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Abstract

The human gut microbiome contributes to a broad range of biochemical and metabolic func-
tions that directly or indirectly affect human physiology. Several recent studies have indi-
cated that factors like age, geographical location, genetic makeup, and individual health
status significantly influence the diversity, stability, and resilience of the gut microbiome. Of
the mentioned factors, geographical location (and related dietary/socio-economic context)
appears to explain a significant portion of microbiome variation observed in various previ-
ously conducted base-line studies on human gut microbiome. Given this context, we have
undertaken a microbiome study with the objective of cataloguing the taxonomic diversity of
gut microbiomes sampled from an urban cohort from Ahmedabad city in Western India.
Computational analysis of microbiome sequence data corresponding to 160 stool samples
(collected from 80 healthy individuals at two time-points, 60 days apart) has indicated a
Prevotella-dominated microbial community. Given that the typical diet of participants
included carbohydrate and fibre-rich components (predominantly whole grains and legume-
based preparations), results appear to validate the proposed correlation between diet/geog-
raphy and microbiome composition. Comparative analysis of obtained gut microbiome pro-
files with previously published microbiome profiles from US, China, Finland, and Japan
additionally reveals a distinct taxonomic and (inferred) functional niche for the sampled
microbiomes.

Introduction

Recent advances in healthcare and medical research suggest that human beings are actually a
composite organism, and most of the genetic information contained on/ within a living
human body can be attributed to the billions of microbes residing on/ within it [1]. Conse-
quently the health of any individual is dependent (at least to a certain extent) on the dynamics
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of various microbial communities (referred to as microbiomes) inhabiting a human body.
Technological developments in the field of metagenomics have further revolutionized our
understanding of the human microbiome in health and disease. For example, an aberrant or
deviant gut microbiome (one of the most studied microbiomes) has been implicated in several
diseases and physiological disorders like enteric infections [2,3], obesity [4,5], Crohn’s disease
[6], Type II diabetes [4,5], colorectal cancer([7,8], etc. Interestingly, even nutritional and neuro-
logical disorders such as malnutrition[9,10], Parkinson’s disease[11,12], schizophrenia[13],
etc. are indicated to have a strong microbial basis. Study of different microbiomes, therefore,
holds the promise of complementing our existing knowledge of human physiology, and paves
the way for the development of new therapeutic approaches. Understanding the structure and
function of microbiomes sampled from multiple subject cohorts is expected to provide impor-
tant insights into the healthy commensal microflora, dysbiotic patterns related to onset of dif-
ferent disease/ disorders, disease susceptibility, impact of various types of co-infections, and
on an optimistic note—in discovering (and/ or defining) alternate, novel, and improved diag-
nostic methods as well as therapeutic regimes[14].

Factors like age, sex, dietary profile, genetic make-up (ethnicity), geographic location, dis-
ease status, etc. are known to govern the structure, function, and succession pattern of various
microbial communities present on/ within an individual [15-17]. Significant structural and
functional variations are therefore expected to exist between microbiomes obtained from indi-
viduals belonging to different geographical regions [15]. Consequently, prior to analysing
microbiomes sampled from healthy and diseased states, it becomes imperative to understand
the structure and function of microbial communities sampled from healthy cohorts from dif-
ferent geographies. Several individual studies as well as global scale-initiatives have been
reported on the gut microbial communities sampled from individuals in developed economies
[15-18]. In this context, it may be noted that, except for a previous study[19] with a small
cohort size of 34, a comprehensive study from an Indian perspective is lacking.

The present study aims at filling this gap by performing a gut microbiome study with a
cohort of 80 urbansubjects from Ahmedabad city in Western India (hereafter referred to as
‘Western India’ cohort). Besides helping in cataloguing the repertoire of gut microbes in West-
ern Indian population, it is anticipated that the base-line data obtained in this study will enable
in deciphering critical insights with respect to the correlation of the structure of the gut micro-
biome and various diseases/ metabolic disorders from a regional perspective. The cohort size
(n = 80) taken in this study is reasonably large enough to facilitate comparison with datasets
from other geographies, and for deciphering distinctive structural and functional aspects of
the Western Indian Gut Microbiome. It may be noted that earlier studies [16,20] pertaining to
region specific microbial community characteristics had more or less equivalent cohort sizes.

Methods
Subject recruitment and selection criteria

This study was conducted at Veeda Clinical Research, Ahmedabad, India. The protocol was
approved by the Anveshhan Independent Ethics Committee (Ahmedabad, Gujarat, India)
associated with the study centre. The study was conducted as per the pertinent requirements
of the ICMR guidelines for Biomedical Research on Human Subjects, Good Clinical Practices
for Clinical Research in India. The protocol was carried out in accordance with the approved
guidelines, and was in agreement with Declaration of Helsinki principles. Prior to the start of
the study, healthy, willing, volunteers from Ahmedabad city in Gujarat were individually pro-
vided with a subject informed consent document that provided complete information on the
sampling procedure and the objectives of the study. Subjects reported to clinical facility for 1
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and 60 days and provided ambulatory stool samples. All subjects were advised to consume a
regular diet during the course of study. Screening data pertaining to enrolled subjects was cap-
tured on a paper format, and then collated in an excel sheet and verified.

Demography and other baseline characteristics

A total of 80 subjects were enrolled in the study. The subjects were mainly from lower socio-
economic background from Western part of India (Ahmedabad). Metadata information per-
taining to various subjects is provided in S1 Table. It may be noted that the dietary habits of all
80 participants were more or less in line with local dietary habits and primarily comprised of
fruits, vegetables, wheat, millet, sorghum, dairy products, sprouts, leafy vegetables, rice and
pulses. Consumption of meat and fish is relatively lower as compared to other regions in India
[21,22].

Inclusion and exclusion criteria

During subject selection, the following inclusion criteria were considered:
1. Subjects aged from 18 to 55 years.

2. Subjects’ weight within normal range according to normal values for Body Mass Index
(18.50 to 30.00 kg/m2) with minimum of 45 kg weight.

3. Subjects with normal health as determined by personal medical history and physical
examination

4. Subjects having negative alcohol breath test.

5. Subjects willing to adhere to the protocol requirements and to provide written informed
consent.

6. Female subjects having negative urine pregnancy test at screening and on admission day 01
of study.

The exclusion criteria included:
1. History or presence of heavy smoking and alcohol or drug abuse.

2. History or presence of asthma, urticaria, gastric and duodenal ulceration, thyroid dysfunc-
tion, adrenal dysfunction, organic intracranial lesion and cancer.

3. Usage of any medication during last one month or OTC medication during last two weeks
prior to day 01 of the study.

4. Major illness within past 3 months.

5. Consumption of grapefruit juice, xanthine-containing products, tobacco containing prod-
ucts or alcohol within 48 hours prior to day 01 of study.

6. Subjects who have been on an irregular or abnormal diet during the four weeks preceding
the study.

7. Female subjects who are currently breast feeding.

Sample collection and library preparation

Stool samples were collected preferably in the morning of scheduled visit at Veeda Clinical
Research Pvt. Ltd. All subjects were instructed to visit the clinical facility for providing
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samples. Stool samples were collected in pre-labelled OMNIgene Gut (OMR 200) tubes pro-
cured from DNA Genotek, Canada. All the preparations and collection steps were followed as
mentioned in the kit protocol. Transfer of the stool samples to the DNA extraction and
sequencing facility was done as per recommendations and necessary precautions defined in
protocol.

