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Abstract

Background

Oral drugs can have side effects such as diarrhea that indicate the perturbation of the gut
microbial community. To further understand the dynamics of perturbation, we have
assessed the strain relatedness of samples from previously published data sets from pre
and post bowel evacuation, episodes of diarrhea, and administration of oral drugs to treat
diabetes and rheumatoid arthritis.

Methods

We analyzed a total of published five data sets using our strain-tracking tool called Window-
based Single Nucleotide Variant (SNV) Similarity (WSS) to identify related strains from the
same individual.

Results

Strain-tracking analysis using the first data set from 8 individuals pre and 21-50 days post
iso-osmotic bowel wash revealed almost all microbial strains were related in an individual
between pre and post samples. Similarly, in a second study, strain-tracking analysis of 4
individuals pre and post sporadic diarrhea revealed the majority of strains were related over
time (up to 44 weeks). In contrast, the analysis of a third data set from 22 individuals pre and
post 3-day exposure of oral metformin revealed that no individuals had a related strain. In a
fourth study, the data set taken at 2 and 4 months from 38 individuals on placebo or metfor-
min revealed individual specific sharing of pre and post strains. Finally, the data set from 18
individuals with rheumatoid arthritis given disease-modifying antirheumatic drugs metho-
trexate or glycosides of the traditional Chinese medicinal component Tripterygium wilfordii
showed individual specific sharing of pre and post strains up to 16 months.
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Conclusion

Oral drugs used to treat chronic disease can result in individual specific microbial strain
change for the majority of species. Since the gut community provides essential functions for
the host, our study supports personalized monitoring to assess the status of the dominant
microbial strains after initiation of oral drugs to treat chronic disease.

Introduction

One of the features of the healthy gut microbiome is a stable microbial community that has the
resiliency to recover following perturbation to maintain essential functions such as coloniza-
tion resistance and host cell metabolism [1, 2]. The capacity for recovery of the microbial com-
munity is most evident from studies that have examined the impact of the antibiotics on the
gastrointestinal (GI) tract microbial communities wherein most of the time the community
structure of normal adults recovers after single and even multiple-dose antibiotic treatments
[3-8]. The resiliency of the gut microbial community to recover from perturbation is also evi-
dent following the loss of biomass after designed evacuation (i.e. bowel wash) or studies that
have shown disruption and recovery of the gut microbial community following biomass evacu-
ation resulting from disease-related diarrhea [9-14].

Non-antibiotic medications, including oral drugs used for the treatment of chronic dis-
eases, have been found to impact the composition of the gut microbial community [15]. Nota-
bly, metformin, one of the most widely prescribed drugs for the treatment of type 2 diabetes
(T2D), is known to have side effects of diarrhea and flatulence, which can be indicative of a
disruption of the gut microbial community structure [16-22]. Previous studies have also sug-
gested a link between gut microbial community disruption and anti-rheumatic drugs [23, 24].
Oral methotrexate is one of the most commonly used anti-rheumatic drugs and more recently
glycosides of the traditional Chinese medicinal component Tripterygium wilfordii (thunder
god vine (T2)) have known side effects of diarrhea consistent with disruption of the gut micro-
bial community [25, 26].

Previous studies have relied on a targeted metagenomic sequencing method such as 16S
rRNA sequencing to determine the relative abundance of microbes as a means to assess the
gut microbial community structure and their functions [1, 27]. However, by using a shotgun
metagenomic sequencing approach in conjunction with the in-depth strain-tracking analysis,
the emergence of new microbial strains was able to be examined in the gut microbial ecosys-
tem [28-30]. In our previous studies, we have applied our strain-tracking tool, called a Win-
dow-based Single Nucleotide Variant (SNV) Similarity (WSS), on metagenomic sequencing
data sets to assess the strain relatedness for each individual over time, supporting the concept
of a microbiome fingerprint [28, 31-36]. Each species’ cut-off values that can discern between
related and unrelated individual pairs were established based on the Human Microbiome Proj-
ect (HMP). Using WSS analysis, we previously have demonstrated the emergence of new
microbial strains following antibiotics or physical alteration of the GI tract environment [33,
34]. We have also used this analysis to demonstrate the mother to infant microbial strain trans-
mission and to determine that gut microbial strains are stable in some humans for up to
decades [35, 36].

