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Variations in gut microbial profiles in ankylosing spondylitis:
disease phenotype-related dysbiosis
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Background: Microbial involvement in ankylosing spondylitis (AS) has been suggested; however, the
relationship between gut microbiome and the disease phenotypes of AS remains to be established. This
study was to characterize and investigate differences in the gut microbiome between AS patients and
healthy controls (HCs), and to determine whether the gut microbiome profile associated with the disease
phenotypes.

Methods: 16S rRNA gene V4 region sequencing was performed on fecal DNA isolated from stool samples
collected from 41 patients with AS [20 axial AS (axAS) and 21 peripheral AS (pAS)] and 19 HCs. QIIME
based pipeline was used to process the raw sequence data. Alpha and beta diversities were assessed using
QIIME, and comparisons of gut microbiome profile were performed using linear discriminant analysis (LDA)
effect size (LEfSe) to examine differences between groups and subgroups. A gut microbiota-based model
for predictive diagnosis of AS was constructed using random forest algorithm and its predictive value was
assessed by receiver-operating characteristic analyses.

Results: Our results showed that fecal microbial communities in patients with AS differ significantly
from those in HCs, driven by a higher abundance of 7 genera (Prevotella_9, Dialister, Comamonas, Collinsella,
Streptococcus, Alloprevotella and Prevotella_2) and a lower abundance of 4 genera (Eubacterium_ruminantium_
group, Ruminococcus_gnavus_group, Lachnospira and Bacteroides). In addition, pAS patients were more enriched
in Comamonas, Streptococcus and Collinsella, while axAS patients were more enriched in Prevorella_2. An 8
genera-based model showed high accuracy for distinguishing AS patients from HCs with an area under the
curve (AUC) up to 0.950.

Conclusions: Our results revealed specific alterations in the gut microbiome in patients with different
phenotypes of AS, and the classification model based on gut microbial features might provide a new direction
for future clinical diagnosis. Lastly, discovery of the associated microbes of AS in the gut microbiome may

help us to seek more treatments for this disease.
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Introduction

Spondyloarthritis (SpA) refers to a group of disease with
overlapping clinical features and pathogenic mechanisms,
yet with important clinical and outcome differences,
including psoriatic arthritis (PsA), arthritis related to
inflammatory bowel disease (IBD), reactive arthritis,
juvenile idiopathic arthritis (JIA), and ankylosing spondylitis
(AS) (1). The exact pathogenesis of SpA remains unknown,
however, growing evidence implicated that SpA is the
consequence of a complex interaction between genetic
polymorphisms and environmental factors (2,3).

AS, a prototypic and best studied subtype of SpA, is
characterised by the sacroiliitis and spondylitis, which may
lead to bony ankylosis in its extreme (4,5). Human leukocyte
antigen (HLA)-B27 is the dominant genetic risk factor
for AS (6), and is present in as many as 90% of individuals
with AS. Although it is almost necessary to have HLA-B27
for the development of AS, it is not sufficient. Less than
5% of HLA-B27 carriers are affected (7). Interestingly, in
HLA-B27/B2-microglobulin-transgenic (B2m-Tg) rat, one
of the most important animal model of SpA (8), animals
remain healthy in an environment completely free of known
microbes, while reintroduction of normal commensal gut
bacteria is sufficient to trigger colitis and arthritis (9).
More recently, HLA-B27/p2m-Tg rats were shown to have
different gut microbiota with an increase in the abundance
of Prevotella spp. and a decrease in the abundance of
Rikenellaceae when compared with wild-type rats (10) and
accompanied by perturbed mucosal immunity (11). In AS
patients, as many as 40-60% of them were present with
subclinical intestinal inflammation, and 5-10% of these
cases will progress into clinical established IBD during their
disease course (12). Increasing studies showed evidence
for the link between gut dysbiosis and IBD. So, from the
above perspectives, it is reasonable for us to consider that
gut dysbiosis maybe one of important factors contributing
to the pathogenesis of AS. A study of 10 AS patients and 9
healthy controls (HCs) by 16S ribosomal DNA sequencing
analysis showed dysbiosis in terminal ileum biopsy
specimens of AS patients (13). And a more recent study
based on shotgun sequencing using gut microbial DNA
from fecal samples of 211 Chinese individuals also shown
alteration of gut microbiome in AS patients (14).

As we know, AS showed complicated clinical symptoms,
comprising of axial and asymmetric peripheral joint
inflammation and extra-articular manifestations, including
uveitis, psoriasis, and IBD. Nearly 50% of AS patients
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have peripheral manifestation such as peripheral arthritis,
enthesis or dactylitis, and these peripheral symptoms
seem to contribute to higher level of disease activity in AS
patients (15). Sulfasalazine (SASP) is a sulfa antimicrobial
used to treat IBD in clinic for years (16), and also applied in
AS patients who have concomitant peripheral manifestations
(17,18). SASP showed no efficacy for AS patients with only
axial joints involved (19). Of note, in rats with experimental
colitis, SASP alleviated colitis through modulating the
gut microbiome composition and function (20). This may
suggest that gut microbiome might be associated with the
distinguished efficacy of SASP in AS patients with different
phenotype. However, no research has investigated the
features of the gut microbiota in patients with different
phenotypes of AS. And whether there are differences in gut
microbiome between AS patients with only axial involved
and concomitant peripheral joints involved remain to be
determined.