DNA from the collected sample was extracted using Qiagen DNeasy Blood & Tissue Kit.
Nucleic acid concentration and purity was estimated using spectrophotometry. For library
preparation, 4 ng of nanodrop quantified DNA was used for amplifying V3-V4 region of 16S
gene using TAKARA ExTaq polymerase with specific primers which also have a ’tag’ sequence
that were complementary to Illumina sequence adapter and index primers from the Nextera
XT index kit V2. This round of PCR generated single amplicon of ~500-550 bp. The amplified
products were checked on the agarose gel and before proceeding for indexing PCR. In the next
round of PCR (Indexing PCR), Illumina sequencing adapters and dual indexing barcodes
were added to 25 ng (by nanodrop) of amplified product using limited cycle PCR to give a
final product of ~600-650 bp. All the libraries after second round of PCR were normalized,
quantified, estimated and validated for quality by running an aliquot on High Sensitivity Tape
Station-Agilent prior to sequencing on Illumina MiSeq (Illumina, San Diego, USA). The
V3-V4 primer and the adapter details are as mentioned below.

V3-V4 amplification primers

Readl:

5’ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3"

Read2:

5’ -GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’

V3-V4 (Using Nextera XT Barcode Kit)

Index 2 Read

5’ -AATGATACGGCGACCACCGAGATCTACAC[15] TCGTCGGCAGCGTC-3"

Index 1 Read

5’ -CAAGCAGAAGACGGCATACGAGAT [17] GTCTCGTGGGCTCGG-3’

‘W’ represents a degenerate base.

Pre-processing and taxonomic profiling

Raw (paired-end) sequence data (in fastq format) was initially pre-processed to remove
sequences of low quality (minimum mean phred score less than 25) and insufficient length
(less than 100bp). The resulting fasta files were then provided as input to the V-Xtractor 2.0
program|[23] for retaining the V3-V4 specific region in each sequence. Taxonomic profiles (S2
Table) corresponding to each sample were obtained using the Ribosomal Database Project
(RDP) classifier, version 2.11[24] executed using a bootstrap threshold of 80%. Rarefaction
plot was generated using PAST software[25].

Core taxa identification

Core taxa were identified using the following approach. 80% of the samples constituting the
dataset were drawn randomly. The taxon which has the highest Median Abundance (MA) in
the drawn subset was identified. Taxa with abundance value at least 80% of the identified MA
value in the previous step were retained as core taxa for that subset. The entire process was iter-
ated around 1000 times. Taxa that were identified in at-least 80% of iterations were designated
as ‘core’ for the respective dataset. The rigorous boot-strapped procedure stated above was
adopted to ensure stringency while calling a given taxon as ‘core’ for a given dataset.
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Computation of alpha diversity measures and functional potential

Shannon, Simpson and Chao were computed using functions implemented in the R-vegan
package. Functional profiles at pathway and pathway-class levels (at various PEC levels) were
obtained using Vikodak’s Global Mapper Module[26].

Differential ‘genera/pathways/pathway classes’ analysis using bootstrapped
approach

Genera/ pathways/ pathway-classes with significantly different relative abundance between the
three clusters were identified using the following bootstrapped approach—

Step 1: 25 samples (i.e. 75% of the total number of samples from the smallest cluster) were ran-
domly chosen from each cluster (i.e. 1a, 1b, and 2).

Step 2: In each cluster, the median abundances of constituent genera/ pathways/ pathway clas-
ses in each randomly chosen subset of samples were computed.

The above steps were repeated 100 times to obtain 100 values of median abundances for
each genera/ pathway/ pathway class in each cluster. Kruskal-Wallis rank sum test (as imple-
mented in ’pgirmess’ R package) was then carried out between the obtained median abun-
dance values (for each genera/ pathway/ pathway class) in each of the clusters classes, and
genera/ pathways/ pathway classes with significantly different abundance were identified using
Benjamini-Hochberg (BH) p-value correction at an FDR of 0.0001. The entire procedure
described above was bootstrapped 100 times. Genera/ pathways/ pathway classes which were
observed as having a significantly different abundance (post BH correction) in at least 99% of
iterations were retained.

Results

To assess core taxonomic characteristics of gut microbiomes(sampled in the present study),
taxonomic profiles of 160 samples (comprised of approximately 25 million high-quality
sequences) taken from 80 (apparently healthy) Western Indian individuals at two time points
60 days apart (hereafter referred to as WIGM-T1 and WIGM-T60) were obtained. Rarefaction
plot (S1 Fig) indicated that, for most samples the curves did level off. Only for a small subset of
samples, they did not reach an ideal asymptote. However, Good’s coverage of >97% obtained
for all samples, indicates adequate sequencing coverage.

Community composition in the gut microbiomes of Western Indian
subjects

Analysis of taxonomic profiles indicates that the Western Indian Gut Microbiome is dominated
by microbes belonging to four phyla, viz. Bacteroidetes (median abundance 71.5%), Firmicutes
(18.7%), Proteobacteria (3.8%), and Actinobacteria (0.6%). In other words, approximately 95%
of sequences are observed to be assigned to microbes belonging to these four phyla (the remain-
ing 5% being assigned to 16 other phyla in miniscule proportions). At the genus level, 78 unique
genera (90% of them common to both time points) are observed to have non-zero median
abundance. Greater than 80% of the sequences are assigned to 5 genera viz. Prevotella, Faecali-
bacterium, Alloprevotella, Roseburia, and Bacteroides. Fig 1 depicts the abundance pattern of
major genera and their corresponding phyla (as inset) in the Western Indian population. In
summary, the taxonomic profiles corresponding to the Western Indian gut microbiome indi-
cate a Prevotella-dominated community that closely resembles (a) the profiles obtained in an
earlier Indian microbiome study(19), and (b) the taxonomic composition of gut microbiome
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Fig 1. Box plots representing relative abundances of five most abundant bacterial genera at the two time points, i.e. IGM-T1 and IGM-T60. Inset indicates

corresponding box plots at phylum level.

https://doi.org/10.1371/journal.pone.0195643.9001

samples clustered as ’Enterotype II’ (as described in Arumugam et al., 2011[27]). Dietary habits
prevalent in the Indian subcontinent (and particularly that prevalent in Ahmedabad, the geo-
graphic location of the recruited 80 participants) lend credence to this result. The typical diet of
participants in the present study included simple and complex carbohydrates (i.e. rice, wheat,
sorghum and millet) and fibre-rich components (i.e. fruits, vegetables, whole grains, sprouts,
etc.)[21,22]. It may further be noted that previous studies [28,29] had also indicated gut micro-
biota to be enriched with Prevotella in individuals who consumed fibre-rich foods (as was the
typical diet of individuals of the present study).

