous to viral features could have been 
erroneously included. We also attempted to iden-
tify putative bacterial hosts for phage contigs in all 
VCs by identifying sequence matches on phage 
contigs to CRISPR spacers on bacterial contigs. 
For the 10 VCs that were differentially abundant 
between IBS and controls, we could only identify 
hosts for contigs in two of the ten VCs, and simi-
larly, we could only identify bacterial hosts for 12 
VCs of the 116 VCs associated with the IBS to 
Control split. This could potentially be improved 
by using contigs from more samples as we only had 
bacterial contig information for 66% of the virome 
samples.

Although we did not find global co-variance of 
the bacteriome and virome data, this may be due 
to the inherent sparseness of the data which also 
presented challenges for feature selection and beta 
diversity analysis. Additionally, we did not exam-
ine the role of ssDNA or RNA viruses in this study, 
although RNA viruses in the gut would be 
expected to be mostly of dietary (i.e., plant) 
based origin.23,44

Use of a whole-virome-based approach in this 
study allowed us to identify changes in both the 
known and unknown components of the gut vir-
ome in IBS compared with controls. Further work 
is required to improve methods for taxonomic 
classification of viral sequences as well as for resol-
ving phage genomes. Application of long read 
metagenomics to the analysis of the human gut 
virome using approaches such as those employed 
by Warwick-Dugdale and colleagues39 would 
improve completeness of recovered phage gen-
omes, enable more accurate strain-level analysis, 
taxonomic classification, and aid exploration of 
virome population structure and host interactions 
to identify potential biomarkers and/or therapeutic 
targets for IBS.
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Patients and methods

Study participant recruitment

Patients with IBS (Rome IV criteria) and control 
subjects aged 16–70 years and of the same eth-
nicity and geographic region were recruited to 
the study. Clinical subtyping of 55 patients with 
IBS45 included: 21 with constipation (IBS-C), 17 
mixed type (IBS-M), and 17 with diarrhea (IBS- 
D). Exclusion criteria included the use of anti-
biotics within 6 weeks prior to study enrollment, 
other chronic illnesses including gastrointestinal 
diseases, severe psychiatric disease, abdominal 
surgery other than hernia repair or appendect-
omy. The inclusion/exclusion criteria for the 
control population were the same as for the 
IBS population with the exception of having to 
fulfill the Rome IV criteria for IBS. 
Gastrointestinal (GI) symptom history, psycho-
logical symptoms, diet, medical history, and 
medication use were collected on all participants 
(IBS and controls) and using the Bristol Stool 
Score, Hospital Anxiety and Depression Scale 
(HADS)46, and Food Frequency Questionnaire 
(FFQ).47 IBS-D and IBS-M patients reporting 
diarrhea as well as a subset of consenting control 
subjects were assessed for bile acid malabsorp-
tion by SeHCAT, a radiolabelled synthetic bile 
acid which is used to clinical diagnosis of BAM. 
Ethical approval for the study was granted by 
the Cork Research Ethics Committee before 
commencing the study and all participants pro-
vided written informed consent. Fresh fecal sam-
ples were collected from all participants and 
these were stored at −80°C within a few hours 
of the collection until processed for metage-
nomic sequencing of dsDNA virus-like particles 
(VLPs). Characteristics of the study population 
are presented in Table 1.

Extraction, library preparation, and shotgun 
sequencing of fecal VLP

We used the 1E protocol from Milani et al.48 

adapted from Kleiner et al.42 to extract fecal VLP 
dsDNA. When compared with polyethylene glycol 
(PEG) and filtration methods, this protocol had the 
least non-viral DNA contamination and had the 