In this study, we have expanded our strain-tracking analysis to investigate whether new
strains emerge after non-antibiotic perturbation of the gut microbial community. To do this,
we have made use of existing metagenomic data sets from fecal samples from individuals given
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an iso-osmotic agent or individuals with sporadic diarrhea. We also compared the impact on
the GI tract strain composition with long-term oral drugs used for diabetes (metformin) or
anti-rheumatic drugs methotrexate (herein MTX) and glycosides of the traditional Chinese
medicinal component Tripterygium wilfordii (thunder god vine; herein T2). The results of our
strain-tracking analysis provide a new perspective that while the gut microbial strain profile is
not impacted by bowel evacuation or mild diarrhea, there is an individual specific recovery
pattern of the microbial strain profile following long term oral drugs that could influence the
known functions of the gut microbial community in the health of the host.

Materials and methods
Public data sets

In this study, we used publicly available data sets for individuals undergoing iso-osmotic
bowel wash (Fukuyama et al.) [10] and sporadic diarrhea (Lloyd-Price et al.) [37]. For Fuku-
yama et al., fecal samples from 8 healthy individuals were collected approximately 10 weeks
before and 10 weeks after mechanical bowel wash [10]. Briefly, on the morning of the bowel
wash, 8 participants were instructed to drink 300 mL of a solution (GoLytely) containing poly-
ethylene glycol (PEG) and electrolytes every 10 minutes (up to 4L total) until their diarrhea
was clear and watery. For the Lloyd-Price et al., a subset of 4 individuals who had a diarrhea(s)
(but did not diagnose with inflammatory bowel diseases (IBD) or recent treatment with antibi-
otics) were selected to run further analysis [37]. We also used the two studies that described
the impact of metformin for individuals with newly diagnosed T2D (1) treated with metformin
for 3 days (Sun et al. [21]) and (2) treated with placebo or metformin for 2 and 4 months (Wu
et al. [38]). For the Sun et al,, fecal samples were taken from 22 individuals with T2D at pre
and 3 days post metformin treatment (1,000 mg twice daily for 3 days) [21]. For the Wu et al,,
fecal samples were collected from a total of 38 individuals treated with either placebo or met-
formin (1700mg/day) at pre, 2 months and 4 months [38]. In addition, we used the Zhang

et al. data set that described the impact of anti-rheumatic drugs for individuals with rheuma-
toid arthritis (RA) [26]. Fecal samples collected from 18 individuals at pre and 3-16 months
post anti-rheumatic drugs treatment either MTX or T2 [26]. All data set used in this study was
summarized in S1 Table.

Sequence reads and processing

A total of 6,540,858,979 metagenomic sequencing reads were downloaded from the five public
data sets; 931,584,161 reads from the Fukuyama et al., 199,476,279 from the Lloyd-Price et al.,
1,284,404,173 from the Sun et al., 2,939,361,954 from the Wu et al., and 1,186,032,412 from the
Zhang et al. (S2 Table). Sequences reads were filtered to remove short sequences (sequence
length <50 bases), low quality reads (sliding window of 50 bases having a QScore <20) using
Trimmomatic (version 0.36) [39], and any human reference genome (hg19) using bowtie2
(version 2.3.4.3) with default parameters [40]. The quality processed reads were then used for
the downstream analyses (S2 Table).