The two phyla viz. Proteobacteria and Actinobacteria are observed to be relatively minor
constituents (as compared to the phyla Bacteroidetes and Firmicutes), therefore reflecting a bal-
anced gut-associated microbial community [30] in the recruited participants. Sutterella and
Succinivibrio are major genera that were found to be dominant among genera belonging to
phylum Proteobacteria. Although Sutterella has been associated with human diseases such as
IBD and Autism [31,32], recent studies have indicated that this intestinal wall adhering bacte-
rium plays an important immune-modulatory role in the human gastrointestinal tract [33].
On the other hand, the fibre-degrading potential of Succinivibrio has also been well docu-
mented. In general, abundance of members belonging to phylum Proteobacteria has been
found to be positively correlated to the amount of fibre intake. Notwithstanding this, the

PLOS ONE | https://doi.org/10.1371/journal.pone.0195643  April 6, 2018 6/20


https://doi.org/10.1371/journal.pone.0195643.g001
https://doi.org/10.1371/journal.pone.0195643

:Z;i?.ll’l_(:];i;,| ONE

Gut microbiota of urban population from Western India

relatively lower abundance of members belonging to phylum Proteobacteria (as compared to
the major phyla Bacteroidtes and Firmicutes) indicates an (apparently) favourable state of gut
health, and likely absence of sustained epithelial dysfunction [34] in the recruited cohort.

Analysis further indicates the presence of phylum Actinobacteria, a few members of which
are known for their beneficial probiotic effects. In particular, members of genus Bifidobacter-
ium are observed to be present in the analysed taxonomic profiles, albeit in minor proportions.
Species belonging to Bifidobacterium are especially known for their role in the breakdown of
metabolic by-products which are generated as a result of partial digestion of complex dietary
carbohydrates [35].

Intra-community genera correlations in the gut microbiomes of Western
India subjects

In order to investigate community-level relationships between various genera constituting the
Western Indian Gut microbiome, correlation analysis was performed for identifying genera-
pairs having significant positive or negative correlations (Benjamini-Hochberg corrected
p-value < 0.1) between their patterns of abundance. The procedure was independently per-
formed on WIGM-T1 and WIGM-T60. Results of these experiments (graphically depicted in
Fig 2) indicate a negative correlation between Prevotella and (a significant subset of) other
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Fig 2. Heat map representing Pearson correlation values between various genera pairs. Positive or negative
correlations (between a given pair of genera) identified at both time points (T1 and T60) are indicated as dark blue and
dark red respectively. Interactions that are found at only 1 time point are depicted in respective lighter shades.

https://doi.org/10.1371/journal.pone.0195643.9002
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bacterial species constituting the microbial community. A cluster of bacterial species compris-
ing of Dorea, Blautia, Roseburia, Ruminococcus, Bacteroides, Paraprevotella, Faecalibacterium,
and Collinsella are observed to have positive correlation between their patterns of abundances.
Given that these correlations are observed at both time-points, the confidence attributed to
these (computed) pair-wise correlations (between the stated genera) can be considered to be
on the higher side. It is important to note that these bacterial genera are known players in fer-
mentation of complex carbohydrates (obtained through breakdown of dietary fibre), and sig-
nificantly involve, as metabolic substrates/ by-products, short chain fatty acids (butyrate,
proprionate, etc.) which are known to boost the immune system through induction of regula-
tory T-cells in the gut[36,37]. It may be noted that short chain fatty acids and hydrogen, typical
end-products of metabolism of complex carbohydrates, have well-established clinical benefits
[38,39].

Comparison of taxonomic profiles generated fromgut microbiomes of
Western Indian subjects and those corresponding toother geographies

Principal Coordinate Analysis i.e. PCoA (using Jensen-Shannon divergence as a distance met-
ric) was performed for comparing the taxonomic profiles in the Western Indian gut (obtained
in the present study) with those obtained (from apparently healthy participants) in other
geographies, viz. Japan, China, USA, and Finland[12,19,40-43]. S3 Table provides details of
various studies from which these datasets were sourced. Results of this ordination analysis
(depicted in Fig 3) indicate optimal grouping of microbiome sample profiles into two distinct
clusters. Although, majority of non-Indian samples segregate into a distinct cluster (hereafter
referred to as cluster 1), samples from Japan (in Cluster 1) appear to be spatially separated with
respect to samples from other geographies in the same cluster. To confirm this observation,
PCoA clustering was repeated using only the set of samples that were tagged to Cluster 1. The
Calinski-Harabasz (CH) Index, a metric employed for inferring the statistically optimal num-
ber of clusters, obtained during this experiment (inset within Fig 4) indicates that samples in
cluster 1 can be grouped optimally into either 2 or 4 clusters, the CH-Index value being almost
similar for both cluster sizes. Fig 4 and S2 Fig depict the results of sub-clustering samples in
cluster 1 into two and four groups, respectively. The two observations which are clearly evident
from results in these figures are as follows. Irrespective of sub-clustering into two or four
groups, the Japanese samples are observed to form a distinct sub-cluster with clear spatial seg-
regation (of Japanese samples) with respect to samples belonging to China, US, and Finland.
Samples of the latter three countries, however, do not clearly segregate as per their country of
origin, suggesting a high level of similarity between their microbiome profiles. In contrast to
results obtained by sub-clustering of samples in cluster 1, performing sub-clustering of sam-
ples in cluster 2 (which distinctly harboured >85% of Western Indian samples) indicates for-
mation of 2 sub-clusters, with a CH-Index value of 2 being identified as most optimal (inset
within Fig 5). However, in spite of sub-clustering, it is observed that samples in cluster 2 do
not segregate/ sub-group in terms of sampling time-point (S3 Fig). Given these observations,
overall three clusters, viz. the two sub-clusters (hereafter referred to as 1a and 1b) obtained
from samples in cluster 1 (using a CH-Index value of 2) and cluster 2 (in its entirety) were con-
sidered for further comparative analysis.

Comparison of core gut microbiota in individuals from different
geographies

A rigorous boot-strapped method (a variant of the method described earlier[44]) was
employed to identify, in each of the three clusters being compared, bacterial taxa that can be
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Fig 3. PCoA clustering of microbial abundance data based on Jensen Shannon divergence. Two distinct clusters
were obtained. The bigger cluster corresponds to Cluster-1, while the smaller one depicts Cluster-2. The corresponding
CH-index plot is depicted as inset within the main figure.

https://doi.org/10.1371/journal.pone.0195643.9003

considered as ’core’. In brief, for each cluster being analysed, the identified ’core taxa’ are those
that are consistently present with a minimum threshold of abundance across various samples
in that cluster. While Bacteroides, Faecalibacterium, and Roseburia are observed to constitute
the core in cluster 1a, seven bacterial genera emerge as the core taxa in samples belonging to
cluster 1b. These taxa included Bacteroides, Faecalibacterium, Bifidobacterium, Blautia, Dorea,
Lachnospiraceaincertaesedis, and Streptococcus. In contrast, only two genera, namely, Prevotella
and Faecalibacterium are identified as core in cluster 2 (S4 Fig). These results are consistent
with those obtained by (a) performing a principal component analysis (PCA) of abundance
pattern of taxa identified in various samples constituting all three clusters (Fig 6), (b) compar-
ing the abundance pattern of the ten-most abundant genera and phyla in the three clusters (S5
and S6 Figs), and (c) employing Kruskal Wallis rank-sum test (coupled to a rigorous boot-
strapped approach) for identifying genera whose abundance pattern is significantly different
between the three clusters (Table 1). As seen in Fig 6, PCA analysis indicates Bacteroides and
Prevotella as entities that drive/ define the separation of samples in clusters 1a and 2 respec-
tively. Other core genera identified for cluster 1b are also consistent with results obtained in
PCA analysis. The ratio of taxa belonging to phyla Bacteroidetes and Firmicutes appears to be a
clear differentiator between the taxonomic profiles generated from various samples in each
cluster (S5 and S6 Figs). Kruskal Wallis rank-sum test (with Benjamini-Hochberg corrected p-
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Fig 4. PCoA sub-clustering of samples in Cluster-1 (depicted in Fig 3). As indicated in the plot for CH-index (inset),
two distinct sub-clusters were obtained. While samples in Cluster-1a are predominantly from three geographies, viz.
USA, Finland and China, samples in Cluster-1b are predominantly from Japan.

https://doi.org/10.1371/journal.pone.0195643.9004

values < 0.001 at a False Discovery Rate of 0.0001) identified 80 genera as differentiators
between the three clusters. Out of these, 21 genera (listed in Table 1) have a median percentage
abundance of greater than equal to 0.2% in (samples belonging to) at least one of the clusters.
Results in Table 1 appear to be in sync with results described earlier.