In this study, we characterized the gut microbiota in
fecal samples from AS patients using 16S ribosomal DNA
sequencing and identified specific features of the gut
microbiota showing association with phenotypes of AS.
We also constructed a disease classifier for discriminating
between HCs and different AS subgroups.

Methods
Participants

AS patients were recruited from outpatient Clinic of
Rheumatology and Immunology Department of the Third
Affiliated Hospital of Sun Yat-sen University from January
to June 2017. All patients were older than 18 years old, and
fulfilled the 1984 modified New York criteria for AS (21).
All patients were free from conventional disease modifying
anti-rheumatic drugs (such as SASP), corticosteroids,
and biological agents for at least 3 months before sample
collection. Demographic data, body mass index (BMI), clinical
manifestation, HLA-B27 status, erythrocyte sedimentation
rate (ESR), C-reactive protein (CRP), and therapeutic
regimen and metrics for disease activity [i.e., ankylosing
spondylitis disease activity score (ASDAS)] (22) were collected
from patients by trained investigators. According to the 2009
ASAS classification criteria for SpA (23), patients with ever
or currently peripheral manifestations including peripheral
arthritis, and/or enthesitis, and/or dactylitis were classified
as the peripheral AS (pAS) and others were classified into
the axial AS (axAS) subgroup. HCs were enrolled among
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those took annual physical examination in the Third
Affiliated Hospital of Sun Yat-sen University. They were
never diagnosed with AS, IBD or any other autoimmune
disease.

Individuals with the following disease were excluded
from the study: cardiovascular disease, diabetes mellitus,
cirrhosis and infection disease. Individuals taking antibiotic
drugs or probiotic supplements within 2 months prior to
sample collection were also excluded from the study.

All participants gave written informed consent and the
study was approved by the ethics committee of the Third
Affiliated Hospital of Sun Yat-sen University.

Samples collection and DNA extraction

Fresh stool samples were collected from participants and
placed into sterile boxes and transported within ice boxes
within 2 hours to the laboratory for further processing.
Each stool sample was divided into 5 aliquots (200 mg) with
Eppendorf tube and stored at —80 °C until DNA extraction.
Microbial DNA was extracted with a fecal DNA extraction
kit (Tiangen Biotech Co., Ltd., Beijing, China.) according
to the manufacturer’s instruction. Finally, DNA was
suspended in 100 mL. AE buffer and stored at —80 °C for
further analysis.

16S rRNA gene sequencing and data processing

The V4 region of 16S rRNA gene from each sample was
amplified using dual-indexed V4-region primer (515F,
5'-GTGCCAGCMGCCGCGGTAA-3", and 806R
5'-GGACTACHVGGGTWTCTAAT-3") (24) with
barcodes. All polymerase chain reaction (PCR) reactions
were carried out with Phusion® High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA, USA), and
mixture PCR products were purified with Qiagen Gel
Extraction Kit (Qiagen, Hilden, Germany). The library
quality was assessed on the Qubit® 2.0 Fluorometer
(Thermo Scientific, Waltham, MA, USA) and Agilent
Bioanalyzer 2100 systems. Finally, the library was sequenced
on an Illumina HiSeq2500 platform and 250 bp paired-end
reads were generated.

Paired-end reads at 250 bp in length were merged using
Flash (v1.2.7) (25), and then processed through a QIIME-
based bioinformatics pipeline. Briefly, we conducted data
filtration according to the QIIME (v1.9.1) (26) quality
controlled process to reduce sequencing and PCR errors,
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aligned the resulting sequences to the SILVA 16S rRNA
sequence database (27), and use UCHIME to remove any
chimeric sequences (28,29). Sequences were clustered into
operational taxonomic units (OTUs) at 97% similarity
cutoff using Uparse (v7.0.1001) (30). All sequences were
classified using a naive Bayesian classifier trained against
the RDP training set (v14), and OTUs were assigned a
classification based on which taxonomy had the majority
consensus of sequences within a given OTU (31). Finally,
we obtained 65,826 (55,691 to 75,470) sequences per
sample for further analysis. To limit the effects of uneven
sample, we rarefied the data set to 55,691 sequences per
sample. Alpha diversity on Shannon and Simpson index and
beta diversity on weighted and unweighted UniFrac were
also calculated by QIIME (v1.9.1).

Statistical analysis

R (v3.4.4) was used to analyze the data. Mann-Whitney
and chi-square tests were used to compare continuous and
categorical demographics/clinical factors, respectively.
Mann-Whitney was used to compared Shannon and
Simpson index between groups. Distance matrices were
assessed for similarity between groups using permutational
multivariate analysis of variance (PERMANOVA) with
vegan R package (v2.4.4). Principal coordinates analysis
(PCoA) was used for visualization of the data present
in the beta diversity distance matrix. Differences of gut
microbiome were analysed using Kruskal-Wallis test for
univariate comparison; and P value less than 0.05 following
a false discovery rate (FDR) correction for multiple
comparisons was considered statistically significant.
To define more precisely the taxa that were driving the
differentiation for the microbiota of the groups, we
performed analysis using linear discriminant analysis (LDA)
effect size (LEfSe, an algorithm for high-dimensional
biomarker discovery which exploits LDA to robustly
identify features statistically different among classes) (32)
based on a web-based tool Microbiomeanalyst (a tool
for comprehensive statistical, visual and meta-analysis
of microbiome data) (33). Random forest algorithm and
a stratified 10-fold cross-validation approach (34) were
used to set up a gut microbiota-based model for predictive
diagnosis of AS and its subtypes with random forest package
(v3.4.4). Receiver operating characteristic (ROC) curve
was plotted and the area under the curve (AUC) was used
evaluate the performance of the random forest classifier.
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Results
Population characteristics