lowest species-specific bias. 0.5 g of stool was sus-
pended in a sodium chloride magnesium sulfate 
and gelatin (SMG) buffer by vortexing and kept 
1 hr on ice. The suspension was then centrifuged 
at 4°C for 5 min at 2500 xg. The supernatant was 
removed to a fresh tube and centrifuged again at 4° 
C for 15 min at 5000 xg. The supernatant was again 
transferred to a fresh tube and dithiothreitol (DTT) 
was added to a final concentration of 6.5 mM and 
incubated for 1 h at 37°C. The sample was then 
filtered through a 0.45 µm syringe filter and treated 
with 10 U DNase (Roche) for 1 hr at RT. The 
DNase was inactivated by heating samples for 
10 min at 70°C. DNA was extracted using the 
Norgen Phage DNA isolation kit (Accuscience) 
manufacturer’s instructions. This kit isolates bac-
teriophage DNA from the sample using spin col-
umn chromatography without the need for phenol, 
chloroform, or cesium chloride. The Norgen spin 
column binds nucleic acids depending on ionic 
concentrations, thus preferentially purifying DNA 
while removing most RNA and proteins in the 
flowthrough. Briefly, lysis buffer and proteinase 
K were added to the sample and incubated 15 min 
at 55°C followed by 15 min at 65°C. Isopropanol 
was added before transferring the sample to the 
spin column, centrifuging at 6000 xg for 1 min. 
The spin column was washed with three rounds of 
wash buffer to remove any remaining impurities 
and the sample eluted from the column with 
75 µL elution buffer. DNA concentration was quan-
tified using Qubit High Sensitivity dsDNA kit (Life 
Technologies). Libraries were prepared for sequen-
cing using the Nextera XT library prep kit 
(Illumina) following manufacturer’s instructions. 
Briefly, 1 ng of DNA was enzymatically cut, and 
short sequences “tagged” onto resulting fragments. 
Subsequently, PCR adapter and index sequences 
were added using the short tag sequences. Samples 
were run on a High Sensitivity DNA Bioanalyzer 
2100 chip (Agilent) to determine the average frag-
ment size and pool in equimolar concentrations. 
Tagged libraries were sent for sequencing to the 
commercial supplier (GATC Biotech AG, 
Konstanz, Germany) on a flow cell of a HiSeq 
2500 sequencer, producing an average of 
7,295,373 ± 1,643,253 250 bp paired-end sequences 
per sample.
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Sequence data pre-processing

Read processing
Reads were checked using FastQC v0.11.8 and 
multiQC v1.7.49 Adapters were removed using 
Skewer v0.2.2 with adapter string 
‘CTGTCTCTTATACACATCT’, minimum read 
length of 60 and maximum read length of 170. 
Low complexity reads were then removed using 
BBMap v38.22 BBDuk with parameters 
entropy = 0.5, entropywindow = 50 and entro-
pyk = 5 to filter out reads with an average entropy 
less than 0.5. Reads that mapped to the human 
genome (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/ 
GCA/000/001/405/GCA_000001405.15_GRCh38/ 
seqs_for_alignment_pipelines.ucsc_ids/GCA_ 
000001405.15_GRCh38_no_alt_analysis_set.fna. 
gz) were removed using BBSplit (BBMap v38.22) 
(https://sourceforge.net/projects/bbmap/) with 
default parameters resulting in an average of 
6,285,899 + 1,480,880 paired-end reads with med-
ian read length of 157. The level of bacterial con-
tamination was quantified by calculating the 
percentage of quality filtered reads mapped to the 
silva-bac-16s-id90 supplied by SortMeRNA 
(derived from SILVA SSU Ref NR v.119 database) 
using SortMeRNA version 2.1b.50

Assembly and dereplication
Quality filtered reads were assembled into contigs for 
each sample using metaSPAdes v3.13.051 with default 
k-mer sizes of 21,33,55,77,99. Contigs less than 1 kb 
were removed and contigs from all samples were 
pooled and dereplicated using BBMap v38.22 
dedupe. sh with minimum percent identity of 95% 
keeping the longest contigs where two or more con-
tigs had above the minimum identity threshold. This 
resulted in 327,267 contigs from the 106 samples.

Mapping and Abundance calculation
Reads that passed QC filtering were mapped to the 
dereplicated contigs using Bowtie252 v2.3.4.3 in end- 
to-end mapping mode. Sambamba v0.6.653 view, sort, 
and index functions were used to convert the 
Sequence Alignment/Map (SAM) file to Binary 
Sequence Alignment/Map (BAM), sort the BAM 
file, and create the BAM index file in that order. 
Sambamba v0.6.6 depth with threshold set to 1 (-T 
parameter) was used to quantify the percentage of 

bases in each contig that had at least 1X coverage. 
The abundance of each contig was calculated as the 
number of reads mapped to the contig (read count 
column in sambamba depth results). Only counts for 
contigs passing the step to select viral contigs were 
retained.