Strain-tracking analysis using WSS

To investigate strain relatedness for each individual between pre and post bowel wash samples
from Fukuyama et al. data set [10], we have merged all pre bowel wash samples into a single
sample, and also combined multiple post bowel wash samples into two separate time points,
post 1-10 days and post 21-50 days. The strain-tracking analysis also applied for the Lloyd-
Price et al. data set [37] to examine strain relatedness for each individual over time by
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comparing samples that collected at the beginning of the experiment to the samples collected
post weeks ranges from 27 to 44. From the Sun et al. data set [21]., the strain-tracking analysis
was conducted for each individual by comparing pre samples to post 3-day metformin treated
samples. From the Wu et al. data set [38], strain relatedness of individuals when metformin
treated with the extended time point up to 4 months was examined using WSS analysis by
comparing pre samples to each of post samples collected at 2- and 4-month. Similarly, to better
understand the impact of metformin on the microbial community, individuals from the pla-
cebo group were selected from the Wu et al. data set [38] and used for strain-tracking analysis.
Strain relatedness of individuals from the placebo group was examined by comparing pre sam-
ples to each of the post samples collected at 2- and 4-month. From Zhang et al. [26], the strain-
tracking analysis was performed for each individual by comparing pre and 3-16 months post
anti-rheumatic drugs (either MTX or T2) treatment samples.

For the WSS analysis, the processed reads were aligned to the 93 reference sequences,
which were previously constructed based on the HMP data set [28, 32, 34, 35] using the Bur-
rows-Wheeler aligner program (BWA; version 0.7.13) [41]. For each individual, multi-sample
SNV for each given reference sequence were measured among all samples using the Genome
Analysis Toolkit (GATK; version 3.7) [42]. The resultant Variant Call Format (VCF) files were
then used for pairwise comparisons between every possible pair of samples for the individual
to measure their overall genome-wide SNV similarity for each microbial species. Any samples
with a low sequence coverage (<30%) and depth (<3.5) against their given reference
sequences were excluded from the pairwise comparisons [28, 36]. Also, low coverage windows
with more than 50% of the bases having a read depth < 5 were also excluded to compare SNV
similarity between sample pairs. After all the filtering processes, species that were able to pro-
vide the WSS score were only selected from each data set. To distinguish a related strain pair at
various time points for each individual, the resultant WSS score for each species was compared
against each species’ cut-off value (Related strain pair: WSS score > cut-off; Unrelated strain
pair: WSS score < cut-off) [34, 35]. The resultant comparison analysis was then summarized
and visualized using the ggplot2 package (version 3.3.0) (https://cran.r-project.org/web/
packages/ggplot2/index.html) in R (version 3.5.1) software [43]. Species that did not have a
cut-off value were excluded from the analysis. All codes implemented in the WSS were previ-
ously deposited and are available at https://github.com/hkoo87/mgSNP_2.

Strain-tracking analysis for Bacteroides vulgatus was additionally performed for bowel wash
(Fukuyama et al. [10]), metformin for 3 days (Sun et al. [21]), metformin or placebo for 2 and
4 months (Wu et al. [38]), and anti-rheumatic drugs (MTX or T2) (Zhang et al. [26]) data sets
using StrainPhlAn with default parameters [30]. Aligned sequence reads against the set of spe-
cies-specific marker gene database implemented in MetaPhlAn [44, 45] were used to build a
phylogenetic tree of the strains [30]. The resultant tree for B. vulgatus was then visualized
using neighbor-joining method along with the Maximum Composite Likelihood [46] in
MEGA X [47, 48].

Results

Strain-tracking of individuals post bowel wash or diarrhea

Fukuyama et al. described the impact of iso-osmotic disruption of the human GI tract [10].
We compared the microbial strains of the pre samples with those strains found at two post
time point samples: 1-10 days (early time points) and 21-50 days (later time points). We
found that the majority of the pre strains were recovered in nearly all individuals by post 1-10
days (earliest normal bowel movements Fig 1A). However, for some individuals, Akkermansia
muciniphila, Alistipes onderdonkii, Eubacterium eligens, Eubacterium rectale, Eubacterium
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Fig 1. WSS analysis for the data set from Fukuyama et al.