A total of 60 individuals were enrolled in the current study,
composed of 41 AS patients and 19 HCs (7able 1). AS patients
and HCs were age, gender and BMI matched (P>0.05).
Among AS patients, 20 patients were defined as axAS while
21 were defined as pAS. The mean age of the patients with
axAS was 29.90+10.03 compared with 28.03+10.61 for
patients with pAS (P>0.05). Patients with pAS had an earlier
disease onset [18.0 (7.00) years] than patients with axAS [25.5
(11.75) years, P<0.01]. The two subgroups of patients had
similar disease activity according to measurements such as

CRP, ESR and Bath AS disease activity index (BASDAI).

Profile of gut microbiota in AS

To assess the overall structure of the gut microbiota, the
score plot of the principal coordinate analysis based on
unweighted UniFrac distances was constructed, and the
results showed that the structure and composition of the
microbiota differed significantly between AS and HCs
(Figure 14). Measurement of within-sample diversity (alpha
diversity) revealed no significant differences between the
HC subjects and the patients with AS based on the Shannon
and Simpson index (Figure 1B). That might indicate that
the differences of gut microbiota between patients and
HCs were majorly driven by the differential abundance of
bacteria instead of the quantity of bacterial species.

At phylum level, Bacteroidetes, Firmicutes, and Proteobacteria
were the most common phyla identified in the two groups,
contributing 97.46% and 97.51% of the gut bacteria in
the AS group and HC group, respectively (Figure 1C).
At the genus level, 133 genera were classified from the
fecal bacteria. The predominant genera were defined
as comprising greater than 1% of the total gut bacteria.
Nineteen predominant genera were detected in the AS
group, and 15 genera were detected in the HC group,
including 13 genera found in both groups (Figure 1D,
Tuble S1). These predominant genera accounted for 81.39%
and 77.53% of the total sequences from AS group and HC
group, respectively. Bacteroides was the most predominant
genera in both groups, but was significantly decreased in
the patients with AS. In addition, the Prevotella_9 was the
second predominant genera accounting for 16.12% of total
sequences in AS group, while it only accounting for 2.86%
in HC group. Average composition of bacterial community
at the phylum and genus levels were shown in Figure 1,
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respectively.

Compared with the HC group, at phylum level, AS
patients were identified with significantly higher abundance
of Actinobacteria (FDR =0.003, Figure S1A4), and lower
abundance of Tenericutes and Verrucomicrobia (FDR =0.007
and 0.003, respectively, Figure S1A4). At genus level, 33
genera belong to 5 phyla, showed significant difference
between AS patients and HCs (all FDR <0.05, Figure SIB,
Table S2).

Further to identified more specific bacterial taxa
associated with AS patients, we compared gut microbiota
between patients and HCs using LEfSe analysis. We found
that 7 genera including Prevotella_9, Dialister, Comamonas,
Collinsella, Streptococcus, Alloprevotella and Prevotella_2
were significantly enriched in AS patients, while 4 genera
including Eubacterium_ruminantium_group, Ruminococcus_
gnavus_group, Lachnospira and Bacteroides were significantly

enriched in HC (Figure 1E).

