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29  Sample description

30 A total of 122 fecal and 122 serum samples were collected from 122 outpatients from
31 the Shandong Provincial Qianfoshan Hospital (Jinan, Shandong, China). These
32 outpatients included 27 healthy individuals, 19 patients with osteoarthritis (OA), and
33 76 patients with rheumatoid arthritis (RA). Subsequently, the fecal samples were
34  sequenced and the serum samples were used to examine serum metabolites and
35 inflammatory cytokines. Serum inflammatory cytokines TNF-a and IL-6 were
36  quantified by the MESO SCALE DISCOVERY (MSD®) Quick Plex S600MM
37  multiplex assay. The cytokine levels of healthy individuals were extremely low and not
38 available. In addition, 95 knee-joint synovial fluid samples were collected from the RA
39  and OA patients to examine synovial fluid metabolites. Both serum and synovial fluid
40  metabolites were examined by UHPLC-MS/MS.

41  All of the participants were at fasting status during sample collection in the morning.
42 The participants were recruited in this study following the standards shown below:

43 1. Healthy individuals in good health condition with no gastrointestinal diseases, such

44 as diarrhea, constipation, and hematochezia, in the recent one month, no
45 hepatobiliary system diseases, no history of gastrointestinal tumors or inflammatory
46 diseases, no serious heart, liver, kidney, lung, brain or other organ disorders, no
47 infections, chronic diseases, or antibiotic treatment;

48 2. Healthy individuals had not taken any acid inhibitors, gastrointestinal motility drugs,
49 antibiotics, or living bacteria products such as yogurt in the recent one month;

50 3. Healthy individuals with no history or family history of mental illness, and no
51 history of gastrointestinal surgery;

52 4. RA/OA individuals with no other co-morbidity.

53  Metagenome sequencing and data processing

54 Whole-genome shot-gun sequencing of fecal samples were carried out on the Illumina

55  Hiseq X Ten. All samples were paired-end sequenced with a 150-bp read length. After
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quality control, the paired-end reads were assembled into contigs using MEGAHIT
(version 1.2.6)! with the minimum contig length set at 500 bp. The open reading frames
(ORFs) were predicted from the assembled contigs using Prodigal (version 2.6.3)? with
default parameters. The ORFs of <100 bp were removed. The ORFs were then clustered
to remove redundancy using Cd-hit (version 4.6.6)° with a sequence identity threshold
set at 0.95 and the alignment coverage set at 0.9, which resulted in a catalog of
4,047,645 non-redundant genes. The non-redundant genes were then collapsed into

metagenomic species (MGS)** and grouped into KEGG functional modules.*

Identification of MGS

High-quality reads were mapped to the catalog of non-redundant genes using Bowtie 2
(version 2.2.9)° with default parameters. The abundance profile for each catalogue gene
was calculated as the sum of uniquely mapped sequence reads, using 19M sequence
reads per sample (downsized). The co-abundance clustering of the 4,047,645 genes was
performed using canopy algorithm (http://git.dworzynski.eu/mgs-canopy-algorithm),?
and 553 gene clusters that met the previously described criteria® and contained more
than 700 genes were referred to as MGS. MGS present in at least 4 samples were used
for the following analysis. The abundance profiles of MGS were determined as the
medium gene abundance throughout the samples. MGS were taxonomically annotated
as described by Nielsen et al’> and each MGS gene was annotated by sequence

similarity to NCBI bacterial genome (BLASTN, E-value < 0.001)

Annotation of KEGG modules

The catalog of the non-redundant genes was functionally annotated to KEGG database
(release 94.0) by KofamKOALA (version 1.3.0).” ® The produced KEGG Orthologies
(KOs) were mapped to the KEGG modules annotation downloaded on August 1, 2020
from the KEGG BRITE database. KOs present in at least 4 samples were used for the

following analysis. The KO abundance profile was calculated by summing the
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abundances of genes that were annotated to each KO.

Clustering of co-abundant metabolites

Co-abundant metabolites in serum or synovial fluid were identified using the R package
WGCNA®. As recommended by Pedersen et al.,* a signed network and biweighted mid-
correlation were used for clustering with the soft threshold f = 8 for both serum and
synovial fluid metabolites. The minimum cluster size was set as 3. Similar clusters were
subsequently merged if the biweight mid-correlation between the cluster’s eigen
vectors exceeded 0.8 for both serum and synovial fluid metabolites. The kIN of a
metabolite was calculated by summing connectivity with all other metabolites in the
given metabolite cluster. The kME was determined by the bicor-correlation between
the metabolite profile and module eigenvector. Both kIN and kKME were used to

measure the intramodular hub-metabolite status.

Cross-domain association analyses

The clinical phenotypes, including types of arthritis (Healthy =0, OA =1, RA =2) and
the levels of pro-inflammatory cytokines TNF-a and IL-6, were used in the association
analysis. TNF-a and IL-6 were selected based on their potentials to act as the
therapeutic targets for RA treatment.'® !! The associations between clinical phenotypes
and KEGG modules/metabolites clusters were determined through evaluating if the
Spearman correlations of the phenotype with the abundances of KOs/metabolites in the
given KEGG module/metabolite clusters were significantly higher or lower (Mann—
Whitney U-test FDR < 0.1) than with the abundances of all other KOs/metabolites. The
phenotypes adjusted by age and gender were also tested. Moreover, the union set of the
significant associations between KEGG modules and phenotypes/phenotypes adjusted
by age and gender, and the intersect set of the significant associations between
metabolites clusters and phenotypes/phenotypes adjusted by age and gender, were used

for the following association analysis. The associations between metabolite clusters and
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108  KEGG modules were determined through evaluating if the Spearman correlations of
109  the eigen vectors of the metabolite clusters with the abundances of KOs in the given
110  KEGG module were significantly higher or lower (Mann—Whitney U-test FDR < 0.1)

111  than with the abundances of all other KOs/metabolites.

112 Leave-one-out analysis

113 Leave-one-out analysis was used to identify the specific MGS driving the observed
114  associations between KEGG module M00550 and the clinical phenotypes, including
115  the types of arthritis or the levels of pro-inflammatory cytokines TNF-a and IL-6. The
116  calculation of the KO abundance was iterated excluding the genes from a different MGS,
117  in each iteration. The effect of a given MGS on a specified association was defined as
118  the change in median Spearman correlation coefficient between KOs and clinical
119  phenotypes when genes from the respective MGS were left out, as previously

120  described.* 2

121  Taxonomic identity of differentially present microbes across conditions

122 MetaPhlAn2'"? was used to generate species profiles. Species that were present in less
123 than 10% samples were excluded. Supplementary Figure 1 displays the union set of the
124 species (n=15) with significantly different abundances (Mann—Whitney U-test FDR <
125  0.05) between the healthy and RA groups or between the healthy and OA groups.

126
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Supplementary figure 1 Taxonomic identity of differentially present microbes across
conditions. Each row represents a species with significantly different abundances
(Mann—Whitney U-test FDR < 0.05) between the healthy and RA groups or between
the healthy and OA groups. Each column represents a sample from one of the groups
including the healthy, RAP1, RAP2, RAP3, RAP4, and OA groups. Color of each
heatmap unit represents the scaled abundance of a certain species in a specific sample.
Species are colored for significantly elevation (red) or depletion (green) in the arthritis

groups, in comparison with the healthy groups.

Data accession

Whole-genome shot-gun sequencing data are available in the Genome Sequence
Archive (GSA) section of National Genomics Data Center (project accession number

CRAO004348) at https://bigd.big.ac.cn/gsa/browse/CRA004348.
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