https://doi.org/10.1371/journal.pone.0242021.g001

siraeum and Roseburia intestinalis were found to have unrelated strain between pre and post
samples (Fig 1A). Although the unrelated strain was still observed in some species, including
E. eligens, E. siraeum, and R. intestinalis for a few individuals, the remaining species had the
pre strain by post 21-50 days (Fig 1B). All pairwise comparisons conducted between pre and
post samples are shown in the S3 Table. We have additionally performed StrainPhlAn analysis
for B. vulgatus across all samples to assess strain relatedness between samples. We found a
match for 4 of 6 cases between WSS and StrainPhlAn, representing a small difference (<0.001)
in branch length (S1 Fig). Overall, these results highlight the recovery of the GI tract microbial
communities following the common bowel wash procedure with the persistence of the major-
ity of the species, particularly Bacteroides spp. after up to 50 days of the disruption.

The resultant WSS scores of 8 individuals including each species’ cut-off value (red line) are
shown in a scatter plot by using ggplot2 package in R software. All pairwise comparisons were
conducted for individuals between (A) pre bowel evacuation vs. post 1-10 days bowel evacua-
tion, and (B) pre bowel evacuation vs. post 21-50 days bowel evacuation. The red shaded
box includes a number of individuals who had unrelated strain pair between pre and post
bowel evacuation samples, and the green shaded box includes a number of individuals who
had related strain pairs. The gray shaded box includes all Bacteroides spp.
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Fig 2. WSS analysis for the data set from Lloyd-Price et al.

https://doi.org/10.1371/journal.pone.0242021.9002

Next, we have analyzed 4 individuals from Lloyd-Price et al. data set [37]. These individuals
were classified as “non-IBD” according to Lloyd-Price et al. and selected for their study based
on their initial endoscopic and histopathologic findings [37]. We have selected a subset (n = 4)
from the non-IBD group to run strain-tracking analysis based on individuals who had 1-2 epi-
sodes of diarrhea during the collection time and were in the age range with the absence of anti-
biotics time of sample collection similar to that for the other samples in our study (Fig 2). The
resultant of the strain-tracking analysis showed that the majority of the species, particularly
Bacteroides spp. had the related strain over time, ranges from 27 to 44 weeks. One individual
(M2039) had an unrelated strain of R. intestinalis over time, and another individual (C3022)
had an unrelated strain of Faecalibacterium prausnitzii A2 and Faecalibacterium prausnitzii
SL3 (Fig 2). All pairwise comparisons conducted for individuals over time are shown in the S4
Table.

The resultant WSS scores of 4 individuals including each species’ cut-off value (red line) are
represented in a scatter plot by using ggplot2 package in R software. All pairwise comparisons
were conducted for individuals between early weeks vs. later weeks. The red shaded
box includes a number of individuals who had unrelated strain pair over time, and the green
shaded box includes a number of individuals who had related strain pair. The gray shaded
box includes all Bacteroides spp.

Strain-tracking of individuals post metformin treatment

Sun et al. had shown disruption of the composition of the microbial community following a
3-day treatment with metformin [21]. Consistent with this result, our analysis showed a mas-
sive disruption of the microbial strains for all compared species with all individuals between
pre and 3-day post treatment samples (Fig 3). This result demonstrates a complete disruption
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Fig 3. WSS analysis for the data set from Sun et al.
https://doi.org/10.1371/journal.pone.0242021.9003

in the GI strain composition following the initiation of metformin. All pairwise comparisons
conducted between pre and post 3-day metformin treated samples are shown in the S5 Table.
Additional StrainPhlAn analysis for B. vulgatus across all samples represented 14 of 22 cases
matched between WSS and StrainPhlAn (S2 Fig).