axAS and pAS specific microbial signature

To better understand the association of clinical phenotype
and gut microbiota composition, we performed additional
subgroup analyses. Compared with HCs, no significant
difference was shown in either axAS or pAS in both
Shannon and Simpson index (Figure 2A). Similarly, no
difference was found between axAS and pAS patients in alpha
diversity (Figure 2A). The PCoA based on the unweighted
UniFrac distance analysis showed that patients with axAS
or pAS were obvious separated from HCs (P=0.032 and
P=0.016, respectively, Figure 2B), but no obvious separation
was found between axAS and pAS (P=0.657, Figure 2B).
When come to the analysis of phylotypes, we found that
Tenericutes showed significant lower abundance in both
axAS and pAS subgroups in comparison to HC. While
Actinobacteria only showed significant difference between
pAS patients and HC, and Verrucomicrobia only showed
significant difference between axAS patients and HC (Figure
S§2A4). No phyla showed significant difference between
patients with axAS and pAS. At genus level, 9 genera were
identified with significantly different abundance between
axAS and HC (FDR <0.05, Figure S2B, ‘luble S2), while 31
genera were identified between pAS and HC (FDR <0.05,
Figure S2C, lable S2). Thirteen genera were identified
different between axAS and pAS (P<0.05), but only 1 genus
still showed significant difference after correcting P with
FDR (Tuable S2). Gut microbiome composition of pAS
patients seemed to be more obviously deviated from HC,
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Figure 1 Feature of gut microbiota in AS patients and HCs. (A) PCoA plot based on the unweighted UniFrac distance of gut microbiota
samples from AS patients vs. HC group (P<0.001, PERMANOVA); (B) alpha diversity of gut microbiota among groups based on Shannon
index and Simpson index. The horizontal bars within boxes represent medians. The bottoms and tops of the boxes represent the 25" and
75" percentiles, respectively. The upper and lower whiskers extend to data no more than 1.5x the IQR from the upper edge and lower edge
of the box, respectively; (C) distribution of gut microbiota in different groups at phylum level; (D) distribution of gut microbiota in different
groups at genus level; (E) LEfSe identified the taxa with the greatest differences in abundance between AS patients and HCs. At the genus
level, taxa enriched in AS patients are indicated by a negative LDA score (red), and HCs enriched taxa are indicated by a positive score (blue).
Only taxa meeting a significant LDA threshold value of >2 are shown. PCoA, principal coordinates analysis; AS, ankylosing spondylitis;
HC, healthy control; PERMANOVA, permutational multivariate analysis of variance; IQR, interquartile range; LEfSe, linear discriminant
analysis effect size; LDA, linear discriminant analysis.
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Figure 2 Features of gut microbiota in AS patients with different phenotypes. (A) Alpha diversity of gut microbiota among subgroups based
on Shannon index and Simpson index. The horizontal bars within boxes represent medians. The bottoms and tops of the boxes represent the
25" and 75" percentiles, respectively. The upper and lower whiskers extend to data no more than 1.5x IQR from the upper edge and lower
edge of the box, respectively; (B) PCoA plot based on the unweighted UniFrac distance of gut microbiota samples from axAS patients vs.
HC group (P=0.032), pAS vs. HC group (P=0.016), and axAS vs. pAS (P=0.657); (C) LEfSe identified the taxa with the greatest differences
in abundance between axAS patients and HCs. At the genus level, taxa enriched in axAS patients are indicated by a negative LDA score
(red), and HCs enriched taxa are indicated by a positive score (blue); (D) LEfSe identified the taxa with the greatest differences in abundance
between pAS patients and HCs. At the genus level, taxa enriched in pAS patients are indicated by a negative LDA score (red), and HCs
enriched taxa are indicated by a positive score (blue); (E) LEfSe identified the taxa with the greatest differences in abundance between axAS
patients an pAS patients. At the genus level, taxa enriched in axAS patients are indicated by a negative LDA score (red), and pAS patients
enriched taxa are indicated by a positive score (blue). Only taxa meeting a significant LDA threshold value of >2 are shown. PCoA, principal
coordinates analysis; AS, ankylosing spondylitis; axAS, axial AS; pAS, peripheral AS; HC, healthy control; IQR, interquartile range; LefSe,

linear discriminant analysis effect size; LDA, linear discriminant analysis.
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predictive models performance between AS and HCs (black), axAS and HCs (blue), pAS and HCs (red), respectively. AS, ankylosing
spondylitis; axAS, axial AS; pAS, peripheral AS; HC, healthy control; ROC, receiver operating characteristic; AUC, area under the curve.

for more differential genera were identified in comparison
to HC than that in axAS patients.

Also, we used LEfSe analysis to identified specific
taxa that were associated with the subgroups of AS
patients. Alloprevotella, Prevotella_9, Collinsella, Dialister
and Eubacterium_ruminantium_group were identified as
discriminative bacteria in both axAS and pAS patients
when compared to those in HCs. However, differences
of Prevotella_2 and Ruminococcus_gnavus_group were
identified only in comparison axAS with HCs; differences
of Streprococcus, Comamonas, and Lachnospira were
identified only in comparison pAS with HCs. As expected,
discriminative bacteria were identified between axAS and
pAS subgroups. Between the two AS subgroups, Prevotella_2
was enriched in axAS patients, while Comamonas,
Streptococcus and Collinsella were enriched in pAS patients
(Figure 2C,D,E).

Microbiota-based predictive model for classification of AS

To determine whether the gut bacterial taxa can be
regarded as identification biomarkers for distinguishing
AS patients with different phenotype from HCs and from
each other, random forest model was constructed to classify
AS patients based on taxa at genus level. We carried out
10-fold cross-validation to evaluated the importance of
indicator bacterial genera. The cross-validation error
curve became stable when the 8 most relevant genera were
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used. Thus, we defined these 8 genera as biomarker taxa,
including Alloprevotella, Acidominococcus, Holdemanella,
Allisonella, Dialister, Collinsella, Streptococcus and Comamonas
(Figure 3A4). All these 8 genera were identified with
significantly different abundance between AS patients and
HCs with the above mentioned LEfSe analysis. We could
accurately differentiate AS patients from HCs using this
model, as the value of the AUC the ROC curve was up
to 0.950. No difference was found when the predictive
model was applied only to distinguish axAS patients
or pAS patients from HCs (AUC =0.958 and 0.925,
respectively; P=0.85; Figure 3B). However, we obtained
poor performance when discriminating between axAS and
pAS using the same method to construct a model based on
the gut microbiota (data not shown).

Discussion

In this study, we have demonstrated a clear distinction
in microbiome profile between AS patients and healthy
people, and for the first time to reveal the association with
the clinical phenotypes of AS. Differential characteristics of
gut microbiota could be used to accurately distinguish AS
patients from healthy people.