List of bacterial genera identified as having (significantly) different abundance between Clus-
ter-1a, Cluster-1b and Cluster-2. These bacterial genera were identified using Kruskal-Wallis
rank sum test (with Benjamini-Hochberg corrected p-values < 0.001 at a False Discovery Rate
0f 0.0001) coupled with a bootstrap approach (details in methods). Significantly different genera
with median percentage abundance > = 0.2% in at least one of the three clusters are reported in
the table. Numerals in blue represent the highest median abundance across the three clusters.

Microbial community structure in terms of alpha-diversity measures in gut
microbiome of individuals from different geographies

Employing various diversity metrics for inferring the structural aspects (viz. richness, diversity,
and evenness) of the microbial community (in each of the three clusters) indicated the follow-
ing interesting patterns. Analysis of various samples in the three clusters indicates that West-
ern Indian microbiome samples (most of which are grouped in cluster 2) have significantly
higher Chao values (a measure of richness) as compared to samples belonging to clusters la
and 1b (Fig 7). However, values of Shannon index (a measure of diversity) and Simpson index
(a measure of evenness) are significantly lower than that obtained with samples from other
geographies (clusters la and 1b), indicating a biased community structure dominated by a few
bacterial genera.
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Fig 5. PCoA sub-clustering of samples in Cluster-2 (depicted in Fig 3). Although two distinct clusters were
obtained, there is no visible separation of samples in terms of (dominant) geography or a sampling time-point

(WIGM-T1 and WIGM-T60).
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Fig 6. Principal component analysis of the abundance pattern of bacterial genera across the three clusters obtained during ordination analysis.
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Table 1. List of differential genera.

List of Differentiating Genera Median Percentage Abundance
Cluster_la Cluster_1b Cluster_2
Bacteroides 43 9.8 0.7
Roseburia 3.6 0.3 2.4
Alistipes 3 0.2 0.1
Parabacteroides 2.2 0.3 0.1
Ruminococccus 0.6 0 0.2
Gemmiger 0.5 0 0.2
Oscillibacter 0.5 0.1
Odoribacter 0.3 0
Ruminococcus2 0.2 0
Bifidobacterium 0 24.5 0.4
Faecalibacterium 8.7 12.8 8.8
Blautia 1.1 11 0.3
Lachnospiracea incertae sedis 1.1 10.2 0.3
Dorea 0.3 1.7 0.2
Streptococcus 0.1 1.6 0.2
Butyricicoccus 0.1 0.3 0.1
Prevotella 0 0.1 64.4
Alloprevotella 0 0 2.6
Sutterella 0 0 0.5
Dialister 0 0 0.5
Catenibacterium 0 0 0.2
https://doi.org/10.1371/journal.pone.0195643.t001
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Fig 7. Box plots representing comparison between the diversity indices (Chao, Shannon and Simpson) for Cluster-1a,
Cluster-1b and Cluster-2.

https://doi.org/10.1371/journal.pone.0195643.9g007
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Functional characteristics of gut microbiomes of individuals from different
geographies

The functional potential of samples in each individual cluster was computationally inferred
using Vikodak’s Global Mapper module[26]. The (inferred) abundances of various pathways
as well as pathway-classes predicted at *pathway exclusion cut-off’ (PEC) values of 50, 60, 70,
80 and 90 were subjected to Kruskal Wallis rank-sum test (with Benjamini-Hochberg cor-
rected p-values < 0.001 at a False Discovery Rate of 0.0001) to identify significant differentia-
tors between the three clusters. It may be noted that a PEC represents the threshold value

(w. r. t. the proportion of constituent genes/ enzymes) that is used for inferring/ reporting a
pathway (or pathway-class) to be present/ functional in the given sample. S4 Table and Table 2
list pathways and pathway classes that are found not only significantly differentiating buthad
(predicted) non-zero median abundance values in at least one of the three clusters.

Results in Table 2 and S4 Table indicate the following noticeable differences between the
functional potential encoded by microbiomes belonging to each of the three compared clus-
ters. The median abundance of the pathway class carbohydrate metabolism’ is observed to be
significantly higher for cluster 2 which overwhelmingly harbours samples from Indian subjects
(Table 2). The pathway corresponding to ’Starch and sucrose metabolism’ (belonging to path-
way class ’carbohydrate metabolism’) is also observed to be a distinct differentiator between

Table 2. List of differentially-abundant pathway classes.

Pathway classes that significantly differentiate between three clusters | (Median) Pathway Class Abundance (at PEC- | Vikodak Pathway Exclusion Cut-off
70) (PEC) threshold
Cluster 1a Cluster 1b Cluster 2 50 60 70 80 90
Folding sorting and degradation 13281
Membrane transport 11291 7452
Immune diseases 2366 1393
Signaling molecules and interaction 1572 981
Cell motility 4583 2629
Glycan biosynthesis and metabolism 28951 18875
Lipid metabolism 11971 7795
Metabolism of terpenoids and polyketides 17471 12049
Infectious diseases Bacterial 1178 849
Metabolism of other amino acids 9603 7111
Energy metabolism 46982 33639
Cell growth and death 7081 5820
Replication and repair 30060 25571
Translation 21133 18784
Transcription 2715 2544
Metabolism of cofactors and vitamins 40900
Carbohydrate metabolism 104526 117542
Nucleotide metabolism 40603 48813
Amino acid metabolism 34599 38770

Xenobiotics biodegradation and metabolism

Biosynthesis of other secondary metabolites

Chemical structure transformation maps

List of differentially abundant pathway-classes (identified between Cluster-1a, Cluster-1b and Cluster-2). Significantly different pathway classes were identified using
Kruskal-Wallis rank sum test (with Benjamini-Hochberg corrected p-values < 0.001 at a False Discovery Rate of 0.0001) coupled with a bootstrap approach. Pathway-
classes with significantly different median abundances in at least 99% of iterations are shown in this table. The last column titled ‘Vikodak Pathway Exclusion Cut-off
(PEC) threshold’ indicates the PEC value thresholds at which the pathway-class was reported by Vikodak. Green indicates presence and red indicates absence.

https://doi.org/10.1371/journal.pone.0195643.t002
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the functional potential of the three clusters. Similarly, a number of metabolic pathways corre-
sponding to pathway-classes ’glycan biosynthesis’ and ’lipid metabolism’ are observed to be
over-represented in the microbiomes of cluster 1b (which are predominated by Japanese sam-
ples). In summary, the median abundances of the predicted pathways and pathway classes
(emerging as significantly differentiating between the three clusters) appear to have a pattern
of distinct functional divergence that grossly corresponds to dietary habits associated to geog-
raphies that each cluster represents.