The resultant WSS scores of 22 individuals including each species’ cut-off value (red line)
are represented in a scatter plot by using ggplot2 package in R software. All pairwise compari-
sons were performed for individuals between pre and post 3-day metformin treatment. The
red shaded box includes a number of individuals who had unrelated strain pair between pre
and post 3-day metformin treatment, and the green shaded box includes a number of individ-
uals who had related strain pair. The gray shaded box includes all Bacteroides spp.

Next, we wanted to determine if the effects of metformin on the strain composition would
be detected after an extended time of using metformin. To do this, the data set from Wu et al.
was analyzed to examine the strain composition of the gut microbial community 2 and 4
months post initiation of metformin [38]. In addition, each individual from the placebo-con-
trolled group was separately compared between pre and 2- and 4-month post samples. Com-
parison of the pre sample with the 2-month post placebo treatment sample revealed unrelated
strains including members of genera Akkermansia, Alistipes, Bacteroides, Eubacterium, Faeca-
libacterium, Roseburia, and Parabacteroides (Fig 4A). Interestingly, a similar result was found
between pre and 2-month post metformin treatment showing several unrelated strains includ-
ing members of genera Alistipes, Bacteroides, Bifidobacterium, Eubacterium, Faecalibacterium,
Roseburia, Ruminococcus, and Parabacteroides (Fig 4B). Even at 4-month after treated with
either placebo or metformin, most of the individuals still had unrelated strains including mem-
bers of genera Alistipes, Bacteroides, Bifidobacterium, Eubacterium, Faecalibacterium, Rose-
buria, and Parabacteroides between pre and post samples (Fig 5A and 5B). All pairwise
comparisons conducted between pre and post 2- and 4-month metformin treated samples are
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Fig 4. WSS analysis for the 2-month treatment data set from Wu et al.
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shown in the S6 Table. We have additionally conducted StrainPhlAn analysis for B. vulgatus
across all samples. From this analysis, we found 12 of 14 cases were agreed for placebo
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Fig 5. WSS analysis for the 4-month treatment data set from Wu et al.
https://doi.org/10.1371/journal.pone.0242021.9005
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treatment and 16 of 20 cases matched for metformin treatment between WSS and StrainPhlAn
(S3 Fig).

Combining the information from both metformin data sets, a picture for the impact of met-
formin in the gut microbial strain composition emerges that after initiation of metformin in
T2D patients a drastic disruption of the gut microbial strain community occurs for a short
time (at least 3 days) with the eventual recovery of the microbial strain composition by 2 and 4
months to be similar to the pre metformin composition (S7 Table)

The resultant WSS scores of 38 individuals including each species’ cut-off value (red line)
are displayed in a scatter plot by using ggplot2 package in R software. All pairwise comparisons
were conducted for individuals between (A) pre sample vs. post 2-month placebo treatment,
and (B) pre sample vs. post 2-month metformin treatment. The red shaded box includes a
number of individuals who had unrelated strain pair between pre and post 2-month treatment,
and the green shaded box includes a number of individuals who had related strain pair. The
gray shaded box includes all Bacteroides spp.

The resultant WSS scores of 38 individuals including each species’ cut-off value (red line)
are showed in a scatter plot by using ggplot2 package in R software. All pairwise comparisons
were performed for individuals between (A) pre sample vs. post 4-month placebo treatment,
and (B) pre sample vs. post 4-month metformin treatment. The red shaded box includes a
number of individuals who had unrelated strain pair between pre and post 4-month treatment,
and the green shaded box includes a number of individuals who had related strain pair. The
gray shaded box includes all Bacteroides spp.