Findings on species richness of gut microbiota in AS
patients reported by different studies were inconsistent.
We observed no significant difference in alpha diversity
indexes between AS patients and HCs. Costello er a/. (13)
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Table 1 Characteristics of patients and HCs
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Characteristic axAS (n=20) pAS (n=21) HC (n=19)
Age, years® 29.90+10.03 28.03+10.61 30.89+10.61
Male® 16 (80.0) 19 (90.5) 13 (68.4)
BMI, kg/m* 21.28+2.45 20.34+1.93 22.05+2.56
HLA-B27 positive? 19 [95] 21 [100] -
Onset age, years” 25.5 (11.75) 18.0 (7.00)** -
Duration, years” 2.5[8] 5.0 [13] -
CRP, mg/L* 7.5(17.5) 6.0 (16.0) -
ESR, mm/h* 14 [33] 20 [28] -
ASDAS® 1.65 (1.95) 1.80 (1.00) -

Continuous, normally distributed variables between two groups were analyzed by Student’s t-test. The Mann-Whitney test was applied for
data that was continuous but not normally distributed. Category variables were tested by chi-square test. ¥, mean = SD; 2, n (%); *, median
IQR; **, P<0.01 between axAS and pAS. AS, ankylosing spondylitis; axAS, axial AS; pAS, peripheral AS; HC, healthy control; BMI, body
mass index; HLA, human leukocyte antigen; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; ASDAS, ankylosing spondylitis

disease activity score; IQR, interquartile range; SD, standard deviation.

reported a higher diversity while Breban et /. (35) reported
a decreased diversity in SpA patients. Despite this, our
data showed consistent findings that composition of gut
microbiota in AS patients was distinct from that in healthy
people. This suggests that alteration of richness of species
may not be the dominant feature in AS patients.

In the current study, 11 genera were identified to be
associated with AS, including the enrichment of Prevotella
and Dialister and the depletion of Bacteroides, which were
also observed in the previous studies. For instance, Wen
et al. found an increased abundance of Prevotella and
decreased abundance of Bactreroide in AS patients (14)
based on shotgun sequencing using gut microbial DNA
from fecal samples of 211 Chinese individuals also shown
alteration of gut microbiome in AS patients. And Tito
et al. (36) reported an association of carriage of Dialister
with disease activity in a study of 27 SpA patients (i.e., not
necessarily AS) and 15 HCs using 16S rRNA profiling in
ileal or colonic mucosal biopsies. In our study, we observed
a decrease abundance of Ruminococcus_gnavus in AS patients,
especially in patients with axAS. However, Breban ez al.
reported that SpA patients possess a decrease abundance in
Ruminococcus_gnavus (35). Ruminococcus_gnavus was reported
with an association with IBD in previous study (37). The
different finding between our study and the Breban’s
remains an open question because that there is difference
in gut inflammation status between the two study cohorts.
Comamonas, a possible pathogen that may cause intestinal

© Annals of Translational Medicine. All rights reserved.

infection such as appendicitis (38), showed a higher
abundance in AS patients.

When come to the difference between axAS and pAS
patients, overall construction of gut microbiome and
alpha diversity were found similarly. In addition, a gut
microbiota-based model shows low accuracy to classified
the two subgroups of patients. Despite that, we found
that Prevotella_2 was enriched in axAS patients, while
Comamonas, Streptococcus and Collinsella were more enriched
in pAS patients. Of note, these 4 genera show significant
difference not only between AS patients and HC, but
also between patients with axAS and pAS. Comamonas,
Streptococcus and Collinsella are opportunistic pathogens
that might trigger the proinflammatory factors and induce
chronic inflammation. Patients with pAS were more
common to suffer uveitis, psoriasis and IBD, which were
also reported to be associated with gut dysbiosis. So, we
suppose that SASP, a sulfa antimicrobial, may work by
targeting these unfavorable bacteria. However, it needs to
go further study.

During the last decade, AS has been considered as
a subset of the broader entity referred to as which also
includes non-radiographic axial SpA (axSpA). In the
meantime, classification criteria for axSpA have been
established with the intention of improving the sensitivity
for an early diagnosis of AS and reducing diagnostic
delay (39). However, the duration for diagnostic delay
has not markedly improved (40) and there remains a high
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prevalence of undiagnosed axSpA in patients with chronic
low back pain (41). One method to solve this problem is
to find out new specific diagnostic biomarkers. Our study
formulated a gut-microbial-based classification model
including 8 genera with an accuracy of 0.95 for classification
AS from healthy people. Wen et al. also reported a classifier
with 35 microbial gene markers with an accuracy of 0.96.
This suggested that the gut microbiota biomarkers may be
helpful for improving the early diagnosis for AS. Yang et 4.
found Rifaximin (a gastrointestinal selective antibiotic)
can reduce the inflammation activity by changing the gut
microbiota composition with increased Bacteroidetes/
Firmicutes phylum ratio, as well as selectively promoted
some probiotic populations. This implicated that gut
microbiota might not only be useful for diagnosis but also
novel treatment target for AS. But it needs further study. A
longitudinal study of gut microbiome in a multicenter and
larger cohort with AS could be the next research step.

Anti tumor necrosis factor (TNF)-alpha biology and
SASP, recommended for treatment of AS and IBD, were
reported with an effect on alteration of gut microbiome
in patients with IBD. In order to reduce the confounding
influence as possible, we set up exclusion criteria to rule
out patients who using anti TNF-alpha biology and SASP
within 3 months before sample collection. In spite of this,
we don’t know whether application of nonsteroidal anti-
inflammatory drugs (NSAIDs) is driving the difference seen
between AS patients and HCs for few of AS patient take
any NSAIDs within 3 months before sample collection.
This will require further study, such as the analysis of
newly diagnosed and treatment naive AS patients. Detailed
dietary questionnaires have not been implemented in our
study. None of the patients enrolled were following extreme
dietary regimens such as strict vegan or vegetarian diets.