Discussion

Microbial consortia colonize various sites of the human body. The microbiome (i.e. the collec-
tive genetic repertoire of microbial consortia/ community inhabiting various human body
sites) not only help in enriching our own functional potential, but also play a key role in our
physiology, development, nutritional status, health, and immunity. Recent studies, which have
deciphered various taxonomic and functional aspects pertaining to human gut microbiomes
sampled across various geographies, indicate interesting associations between (geography-spe-
cific) dietary patterns and the composition of the gut microbiome sampled from subjects in
specific geographies[15-19]. The present study attempts to expand the horizon of existing gut
microbiome studies (aimed at cataloguing the repertoire of gut microbes) to the Western
Indian geography. A reasonably participant cohort, comprising of 80 individuals residing
within the geographical limits of the same city i.e. Ahmedabad, was recruited in the present
study. Moreover, samples were taken from each participant at two time points (60 days apart).
This study design ensured two aspects. As a country, India, with its large geographical spread,
has significant variations with respect to dietary habits as well as climatic conditions[21,22]
Given that objective of the present study was to establish base-line data that comprehensively
represents at least one of the various dietary preferences prevalent in India, the selection of a
subject cohort was restricted to a single region i.e. Western India (particularly the city of
Ahmedabad). Obtaining samples at two time points was done with the objective of studying
the dynamics and stability aspects of human gut microbiomes within the same individual. A
comparison of microbiome samples obtained from the same individuals at two time points
indicated no significant alteration of microbiome community structure over time (Fig 1).
Results of ordination analysis also indicates grouping of samples from both time-points into
the same cluster i.e. cluster 2 (Figs 3 and 5). Results of (further) sub-clustering of samples in
cluster 2 also indicate the high level of similarity of samples obtained at both time points (S3
Fig). Further studies will however be required to explore the vast heterogeneity of gut micro-
bial communities within individuals from various parts of India.

Results of various ordination experiments performed in this study primarily indicate (sub-
grouping)and spatial segregation of microbiome samples into two distinct clusters. Although
this may be indicative of some extent of correlation of microbiome profiles with dietary prefer-
ences prevalent in respective (compared) geographies, the possible contribution of confound-
ing factors (viz. sequencing platform, PCR primers, DNA extraction protocols, target region of
the 16S rRNA gene, and various sample collection/ handling methods used in different studies)
to the observed spatial segregation cannot be ruled out[45]. In order to check the impact of
minimising (to whatever extent possible) the effect/ bias of the stated confounding factors on
the clustering pattern of microbiome samples, PCoA clustering was redone using only those
taxonomic profiles that were generated using only the V3 variable region. The latter region
was the common variable region within sequencing reads from most of the studies used in this
comparison (S3 Table). Samples from the Japanese cohort (which employed used the V1-V2
region in their study) were omitted from this analysis. Similar to the overall clustering pattern
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Fig 8. PCoA clustering of microbial abundance data that was generated using only the V3 region of the 16S rRNA
gene sequences in various datasets used for comparison.

https://doi.org/10.1371/journal.pone.0195643.g008

(as observed in Fig 3), results of this ordination analysis (using only the V3 regions) again indi-
cate optimal grouping of microbiome sample profiles into two distinct clusters (Fig 8). In addi-
tion to the re-iteration of the observation that Western Indian samples grouping into a distinct
separate cluster, it is interesting to note that samples from the 2 studies in Western India, clus-
ter together despite utilizing different protocols in the two labs.

In the present study, an interesting pattern of correlation between bacterial community
structure (in terms of species richness) and the functional repertoire of enzymes contributing
to various identified pathways (inferred as being present/ functional) was observed. Results in
S4 Table indicate the presence of several differentiating pathways having a higher median
abundance in the Western Indian samples (cluster 2). These included starch and sucrose
metabolism, amino sugar and nucleotide sugar metabolism, arginine and proline metabolism,
glycine serine and threonine metabolism, cysteine and methionine metabolism, propanoate
metabolism, porphyrin and chlorophyll metabolism. Interestingly, the median abundances of
these pathways are null in the other two clusters. For a pathway to be reported by Vikodak (at
PEC value of 70) as present/ functional in a sample, various microbes present in a sample
should encode at least 70% of genes/ enzymes constituting that pathways. A null median abun-
dance of a pathway in a particular cluster indicates that greater than 50% of samples in that
cluster lacked the necessary microbial diversity to encode for the minimum quorum of genes/
enzymes required for the functioning of the pathway. Given this, it may be logical to expect
(from results depicted in S4 Table) that samples in cluster 2 (followed by cluster 1b) to have
relatively higher microbial richness as compared to that in cluster 1. Results of diversity (Fig 7)
are observed to be perfectly in sync with this line of thought. Microbiome samples in the
"Western India-specific’ cluster have significantly higher Chao values (a measure of richness)
as compared to samples from other geographies (clusters 1a and 1b).
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Besides the presence of a distinct cluster of genera which have known functional roles in
metabolism of butyrate, acetate, and proprionate (as seen in results depicted in Fig 2), analysis
of correlations between the abundance patterns of various genera identified in the Western
Indian gut microbiomes also revealed the presence of a specific subset of ‘independent’ genera.
The abundances of these genera are observed to share no significant correlation with Prevotella
as well as with the sub-group of genera with known butyrate metabolism capabilities. Most of
these ‘independent’ genera, comprising of Dialister, Catenibacterium, Allisonella, Hallella, Neis-
seria, Oribacterium, Megamonas, Streptophyta, Klebsiella, Olsenella, Succinivibrio, Rothia, and
Turicibacter, are known to be potential pathogens occurring in meagre proportions in a typical
healthy human gut. The role of these genera in the Western Indian gut microbiome remains to
be probed.

Two earlier published studies[46,47] had attempted elucidating cross-geography inferences
with respect to the relationship between microbiome composition and the abundance as well
as diversity of the carbohydrate/ xenobiotic metabolizing capabilities. In this context, it is
interesting to note that Western Indian samples in cluster 2 appear to be highly enriched with
bacterial genera that encode functions associated with three other pathway classes, namely
’Amino acid metabolism’, "Xenobiotics biodegradation and metabolism’, and "Biosynthesis of
other secondary metabolites’. Earlier studies[48,49] have indicated associations between the
abundances of taxa belonging to phylum Bacteroidetes with the abundances of two functions,
namely, degradation of antibiotics (a classic example of a xenobiotic) and metabolism of com-
plex glycans. The Prevotella (i.e. Bacteroidetes-rich) Western Indian gut microbiomes appear
to justify this hypothesized association. These findings justify the need for initiating further
"Whole Genome Sequencing’ based studies to probe/ understand associations between various
predicted functions and the structure of the Western Indian microbiome.