Strain-tracking of individuals post anti-rheumatic drugs

In a recent study, Zhang et al. showed that the gut microbiome was disrupted in RA patients
that have been treated with oral disease modifying drugs such as MTX or T2 [26]. We have
analyzed this data set to see the impact of these individual oral drugs on the strain stability of
the gut microbes (Fig 6). We found that individual specific response with respect to the gut
microbial strain stability post MTX and T2 treatment. Comparison of the pre sample with the
post MTX treatment sample showed unrelated strains including members of genera Alistipes,
Bacteroides, Collinsella, Coprococcus, Clostridium, Eubacterium, Faecalibacterium, Parabacter-
oides, and Roseburia (Fig 6A). Similarly, unrelated strains including members of Akkermansia,
Alistipes, Bacteroides, Bifidobacterium, Coprococcus, Eubacterium, Faecalibacterium, Parabac-
teroides, and Roseburia were observed between pre and post T2 treatment (Fig 6B). All pair-
wise comparisons conducted between pre and post MTX or T2 treated samples are shown in
the S8 Table. Additional analysis from StrainPhlAn showed that there were 13 of 20 cases
matched between WSS and StrainPhlAn (S4 Fig).

The resultant WSS scores of 18 individuals including each species’ cut-off value (red line)
are represented in a scatter plot by using ggplot2 package in R software. All pairwise compari-
sons were performed for individuals between (A) pre sample vs. post MTX treatment, and (B)
pre sample vs. post T2 treatment. The red shaded box includes a number of individuals who
had unrelated strain pair between pre and post treatment, and the green shaded box includes a
number of individuals who had related strain pair. The gray shaded box includes all Bacter-

oides spp.

Discussion

In this study, we examined the persistence and extinction of microbial strain followed by vari-
ous perturbations on the GI tract. We first demonstrated that the majority of the microbial
strains, particularly for Bacteroides spp., were persistent over time in individuals after bowel
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Fig 6. WSS analysis for the data set from Zhang et al.
https://doi.org/10.1371/journal.pone.0242021.g006

evacuation using iso-osmotic disruption and sporadic diarrhea. In contrast, the oral drug, met-
formin, caused extensive microbial strain change for the first three days in individuals. The
strain change was still observed for certain species in individuals by 2- and 4-months post met-
formin treatment although more pre-strains were recovered by 4 months. Disease-modifying
anti-rheumatic drugs, MTX or T2, also caused microbial strain change for certain species in
individuals post treatment. Comparing appearance of unrelated strains post oral drug treat-
ments showed an oral drug specific strain change for each individual (S9 Table). Collectively,
our results from these studies demonstrate an individual specific impact of different oral drugs
on the dominant microbial strains in the GI ecosystem.

Understanding the dynamics of recovery of the gut microbiome community after a disrup-
tion is important because of the important role of the gut ecosystem in the overall health of the
host. While studies using the targeted metagenomic sequencing approach have provided sub-
stantial information on the gut microbial community structure, the analysis does not provide
sufficient resolution for the identification of microbes at the level of species or strains. The use
of high-density sampling coupled with shotgun metagenomic sequencing has provided data
sets such as those used in the current study that can be used to further elucidate the impact of
disruptions on the microbial ecosystem. In our previous studies using strain-tracking WSS
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analysis, we showed a capacity to recover dominant strains followed by GI tract disruptions
such as antibiotic treatment and surgical procedures [33, 34]. Consistent with these results, we
found that individuals that had undergone bowel evacuation either by mechanical disruption
or sporadic diarrhea recovered with nearly the complete spectrum of the pre disruption
strains. Collectively, our results establish that bowel evacuation and sporadic diarrhea per se
does not impact the recovery of the dominant microbial strains. Indeed, this would be consis-
tent with the idea that these bowel evacuations (e.g. defecation) and sporadic diarrhea more
closely represent the normal physiological processes that do not disrupt the microbial strain
composition within the niches of the GI tract [49].