In conclusion, our study revealed specific alterations in
the gut microbiomes in patients with different phenotypes
of AS, and the classification model based on gut microbial
features might provide a new direction for future clinical
diagnosis. Further, discovery of the associated microbes
of AS in the gut microbiome may help us to seek more
treatments for this disease.
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Figure S1 Relative abundance of phyla with distinguished abundance between groups. (A) Relative abundance of phyla shown significant
difference between AS patients and HCs, all FDR <0.05; (B) manhattan plot showing taxa in genus level with significant difference in
abundance between AS patient and controls. Genera are arranged in taxonomic order and colored according to the phylum. Genera with
higher abundance in AS patients were shown with solid triangles. Genera with higher abundance in HCs were shown with empty triangle.
Dots represented the genera without significant difference between groups. Dashed line meant FDR =0.05. AS, ankylosing spondylitis; HC,
healthy control; FDR, false discovery rate.



Group E ax AS

Foes  Edwe

[ J
-1 4 '
b
=) o
2 -2
L]
2 :T' ] a
8 - . b .
C L 4
c -3 °
° oo ° °
3 r 3 % oo
< ° ° a
.g 4 - i °
© 3 3¢
< [ _J g
o L)
-5 ] o — °
T T T
Actinobacteria Tenericutes Verrucomicrobia
B Phylum e Actinobacteria e Cyanobacteria eFusobacteria Verrucomicrobia A axAS v HC @ nosig
® Bacteroidetes eFirmicutes e Proteobacteria
A
A \4
1.5 \%
A 'y
o °
) [ .. ° o [ ] [ o [ ]
< 10 ° ¢
. [ )
90’ ° e [} [ ] [ ]
2 ° ° ® ° ° ° o
[ [ ] [ ®
..
[ ]
0.5 ®e o °
% ® o4, *® o o0
. e 2 o ° ° o °
[ J
....0.00 .~.oo:.o ..... ...o.. . . .
0.°|:° o® P, ° o ®% %80, ° ®%eo o °
Genus
Phyl eActinobacteria ® Cyanobacteria ® Fusobacteria - Verrucomicrobia A pAS yHC ®nosig
C Y um.Bacteroidetes ® Firmicutes ® Proteobacteria
A
A A
3
— A A
T v
g A
= A
907 2 A A A
S A A A A VVVYa A A
! vV A A
A A A
__.‘____.__y _________ A_v_____.__.A_ _____ Ao _ _ __ A
1 ° o o° o
® ° ° e ® ®e o ® °
° ® ° ° ° LAY o® °
o0 L] ® ° ) L] ® [ '9Y
[ ] [ ] [ ] v [}
0e® ®oo ¢ © 0o ® ® o .
of‘ * . %, o - 9
Genus

Figure S2 Taxa showed significant differences among different groups. (A) Relative abundance of phyla shown significant difference
between axAS patients and HCs, or between pAS patients and healthy controls. a, FDR <0.05 when compared axAS with HC; b, FDR <0.05
when compared pAS with HC. Manhattan plot showing taxa in genus level enriched in patient with axAS (B) and pAS (C) when compared
with HCs. Each dot or triangle represents a single genus. Genera are arranged in taxonomic order and colored according to the phylum.
Genera with higher abundance in axAS patients or pAS patients were shown with solid triangles. Genera with higher abundance in HCs
were shown with empty triangle. Dots represented the genera without significant difference between groups. Dashed line meant FDR =0.05.
AS, ankylosing spondylitis; axAS, axial AS; pAS, peripheral AS; HC, healthy control; FDR, false discovery rate.



Table S1 Median abundance of predominant genera (abundance >0.01) in AS patients and HCs

Genus AS HC axAS PAS
Bacteroides 0.328 0.429 0.337 0.320
Prevotella_9 0.161 0.029 0.141 0.181
Escherichia_Shigella 0.051 0.034 0.060 0.042
unclassified 0.049 0.078 0.036 0.061
Faecalibacterium 0.033 0.033 0.032 0.033
Phascolarctobacterium 0.025 0.032 0.019 0.030
Parabacteroides 0.024 0.022 0.023 0.025
Dialister 0.019 0.003 0.022 0.017
Lachnospiraceae_NK4A136_group 0.018 0.015 0.029 0.008
Megasphaera 0.018 0.005 0.027 0.010
Megamonas 0.018 0.037 0.009 0.026
Alistipes 0.017 0.027 0.019 0.016
Lachnospira 0.016 0.037 0.017 0.016
Comamonas 0.014 0.000 0.001 0.027
Roseburia 0.014 0.015 0.016 0.012
Collinsella 0.014 0.001 0.006 0.021
Sutterella 0.011 0.013 0.013 0.009
Subdoligranulum 0.011 0.008 0.014 0.008
Prevotella_2 0.011 0.006 0.017 0.004
Eubacterium_eligens_group 0.010 0.019 0.010 0.011
Parasutterella 0.010 0.012 0.012 0.008
Ruminococcus_2 0.009 0.007 0.013 0.006
Fusobacterium 0.009 0.021 0.015 0.003

AS, ankylosing spondylitis; HC, healthy control; axAS, axial AS; pAS, peripheral AS.