Although comparative analysis of microbiome samples (spanning 5 geographies) per-
formed in this study (S3 Table) indicate some extent of correlation of microbiome profiles
with dietary preferences prevalent in specific geographies, it is likely that apart from diet, sev-
eral other factors play a role in shaping of the gut microbiome.Further studies will be required
to assert this correlation.
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Supporting information

S1 Fig. A rarefaction plot of samples for the two time-points IGM-T1 and IGM-T60
involved in the present study.
(TIF)
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S2 Fig. PCoA sub-clustering of Cluster-1 obtained in Fig 3. Apart from the two distinct sub-
clusters (Fig 4), Cluster-1 can also be separated into four distinct clusters (indicated in CH-
index plot in inset).

(TIF)

S3 Fig. PCoA sub-clustering of Cluster-2 obtained in Fig 3. Apart from the two distinct sub-
clusters (Fig 5), Cluster-2 can also be separated into four distinct clusters (indicated in CH-
index plot in inset).

(TIF)

$4 Fig. A venn diagram representing the ’core’ genera constituting the three clusters
obtained during ordination analysis.
(TIF)

S5 Fig. Area curve representing the bacterial genera across Cluster-1a, Cluster-1b and
Cluster-2. Abundance data of the most abundant taxa across the three clusters was included to
plot the curve.

(TIF)

S6 Fig. Area curve representing the bacterial phyla across Cluster-1a, Cluster-1b and Clus-
ter-2. Abundance data of the most abundant taxa across the three clusters was included to plot
the curve.

(TIF)

S1 Table. Metadata corresponding to various subjects enrolled in the present study.
(PDF)

$2 Table. Taxonomic profiles of Indian gut microbiomes.
(PDF)

S3 Table. Details of various studies (and corresponding number of samples) that were
used for comparative analysis with Indian microbiome samples obtained in the present
study.

(PDF)

S4 Table. List of differentially abundant pathways (identified between Cluster-1a, Cluster-
1b and Cluster-2). Significantly different pathways were identified using Kruskal-Wallis rank
sum test (with Benjamini-Hochberg corrected p-values < 0.001 at a False Discovery Rate of
0.0001) coupled with a bootstrap approach. Pathways with significantly different median
abundances in at least 99% of iterations are shown in this table. For ease of readers, the corre-
sponding pathway classes are also indicated. The last column titled “Vikodak Pathway Exclu-
sion Cut-off (PEC) threshold’ indicates the PEC value thresholds at which the pathway was
reported by Vikodak. Green indicates presence and red indicates absence.

(PDF)

Author Contributions

Conceptualization: Mohammed Monzoorul Haque, Ashok Kumar Dubey, Sharmila S.
Mande.

Formal analysis: Disha Tandon, Mohammed Monzoorul Haque, Sharmila S. Mande.

Investigation: Disha Tandon, Mohammed Monzoorul Haque, Shafiq Shaikh, Sharmila S.
Mande.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195643  April 6, 2018 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195643.s010
https://doi.org/10.1371/journal.pone.0195643

@° PLOS | ONE

Gut microbiota of urban population from Western India

Methodology: Disha Tandon, Mohammed Monzoorul Haque, Shafiq Shaikh, Sriram P.,
Ashok Kumar Dubey.

Project administration: Saravanan R.

Resources: Saravanan R., Shafiq Shaikh, Sriram P.

Software: Disha Tandon, Mohammed Monzoorul Haque.

Supervision: Shafiq Shaikh, Ashok Kumar Dubey, Sharmila S. Mande.

Validation: Disha Tandon, Mohammed Monzoorul Haque.

Visualization: Disha Tandon, Mohammed Monzoorul Haque.

Writing - original draft: Disha Tandon, Mohammed Monzoorul Haque, Sharmila S. Mande.

Writing - review & editing: Disha Tandon, Mohammed Monzoorul Haque, Ashok Kumar
Dubey, Sharmila S. Mande.

References

1. Chol, Blaser MJ. The Human Microbiome: at the interface of health and disease. Nat Rev Genet. 2012
Mar 13; 13(4):260-70. https://doi.org/10.1038/nrg3182 PMID: 22411464

2. McKenney PT, Pamer EG. From Hype to Hope: The Gut Microbiota in Enteric Infectious Disease. Cell.
2015 Dec 3; 163(6):1326—32. https://doi.org/10.1016/j.cell.2015.11.032 PMID: 26638069

3. Singh P, Teal TK, Marsh TL, Tiedje JM, Mosci R, Jernigan K, et al. Intestinal microbial communities
associated with acute enteric infections and disease recovery. Microbiome. 2015 Sep 22; 3:45. https://
doi.org/10.1186/s40168-015-0109-2 PMID: 26395244

4. Hartstra AV, Bouter KEC, Backhed F, Nieuwdorp M. Insights Into the Role of the Microbiome in Obesity
and Type 2 Diabetes. Diabetes Care. 2015 Jan 1; 38(1):159-65. https://doi.org/10.2337/dc14-0769
PMID: 25538312

5. Musso G, Gambino R, Cassader M. Obesity, Diabetes, and Gut Microbiota. Diabetes Care. 2010 Oct 1;
33(10):2277-84. https://doi.org/10.2337/dc10-0556 PMID: 20876708

6. Oyri SF, Mlzes G, Sipos F. Dysbiotic gut microbiome: A key element of Crohn’s disease. Comp Immunol
Microbiol Infect Dis. 2015 Dec; 43:36—49. https://doi.org/10.1016/j.cimid.2015.10.005 PMID: 26616659

7. Dulal S, Keku TO. Gut Microbiome and Colorectal Adenomas. Cancer J Sudbury Mass. 2014; 20
(3):225-31.

8. Gagniére J, Raisch J, Veziant J, Barnich N, Bonnet R, Buc E, et al. Gut microbiota imbalance and colo-
rectal cancer. World J Gastroenterol. 2016 Jan 14; 22(2):501-18. https://doi.org/10.3748/wjg.v22.i2.
501 PMID: 26811603

9. Kane AV, Dinh DM, Ward HD. Childhood Malnutrition and the Intestinal Microbiome Malnutrition and
the microbiome. Pediatr Res. 2015 Jan; 77(0):256—62.

10. Subramanian S, Hug S, Yatsunenko T, Haque R, Mahfuz M, Alam MA, et al. Persistent gut microbiota
immaturity in malnourished Bangladeshi children. Nature. 2014 Jun 19; 510(7505):417-21. https://doi.
org/10.1038/nature 13421 PMID: 24896187

11. Mulak A, Bonaz B. Brain-gut-microbiota axis in Parkinson’s disease. World J Gastroenterol WJG. 2015
Oct 7;21(37):10609-20. https://doi.org/10.3748/wjg.v21.i37.10609 PMID: 26457021

12. Scheperjans F, Aho V, Pereira PAB, Koskinen K, Paulin L, Pekkonen E, et al. Gut microbiota are related
to Parkinson’s disease and clinical phenotype: Gut Microbiota in Parkinson’s Disease. MovDisord. 2015
Mar; 30(3):350-8.