In contrast, we found evidence for the appearance of new microbial strains post administra-
tion of oral drugs used for the treatment of chronic disease. Sun et al. demonstrated a uni-
formly altered gut microbial community composition followed by the 3-day administration of
metformin on 22 individuals [21]. Using their metagenomic data set of Sun et al, we found the
3-day administration of metformin provided the most dramatic example of the disruption of
the microbial strains in the gut ecosystem. From our strain-tracking analysis, all examined
individuals had evidence of the disruption of microbial strain stability. These results are con-
sistent with a previous study using 16S rRNA gene analysis that also found a short-term effect
of metformin on the structure of the gut microbial community [18]. In a separate data set of
individuals 2 and 4 months after initiation of metformin, we provided evidence for the recov-
ery of the pre-treatment strains by 4 months. One of the features of the use of metformin is the
tendency to escalate the dose of the drug over time that is done to allow the patient to accom-
modate the side effects of diarrhea and flatulence. From our strain-tracking analysis, we found
the extent of the recovery of the pre-strains varied between individuals that might correlate
with the capacity for the individual to better tolerate the increased dose of metformin. Alterna-
tively, increasing the dose of metformin, which is intended to improve the glucose metabolism,
might result in a physiological condition in the GI tract to favor the re-emergence of the minor
(non-dominant) microbial strains.

We also examined the impact of two drugs (MTX and T2) with known anti-rheumatic
activity for effects on the gut microbial strains. For the treatment with T2, Faecalibacterium
spp. had the most strain changes followed by the Bacteroides spp., while the individuals treated
with MTX Bacteroides spp. had the most strain changes followed by Faecalibacterium spp.
MTX has been shown directly to have anti-commensal microbial activity in in vitro assays that
could account for the strain change [50, 51]. T2 to our knowledge does not have anti-microbial
activity. However, T2 does target the expression of heat shock protein and it is possible that
the impact of T2 on the microbiome could be through the disruption of the host cells in the GI
tract [52].

The disruption of the dominant strain stability in the gut microbial ecosystem by the oral
drugs used in our study probably reflects a transient selection. Over time, the minor strain
advantage in some individuals is lost resulting in the re-establishment of the dominant (i.e.
pre-drug) strains. The realization that there are individual specific variations in the time to
recovery of the dominant strains might have consequences for the health of the host given the
function of the microbes in metabolism and protection against invading pathogens [49, 53—
56]. We think that it is unlikely that the results of our study are unique to metformin, metho-
trexate or T2 since several other medications have been found to impact the composition of
the gut microbial community [15]. Collectively, our studies then support the concept of moni-
toring of the status of the gut microbial ecosystem following the initiation of new oral drugs as
an important component for evaluating the long-term health of the individual.
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Supporting information

S1 Fig. StrainPhlAn on Fukuyama et al. data set. Strain profiling was performed for Bacter-
oides vulgatus using StrainPhlAn across all samples from Fukuyama et al data set. A neighbor-
joining (NJ) tree was constructed and the tree is drawn to scale with branch lengths. The dis-
tances were computed using the Maximum Composite Likelihood method and are in the units
of the number of base substitutions per site using MEGA X. The shaded color boxes shown
within the tree match the result found using WSS analysis.

(TIFF)

S2 Fig. StrainPhlAn on Sun et al. data set. Strain profiling was conducted for Bacteroides vul-
gatus using StrainPhlAn across all samples from Sun et al data set. A neighbor-joining (NJ)
tree was built and the tree is drawn to scale with branch lengths. The distances were measured
using the Maximum Composite Likelihood method and are in the units of the number of base
substitutions per site using MEGA X. The shaded color boxes shown within the tree match the
result found using WSS analysis.

(TIFF)

S3 Fig. StrainPhlAn on Wu et al. data set. Strain profiling was conducted for Bacteroides vul-
gatus using StrainPhlAn across all (A) placebo treatment samples and (B) metformin treat-
ment samples from Wu et al data set. A neighbor-joining (NJ) tree was constructed and the
tree is drawn to scale with branch lengths. The distances were calculated using the Maximum
Composite Likelihood method and are in the units of the number of base substitutions per site
using MEGA X. The shaded color boxes shown within the tree match the result found using
WSS analysis.