Selection of putative viral contigs

Open reading frames (ORFs) and their correspond-
ing protein sequences were predicted for the dere-
plicated contigs using Prodigal v2.6.354 in 
metagenomic mode. HMMER hmmsearch v3.2.1 
was used to search the predicted protein sequences 
against HMM databases of prokaryotic viral ortho-
logous groups (pVOGs), virus orthologous groups 
(VOGDB) and Integrated Microbial Genomes/ 
Virus (IMGVR) sequences with hits retained if 
they had a minimum full sequence E-value of 1e- 
5. A database of crAssphage protein sequences was 
compiled by downloading 22,240 protein sequences 
from Guerin et al.55 and 2,684 protein sequences 
from Yutin et al.56 producing 24,924 protein 
sequences. Predicted protein products from the 
dereplicated contigs were aligned to this database 
using Diamond v0.9.24 keeping only the top result 
for each protein that had a hit with a minimum 
E-value of 1e-10 and minimum identity of 80%.

To minimize any bacterial contamination, the 
dereplicated contigs were filtered to retain only 
those contigs that fulfilled one or more of the follow-
ing criteria: a) be circular as predicted using ‘find_-
circular.py’ from VRCA57 with read length of 150 bp 
and minimum contig length of 1 kb b) categories 1 to 
6 from VirSorter run in virome decontamination 
mode with the diamond aligner and default 
RefSeqdb (parameters: – virome, – diamond, – db 1 
c) greater than 3 ORFs with HMM hits on a contig 
and greater than 2 HMM hits per 10 kb of that contig 
to the pVOG, VOG or IMG/VR database (hits had 
minimum E-value of 1e-5) d) contig predicted as 
viral or ‘unclassified’ using Kaiju v1.6.3 with the 
kaiju nr_euk (42 GB) database downloaded on the 
5th February 2019 from http://kaiju.binf.ku.dk/server 
and default parameters or e) one or more protein 
sequences on a contig with a hit to a crAssphage 
protein sequence as described earlier. These steps 
resulted in 51,703 contigs. Contigs that had less 
than 75% of their bases at 1X coverage in a sample 
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had their counts set to zero in that sample, resulting 
in 51,178 contigs retained for downstream analysis.

Identification of Viral Clusters (VCs)

752,654 proteins from 51,703 contigs were clus-
tered using vConTACT2 v0.9.1141 with the PC 
and VC inflation index set to 1.5 and all other 
parameters at default. 373,129 proteins from 9,208 
genomes in Viral RefSeq release 97 were down-
loaded and added to the pool of protein sequences 
input to vConTACT2 in order to facilitate taxo-
nomic placement of the viral clusters.

Where vConTACT2 refined discordant clusters 
into sub-clusters, the sub-clusters were considered 
as independent clusters. All clusters were filtered to 
keep those with Benjamini-Hochberg adjusted 
p-values less than 0.05 and that had at least one 
contig from our dataset. The abundance of each 
cluster was calculated by summing the count asso-
ciated with each contig in the cluster for each sam-
ple. This produced 2,962 clusters containing at least 
one contig from our data (2,233/2,962 clusters had 
≥2 members, 729 clusters with only one member) 
but only 33 of these clusters contained a Viral 
RefSeq genome. Five clusters were removed as 
they were composed entirely of contigs that did 
not pass the breadth of coverage filter, resulting in 
2,957 contigs encompassing a total of 11,630 con-
tigs. The maximum number of members in any 
cluster was 62 (mean of four and median of two 
contigs in clusters).

Bacterial host prediction based on CRISPR 
protospacers

Bacterial metagenome contigs which were co- 
assembled from metagenomes from 69 fecal sam-
ples from our IBS patient cohort12 using Megahit 
v1.1.258 with minimum contig length set to 200, 
were used to search for CRISPR spacers.

CRISPR spacers were predicted on contigs ≥1kb 
(n = 871,531) using PILER-CR, retaining only 
results with E-value <1e-05, resulting in 10,502 
spacer sequences from 644 contigs. The spacer 
sequences were aligned to the viral contigs 
(n = 51,703) using blastn from Blast++59 version 
2.9.0+ with mode ‘blastn-short’ and E-value <1e-05. 
2,993 viral contigs had hits to 2,076 spacer 

sequences from 644 bacterial contigs. The 644 bac-
terial contigs were taxonomically classified using 
CAT v5.0.360 with default parameters (containing 
diamond version 0.9.21 and using a CAT nr data-
base downloaded from tbb.bio.uu.nl/bastiaan/ 
CAT_prepare/CAT_prepare_20190719.tar.gz). 459 
contigs were classified (71.27%). At the superking-
dom level, 451 were classified as Bacteria, two as 
Archaea, one as Viral (k141_4221899, Inoviridae 
family), and five remained unclassified.