13. Dinan TG, Borre YE, Cryan JF. Genomics of schizophrenia: time to consider the gut microbiome? Mol
Psychiatry. 2014 Dec; 19(12):1252—7. hitps://doi.org/10.1038/mp.2014.93 PMID: 25288135

14. Pflughoeft KJ, Versalovic J. Human Microbiome in Health and Disease. Annu Rev Pathol Mech Dis.
2012; 7(1):99-122.

15. Conlon MA, Bird AR. The Impact of Diet and Lifestyle on Gut Microbiota and Human Health. Nutrients.
2014 Dec 24; 7(1):17—44. https://doi.org/10.3390/nu7010017 PMID: 25545101

16. Dehingia M, Thangjam Devi K, Talukdar NC, Talukdar R, Reddy N, Mande SS, et al. Gut bacterial diver-
sity of the tribes of India and comparison with the worldwide data. Sci Rep. 2015 Dec 22; 5:18563.
https://doi.org/10.1038/srep18563 PMID: 26689136

PLOS ONE | https://doi.org/10.1371/journal.pone.0195643  April 6, 2018 18/20


https://doi.org/10.1038/nrg3182
http://www.ncbi.nlm.nih.gov/pubmed/22411464
https://doi.org/10.1016/j.cell.2015.11.032
http://www.ncbi.nlm.nih.gov/pubmed/26638069
https://doi.org/10.1186/s40168-015-0109-2
https://doi.org/10.1186/s40168-015-0109-2
http://www.ncbi.nlm.nih.gov/pubmed/26395244
https://doi.org/10.2337/dc14-0769
http://www.ncbi.nlm.nih.gov/pubmed/25538312
https://doi.org/10.2337/dc10-0556
http://www.ncbi.nlm.nih.gov/pubmed/20876708
https://doi.org/10.1016/j.cimid.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26616659
https://doi.org/10.3748/wjg.v22.i2.501
https://doi.org/10.3748/wjg.v22.i2.501
http://www.ncbi.nlm.nih.gov/pubmed/26811603
https://doi.org/10.1038/nature13421
https://doi.org/10.1038/nature13421
http://www.ncbi.nlm.nih.gov/pubmed/24896187
https://doi.org/10.3748/wjg.v21.i37.10609
http://www.ncbi.nlm.nih.gov/pubmed/26457021
https://doi.org/10.1038/mp.2014.93
http://www.ncbi.nlm.nih.gov/pubmed/25288135
https://doi.org/10.3390/nu7010017
http://www.ncbi.nlm.nih.gov/pubmed/25545101
https://doi.org/10.1038/srep18563
http://www.ncbi.nlm.nih.gov/pubmed/26689136
https://doi.org/10.1371/journal.pone.0195643

@° PLOS | ONE

Gut microbiota of urban population from Western India

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-Bello MG, Contreras M, et al. Human gut
microbiome viewed across age and geography. Nature. 2012 May 9; 486(7402):222—7. https://doi.org/
10.1038/nature11053 PMID: 22699611

Aagaard K, Petrosino J, Keitel W, Watson M, Katancik J, Garcia N, et al. The Human Microbiome Proj-
ect strategy for comprehensive sampling of the human microbiome and why it matters. FASEB J. 2013
Mar 1; 27(3):1012-22. https://doi.org/10.1096/f].12-220806 PMID: 23165986

Bhute S, Pande P, Shetty SA, Shelar R, Mane S, Kumbhare SV, et al. Molecular Characterization and
Meta-Analysis of Gut Microbial Communities lllustrate Enrichment of Prevotella and Megasphaera in
Indian Subjects. Front Microbiol. 2016; 7.

Sarkar A, Stoneking M, Nandineni MR. Unraveling the human salivary microbiome diversity in Indian
populations. PLOS ONE. 2017 Sep 8; 12(9):e0184515. https://doi.org/10.1371/journal.pone.0184515
PMID: 28886168

Agrawal S, Millett CJ, Dhillon PK, Subramanian S, Ebrahim S. Type of vegetarian diet, obesity and dia-
betes in adult Indian population. Nutr J. 2014 Sep 5; 13:89. https://doi.org/10.1186/1475-2891-13-89
PMID: 25192735

Green R, Milner J, Joy EJM, Agrawal S, Dangour AD. Dietary patterns in India: a systematic review. Br
J Nutr. 2016 Jul 14; 116(1):142-8. hitps://doi.org/10.1017/S0007114516001598 PMID: 27146890

Hartmann M, Howes CG, Abarenkov K, Mohn WW, Nilsson RH. V-Xtractor: An open-source, high-
throughput software tool to identify and extract hypervariable regions of small subunit (16 S/18 S) ribo-
somal RNA gene sequences. J Microbiol Methods. 2010 Nov; 83(2):250-3. https://doi.org/10.1016/].
mimet.2010.08.008 PMID: 20804791

Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal Database Project: data and
tools for high throughput rRNA analysis. Nucleic Acids Res. 2014 Jan 1; 42(D1):D633—42.

Hammer @., Harper D.A.T., Ryan P.D. 2001, PAST: Paleontological statistics software package for
education and data analysis. Palaeontologia Electronica.

Nagpal S, Hague MM, Mande SS. Vikodak—A Modular Framework for Inferring Functional Potential of
Microbial Communities from 16S Metagenomic Datasets. PLOS ONE. 2016 Feb 5; 11(2):e0148347.
https://doi.org/10.1371/journal.pone.0148347 PMID: 26848568

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human
gut microbiome. Nature. 2011 May; 473(7346):174-80. https://doi.org/10.1038/nature09944 PMID:
21508958

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, et al. Linking Long-Term Dietary
Patterns with Gut Microbial Enterotypes. Science. 2011 Oct 7; 334(6052):105-8. https://doi.org/10.
1126/science.1208344 PMID: 21885731

Filippo CD, Cavalieri D, Paola MD, Ramazzotti M, Poullet JB, Massart S, et al. Impact of diet in shaping
gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc Natl Acad
Sci. 2010 Aug 17; 107(33):14691-6. https://doi.org/10.1073/pnas.1005963107 PMID: 20679230

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity of the Human
Intestinal Microbial Flora. Science. 2005 Jun 10; 308(5728):1635-8. https://doi.org/10.1126/science.
1110591 PMID: 15831718

Mukhopadhya I, Hansen R, Nicholl CE, Alhaidan YA, Thomson JM, Berry SH, et al. A Comprehensive
Evaluation of Colonic Mucosal Isolates of Sutterellawadsworthensis from Inflammatory Bowel Disease.
PLOS ONE. 2011 Oct 31; 6(10):€27076. https://doi.org/10.1371/journal.pone.0027076 PMID:
22073125

Wang L, Christophersen CT, Sorich MJ, Gerber JP, Angley MT, Conlon MA. Increased abundance of
Sutterella spp. and Ruminococcus torques in feces of children with autism spectrum disorder. Mol
Autism. 2013 Nov 4; 4:42. https://doi.org/10.1186/2040-2392-4-42 PMID: 24188502

Hiippala K, Kainulainen V, Kallioméaki M, Arkkila P, Satokari R. Mucosal Prevalence and Interactions
with the Epithelium Indicate Commensalism of Sutterella spp. Front Microbiol. 2016; 7.

Litvak Y, Byndloss MX, Tsolis RM, Baumler AJ. Dysbiotic Proteobacteria expansion: a microbial signa-
ture of epithelial dysfunction. CurrOpinMicrobiol. 2017 Oct 1; 39:1-6.