(TIFF)

$4 Fig. StrainPhlAn on Zhang et al. data set. Strain profiling was conducted for Bacteroides
vulgatus using StrainPhlAn across all samples from Zhang et al data set. A neighbor-joining
(NJ) tree was built and the tree is drawn to scale with branch lengths. The distances were mea-
sured using the Maximum Composite Likelihood method and are in the units of the number
of base substitutions per site using MEGA X. The shaded color boxes shown within the tree
match the result found using WSS analysis.

(TIFF)

S1 Table. Summarized data set used in this study. The table represents a name of data set
used in this study, type of treatment, a total number of participants, and citation for each data
set.

(XLSX)

S2 Table. Sequence reads information. The original sequence files were sequenced and
deposited by (A) Fukuyama et al., (accession number: PRINA388263), (B) Lloyd-Price et al.,
(accession number: PRJNA398089), (C) Sun et al., (accession number: PRJNA486795), (D)
Wu et al,, (accession number: PRINA361402), and (E) Zhang et al. (accession number:
PRJEB6997). The table represents the sequence read count before and after the filtering pro-
cesses.

(XLSX)

S3 Table. WSS results from Fukuyama et al. data set. All pairwise comparisons were con-
ducted for individuals between pre and post bowel evacuation (1-10 days and 21-50 days).
The resultant WSS scores are showed as numerical value along with the data bar graphs. The
WSS scores that were above the cut-off (CO) values are in red. “CO:NA” = No CO value
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assigned, thus excluded to distinguish a related strain pair. “NS” = No WSS score observed.
(XLSX)

S4 Table. WSS results from Lloyd-Price et al., data set. All pairwise comparisons were per-
formed for individuals between early and later week (ranges from 27-44 weeks). The resultant
WSS scores are represented as numerical value along with the data bar graphs. The WSS scores
that were above the cut-off (CO) values are in red. “CO:NA” = No CO value assigned, thus
excluded to distinguish a related strain pair.

(XLSX)

S5 Table. WSS results from Sun et al. data set. All pairwise comparisons were performed for
individuals between pre and post 3-day metformin treatment. The resultant WSS scores are
represented as numerical value along with the data bar graphs. “CO:NA” = No CO value
assigned, thus excluded to distinguish a related strain pair.

(XLSX)

S6 Table. WSS results from Wu et al. data set. All pairwise comparisons were conducted for
individuals between pre and post metformin or placebo treatment (2- and 4-month). In the
participant # column, individuals who treated with metformin were colored in red, and indi-
viduals who treated with placebo were colored in green. The resultant WSS scores are showed
as numerical value along with the data bar graphs. The WSS scores that were above the cut-off
(CO) values are in red. “CO:NA” = No CO value assigned, thus excluded to distinguish a
related strain pair. “NS” = No WSS score observed.

(XLSX)

S7 Table. WSS results from Zhang et al. data set. All pairwise comparisons were conducted
for individuals between pre and post MTX or T2 treatment (ranges from 3 to 16 months). In
the participant # column, individuals who treated with MTX were labeled with “(MTX)” and
individuals who treated with T2 were labeled with “(T2)”. The resultant WSS scores are
showed as numerical value along with the data bar graphs. The WSS scores that were above the
cut-off (CO) values are in red. “CO:NA” = No CO value assigned, thus excluded to distinguish
arelated strain pair. “NA” = Sample was not available to run the analysis.

(XLSX)

S8 Table. Strain pairs from Wu et al. data set. WSS analysis was conducted for individuals
who were treated with (A) metformin for 3-day (Sun et al.), (B) placebo or (C) metformin up
to 4 months (Wu et al.), and a total number of related/unrelated strain pairs found from all
compared species were listed in the table. The relative abundance (%) was then calculated
based on the total number of pairs and listed in the table.

(XLSX)

S9 Table. Unrelated strains found across all data sets used in this study. The table summa-
rized a number of unrelated strains found in each data set used in this study. The number in
this table match the number shown in Figs 1 and 3-6 (red shaded boxes). NA = Not Applica-
ble.

(XLSX)
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