Table S2 Relative abundance of differential genera between groups

AS (n=41) axAS (n=20) PAS (n=21) HC (n=19) AS vs. HC axAS vs. HC pAS vs. HC axAS vs. pAS
Taxanomy Median IQR Median IQR Median IQR Median IQR P value FDR LDA P value FDR LDA P value FDR LDA P value FDR LDA
Bacteroides 32.236 36.577 34.961 37.809 24.877 39.361 38.175 42.969 0.046 0.130 3.66 0.144 0.406 3.66 0.056 0.140 3.72 0.876 0.934 2.14
Prevotella_9 1.874 32.492 3.100 23.833 1.571 46.651 0.535 1.283 0.001 0.009 -3.73 0.003 0.041 -3.63 0.011 0.045 -3.76 0.620 0.833 3.2
Lachnospira 1.001 1.091 1.344 0.918 0.672 0.733 1.856 2.435 0.029 0.094 3.08 0.384 0.641 3.06 0.002 0.016 3.1 0.016 0.189 0.716
Dialister 0.446 1.257 0.388 1.925 0.471 1.216 0.124 0.234 0.000 0.004 -2.81 0.011 0.081 -2.84 0.002 0.015 -2.73 0.584 0.819 -2.26
Prevotella_2 0.332 1.075 0.538 1.842 0.243 0.256 0.119 0.354 0.012 0.045 -2.18 0.002 0.036 -2.55 0.239 0.389 2.08 0.005 0.161 -2.7
Streptococcus 0.190 0.180 0.164 0.133 0.221 0.303 0.090 0.140 0.004 0.026 -2.26 0.040 0.165 1.19 0.002 0.016 -2.58 0.030 0.261 2.58
Ruminococcus_gnavus_group 0.126 0.146 0.126 0.158 0.126 0.129 0.181 0.058 0.041 0.119 2.31 0.023 0.123 2.33 0.056 0.140 2.27 0.657 0.845 1.76
Collinsella 0.124 0.166 0.053 0.157 0.173 0.173 0.016 0.036 0.000 0.004 -2.71 0.046 0.172 -2.15 0.000 0.002 -2.95 0.018 0.189 2.84
Alloprevotella 0.120 0.173 0.097 0.550 0.120 0.150 0.007 0.043 0.000 0.002 -2.21 0.001 0.027 -2.32 0.000 0.007 -2.02 0.979 0.987 -2.09
Comamonas 0.102 0.174 0.004 0.133 0.164 0.147 0.000 0.005 0.000 0.003 -2.81 0.013 0.086 -1.31 0.000 0.000 -3.06 0.006 0.161 3.08
Ruminiclostridium_5 0.070 0.083 0.068 0.093 0.072 0.066 0.043 0.031 0.007 0.032 -1.68 0.038 0.165 -1.91 0.004 0.025 -1.08 0.602 0.826 -1.85
Enterococcus 0.043 0.067 0.018 0.051 0.063 0.040 0.011 0.027 0.018 0.065 -1.45 0.249 0.518 -1.53 0.001 0.010 -1.47 0.008 0.161 -0.375
Holdemanella 0.036 0.049 0.039 0.044 0.032 0.055 0.004 0.022 0.001 0.008 -1.71 0.007 0.073 -1.3 0.005 0.026 -1.91 0.715 0.862 1.76
Eubacterium_ruminantium_group 0.036 0.072 0.033 0.100 0.043 0.044 0.199 0.253 0.005 0.029 217 0.008 0.073 2.15 0.021 0.070 2.19 0.262 0.583 -0.588
Turicibacter 0.036 0.064 0.017 0.058 0.059 0.086 0.011 0.025 0.004 0.026 -1.21 0.574 0.784 0.393 0.001 0.013 -1.47 0.025 0.247 1.44
Intestinibacter 0.034 0.031 0.034 0.034 0.043 0.031 0.025 0.027 0.040 0.119 -0.908 0.040 0.165 -1.03 0.010 0.045 -1 0.715 0.862 -0.596
Clostridium_sensu_stricto_1 0.032 0.049 0.036 0.065 0.032 0.033 0.065 0.049 0.011 0.041 1.28 0.015 0.092 1.36 0.010 0.043 1.32 0.958 0.981 0.554
Eubacterium_hallii_group 0.025 0.023 0.026 0.024 0.016 0.023 0.005 0.011 0.001 0.007 -0.815 0.003 0.041 -0.82 0.002 0.016 -0.805 0.514 0.772 -0.175
Mitsuokella 0.022 0.048 0.001 0.050 0.025 0.039 0.000 0.000 0.000 0.002 -1.34 0.015 0.093 -1.45 0.000 0.002 -1.13 0.314 0.638 -1.28
Coprococcus_1 0.020 0.025 0.021 0.021 0.018 0.029 0.032 0.036 0.007 0.032 0.912 0.031 0.143 0.906 0.189 0.342 0.754 0.814 0.924 0.467
Allisonella 0.018 0.042 0.019 0.055 0.018 0.045 0.005 0.005 0.000 0.002 -1.23 0.000 0.021 -1.35 0.000 0.004 -1.07 0.389 0.714 -1.14
Eisenbergiella 0.018 0.029 0.017 0.051 0.018 0.019 0.004 0.013 0.003 0.024 -0.812 0.035 0.158 -0.792 0.029 0.090 -0.65 0.657 0.845 -0.268