Statistical Analysis

Feature selection was performed using DESeq2 
applied to the count data for the viral clusters 
which were prefiltered to keep clusters present in 
at least 10% of samples. Correction for multiple 
testing was applied using the Benjamini-Hochberg 
(BH) methodology. Significance across IBS/control 
stratification and IBS and BAM subgroups were 
performed using the Permutational MANOVA 
methodology from the R vegan library. Co-inertia 
analyses were carried out using co-inertia function 
from the R library ade4 to compare Metagenomic 
species, as defined by Metaphlan261 with Archaea 
and Eukaryota removed (n = 326 species), for 103 
samples, with the viral contig counts for the same 
samples. Alpha diversity (Shannon diversity) and 
richness (observed counts i.e., the number of 
phages identified in each subject) were calculated 
using raw counts for contigs and VCs using the 
‘estimate_richness’ function in the phyloseq 
v1.28.0 R package. Raw counts were scaled by tak-
ing the log10 of the count after adding 
a pseudocount of one in both datasets. PCA was 
performed on each matrix using the ‘dudi.pca’ 
command, coinertia was carried out using the 
‘coinertia’ command and the significance of the 
RV value was assessed by calculating a simulated 
p-value using the ‘randtest’ function with 
999 permutations.

Taxonomic assignment of contigs

The viral section of the UniprotKB TrEMBL database 
was downloaded on the 24th April 2019 from ftp://ftp. 
uniprot.org/pub/databases/uniprot/current_release/ 
knowledgebase/taxonomic_divisions/uniprot_ 
trembl_viruses.dat.gz. Annotation information was 
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downloaded from https://www.uniprot.org/uniprot/? 
query=taxonomy%3A%22Viruses+%5B10239%5D% 
22+reviewed%3Ano using search term 
‘taxonomy:”Viruses [10239]” AND reviewed: no’ 
and adding ‘Organism ID’ as a column to the table, 
which resulted in 3,878,757 entries. The ete3 toolkit 
was used in a python script to extract the official 
taxonomic ranks associated with each organism ID 
(superkingdom, kingdom, phylum, class, order, 
family, genus, species) and output a file with each 
accession number and taxonomic information. 
A separate script was used to extract all protein 
sequences from the uniprot_trembl_viruses.dat file 
and place them into a fasta file with accession num-
bers as sequence headers. Diamond v0.9.24 blastp62 

was used to align the protein sequences associated 
with viral contigs to the protein sequences in the 
fasta file with parameters – max-target-seqs 1 – evalue 
1e-05 and – sensitive. The diamond results were 
parsed to assign taxonomy to the query proteins 
using the file of accession numbers and taxonomic 
information.

Taxonomy was assigned to contigs using a voting 
based lowest common ancestor approach. For con-
tigs with at least one ORF per 10 kb of length, if all 
protein sequences with hits to the UniprotKB 
TrEMBL database on that contig agreed at the 
species level then the contig was assigned that tax-
onomy. If there was a disagreement at species level 
but the genus level was the same, then the most 
prevalent species was assigned. If there was a tie in 
the number of disagreements at species level e.g. 
two protein sequences were assigned to one species 
and the other two to another, then only the genus 
level classification was kept. The same procedure 
was followed to assign contigs back to order level in 
the case of disagreements at downstream levels. 
Note that species- 
levelassignments may not be reliable as some 
families have very few species genomes sequenced, 
potentially leading to spurious species assignments.

Taxonomic assignment of viral clusters

As only 33/2,957 clusters contained a Viral RefSeq 
genome, taxonomy was assigned to viral clusters at 
family level using the family level taxonomy of the 
contigs that formed the clusters.

Temperate phage prediction and differential 
abundance

Viral contigs were assigned as belonging to putative 
temperate phages if they had a gene with homology to 
one of 28 integrase or site-specific recombinase pVOGs 
(E-value <1E-05, pVOGs from the list used by Clooney 
et al.17). Viral clusters were considered as potentially 
temperate if they contained at least one putative tem-
perate contig. Differential abundance of temperate clus-
ters was calculated using the Wilcoxon test on 
temperate cluster counts for IBS and Controls. 
Clusters with Benjamini Hochberg adjusted p-value 
<0.05 were considered differentially abundant.

Terminase annotation

Terminases lack bacterial homologs and so we anno-
tated contigs that contained genes with homology to 
a terminase gene from a list of 72 pVOGs produced by 
filtering for the word ‘terminase’ in the ‘Protein 
Annotations’ column of http://dmk-brain.ecn.uiowa. 
edu/pVOGs/VOGbigtable.html.
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