Flint HJ, Scott KP, Duncan SH, Louis P, Forano E. Microbial degradation of complex carbohydrates in
the gut. Gut Microbes. 2012 Jul 14; 3(4):289-306. https://doi.org/10.4161/gmic.19897 PMID: 22572875

Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the
human large intestine. FEMS Microbiol Lett. 2009 May 1; 294(1):1-8. https://doi.org/10.1111/j.1574-
6968.2009.01514.x PMID: 19222573

Pryde SE, Duncan SH, Hold GL, Stewart CS, Flint HJ. The microbiology of butyrate formation in the
human colon. FEMS Microbiol Lett. 2002 Dec 1; 217(2):133-9. PMID: 12480096

PLOS ONE | https://doi.org/10.1371/journal.pone.0195643  April 6, 2018 19/20


https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
https://doi.org/10.1096/fj.12-220806
http://www.ncbi.nlm.nih.gov/pubmed/23165986
https://doi.org/10.1371/journal.pone.0184515
http://www.ncbi.nlm.nih.gov/pubmed/28886168
https://doi.org/10.1186/1475-2891-13-89
http://www.ncbi.nlm.nih.gov/pubmed/25192735
https://doi.org/10.1017/S0007114516001598
http://www.ncbi.nlm.nih.gov/pubmed/27146890
https://doi.org/10.1016/j.mimet.2010.08.008
https://doi.org/10.1016/j.mimet.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20804791
https://doi.org/10.1371/journal.pone.0148347
http://www.ncbi.nlm.nih.gov/pubmed/26848568
https://doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.1126/science.1208344
https://doi.org/10.1126/science.1208344
http://www.ncbi.nlm.nih.gov/pubmed/21885731
https://doi.org/10.1073/pnas.1005963107
http://www.ncbi.nlm.nih.gov/pubmed/20679230
https://doi.org/10.1126/science.1110591
https://doi.org/10.1126/science.1110591
http://www.ncbi.nlm.nih.gov/pubmed/15831718
https://doi.org/10.1371/journal.pone.0027076
http://www.ncbi.nlm.nih.gov/pubmed/22073125
https://doi.org/10.1186/2040-2392-4-42
http://www.ncbi.nlm.nih.gov/pubmed/24188502
https://doi.org/10.4161/gmic.19897
http://www.ncbi.nlm.nih.gov/pubmed/22572875
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/j.1574-6968.2009.01514.x
http://www.ncbi.nlm.nih.gov/pubmed/19222573
http://www.ncbi.nlm.nih.gov/pubmed/12480096
https://doi.org/10.1371/journal.pone.0195643

@° PLOS | ONE

Gut microbiota of urban population from Western India

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Anand S, Kaur H, Mande SS. Comparative In silico Analysis of Butyrate Production Pathways in Gut
Commensals and Pathogens. Front Microbiol. 2016; 7.

Canani RB. Potential beneficial effects of butyrate in intestinal and extraintestinal diseases. World J
Gastroenterol. 2011; 17(12):1519. https://doi.org/10.3748/wjg.v17.i12 PMID: 21472114

Kim S-W, Suda W, Kim S, Oshima K, Fukuda S, Ohno H, et al. Robustness of Gut Microbiota of Healthy
Adults in Response to Probiotic Intervention Revealed by High-Throughput Pyrosequencing. DNA Res.
2013 Jun 1; 20(3):241-53. https://doi.org/10.1093/dnares/dst006 PMID: 23571675

Kato T, Fukuda S, Fujiwara A, Suda W, Hattori M, Kikuchi J, et al. Multiple Omics Uncovers Host—-Gut
Microbial Mutualism During Prebiotic Fructooligosaccharide Supplementation. DNA Res Int J Rapid
Publ Rep Genes Genomes. 2014 Oct; 21(5):469-80.

Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett C, Knight R, Gordon JI. The human microbiome proj-
ect: exploring the microbial part of ourselves in a changing world. Nature. 2007 Oct 18; 449(7164):804—
10. https://doi.org/10.1038/nature06244 PMID: 17943116

Xiao S, Fei N, Pang X, Shen J, Wang L, Zhang B, et al. A gut microbiota-targeted dietary intervention
for amelioration of chronic inflammation underlying metabolic syndrome. FEMS Microbiol Ecol. 2014
Feb; 87(2):357—67. https://doi.org/10.1111/1574-6941.12228 PMID: 24117923

Ganju P, Nagpal S, Mohammed MH, Nishal Kumar P, Pandey R, Natarajan VT, et al. Microbial commu-
nity profiling shows dysbiosis in the lesional skin of Vitiligo subjects. Sci Rep. 2016 Jan 13; 6:18761.
https://doi.org/10.1038/srep18761 PMID: 26758568

Clooney AG, Fouhy F, Sleator RD, Driscoll AO, Stanton C, Cotter PD, et al. Comparing Apples and
Oranges?: Next Generation Sequencing and Its Impact on Microbiome Analysis. PLOS ONE. 2016 Feb
5; 11(2):e0148028. https://doi.org/10.1371/journal.pone.0148028 PMID: 26849217

Bhattacharya T, Ghosh TS, Mande SS. Global Profiling of Carbohydrate Active Enzymes in Human Gut
Microbiome. PLOS ONE. 2015 Nov 6; 10(11):e0142038. https://doi.org/10.1371/journal.pone.0142038
PMID: 26544883

Das A, Srinivasan M, Ghosh TS, Mande SS. Xenobiotic Metabolism and Gut Microbiomes. PLOS ONE.
2016 Oct 3; 11(10):e0163099. https://doi.org/10.1371/journal.pone.0163099 PMID: 27695034

Martens EC, Koropatkin NM, Smith TJ, Gordon JI. Complex Glycan Catabolism by the Human Gut
Microbiota: The Bacteroidetes Sus-like Paradigm. J Biol Chem. 2009 Sep 11; 284(37):24673—7. https://
doi.org/10.1074/jbc.R109.022848 PMID: 19553672

Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics Shape the Physiology and Gene Expression of the
Active Human Gut Microbiome. Cell. 2013 Jan 17; 152(1):39-50.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195643  April 6, 2018 20/20


https://doi.org/10.3748/wjg.v17.i12
http://www.ncbi.nlm.nih.gov/pubmed/21472114
https://doi.org/10.1093/dnares/dst006
http://www.ncbi.nlm.nih.gov/pubmed/23571675
https://doi.org/10.1038/nature06244
http://www.ncbi.nlm.nih.gov/pubmed/17943116
https://doi.org/10.1111/1574-6941.12228
http://www.ncbi.nlm.nih.gov/pubmed/24117923
https://doi.org/10.1038/srep18761
http://www.ncbi.nlm.nih.gov/pubmed/26758568
https://doi.org/10.1371/journal.pone.0148028
http://www.ncbi.nlm.nih.gov/pubmed/26849217
https://doi.org/10.1371/journal.pone.0142038
http://www.ncbi.nlm.nih.gov/pubmed/26544883
https://doi.org/10.1371/journal.pone.0163099
http://www.ncbi.nlm.nih.gov/pubmed/27695034
https://doi.org/10.1074/jbc.R109.022848
https://doi.org/10.1074/jbc.R109.022848
http://www.ncbi.nlm.nih.gov/pubmed/19553672
https://doi.org/10.1371/journal.pone.0195643