Pseudobutyrivibrio 0.016 0.012 0.017 0.007 0.016 0.026 0.007 0.007 0.005 0.029 -0.747 0.009 0.073 -0.826 0.044 0.118 -0.52 0.784 0.920 -0.217
Lachnospiraceae_UCG_001 0.014 0.049 0.017 0.077 0.007 0.037 0.079 0.151 0.008 0.033 1.71 0.122 0.361 1.66 0.002 0.015 1.77 0.183 0.513 -1.06
Proteus 0.013 0.021 0.000 0.021 0.018 0.017 0.000 0.000 0.000 0.002 -1.23 0.008 0.073 -1.44 0.000 0.000 -0.82 0.070 0.378 -1.34
Prevotellaceae_UCG_003 0.013 0.034 0.037 0.038 0.007 0.010 0.000 0.025 0.007 0.033 1.63 0.001 0.031 1.6 0.088 0.196 1.79 0.000 0.011 -1.31
Faecalitalea 0.011 0.020 0.004 0.013 0.018 0.026 0.004 0.007 0.062 0.162 -1.07 0.831 0.924 0.883 0.007 0.036 -1.32 0.012 0.161 1.48
Holdemania 0.011 0.018 0.012 0.018 0.009 0.013 0.014 0.014 0.085 0.201 0.674 0.715 0.873 0.483 0.002 0.016 0.777 0.085 0.392 -0.498
Lactobacillus 0.009 0.019 0.003 0.020 0.011 0.018 0.000 0.007 0.028 0.092 -0.662 0.128 0.368 -0.587 0.003 0.019 -0.78 0.214 0.532 -0.113
Prevotellaceae_NK3B31_group 0.009 0.013 0.011 0.014 0.009 0.012 0.002 0.007 0.004 0.026 -0.959 0.002 0.036 -1.16 0.060 0.148 -0.615 0.082 0.392 -1.02
Prevotellaceae_UCG_001 0.009 0.018 0.013 0.046 0.004 0.015 0.009 0.020 0.343 0.512 0.313 0.482 0.704 0.199 0.004 0.022 0.893 0.007 0.161 -0.915
Sellimonas 0.009 0.013 0.011 0.010 0.007 0.015 0.000 0.007 0.000 0.004 -0.837 0.009 0.073 -1 0.012 0.046 -0.312 0.183 0.513 -0.954
Eubacterium_xylanophilum_group 0.005 0.018 0.001 0.016 0.011 0.016 0.022 0.052 0.010 0.041 1.04 0.019 0.109 0.939 0.017 0.062 1.09 0.138 0.513 -0.503
Lachnospiraceae_FCS020_group 0.004 0.007 0.003 0.005 0.007 0.009 0.000 0.002 0.003 0.021 -0.424 0.113 0.342 -0.317 0.008 0.036 -0.402 0.652 0.845 0.178
Parvimonas 0.002 0.004 0.002 0.005 0.000 0.004 0.000 0.000 0.031 0.097 -0.258 0.028 0.142 -0.361 0.007 0.036 -0.389 0.250 0.568 0.0578
Weissella 0.002 0.007 0.000 0.004 0.002 0.011 0.000 0.000 0.008 0.033 -0.43 0.606 0.803 0.227 0.011 0.045 -0.636 0.011 0.161 0.731
Christensenella 0.002 0.005 0.002 0.005 0.002 0.006 0.000 0.002 0.007 0.032 -0.376 0.023 0.123 -0.291 0.001 0.014 -0.304 0.822 0.924 -0.175
Lachnospiraceae_UCG_003 0.000 0.001 0.000 0.002 0.000 0.000 0.041 0.083 0.000 0.002 1.64 0.001 0.027 1.56 0.000 0.002 1.67 - - -
Akkermansia 0.000 0.004 0.000 0.001 0.000 0.004 0.005 0.005 0.000 0.004 0.852 0.001 0.031 0.822 0.027 0.087 0.854 0.274 0.589 0.159
Catenibacterium 0.000 0.004 0.000 0.002 0.002 0.004 0.000 0.000 0.019 0.068 -0.306 - - - 0.009 0.040 -0.348 0.012 0.161 0.33
Shuttleworthia 0.000 0.004 0.000 0.003 0.002 0.004 0.000 0.000 0.005 0.029 -0.387 - - - 0.006 0.030 -0.348 1.000 1.000 0.315
Paenibacillus 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.007 0.000 0.002 0.34 0.005 0.069 0.291 0.018 0.064 0.296 - - -
Paraeggerthella 0.000 0.002 0.000 0.000 0.000 0.004 0.000 0.000 0.010 0.040 -0.242 - - - 0.002 0.016 -0.287 0.012 0.161 0.292
Slackia 0.002 0.005 0.001 0.005 0.002 0.005 0.000 0.000 0.005 0.029 -0.822 0.029 0.143 -1.03 0.026 0.084 -0.236 0.475 0.755 -1.06

AS, ankylosing spondylitis; HC, healthy control; axAS, axial AS; pAS, peripheral AS; IQR, interquartile range; LDA, linear discriminant analysis; FDR, false discovery rate.



