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Yogesh S. Shouche ?* and Saroj S. Ghaskadbi **

* Department of Zoology, Savitribai Phule Pune Universityupe, India,? Microbial Culture Collection-National Centre for Cell
Science, Pune, India,? Diabetes Unit, KEM Hospital and Research Centre, Pune, India

Diabetes in India has distinct genetic, nutritional, devepmental and socio-economic
aspects; owing to the fact that changes in gut microbiota are associated
with diabetes, we employed semiconductor-based sequencig to characterize gut
microbiota of diabetic subjects from this region. We suggeisconsolidated dysbiosis
of eubacterial, archaeal and eukaryotic components in the @ microbiota of
newly diagnosed (New-DMs) and long-standing diabetic subpts (Known-DMs)
compared to healthy subjects (NGTs). Increased abundance fophylum Firmicutes
(p D 0.010) and Operational Taxonomic Units (OTUs) ofactobacillus (p < 0.01)
were observed in Known-DMs subjects along with the concomént graded decrease
in butyrate-producing bacterial families like Ruminococaceae and Lachnospiraceae.
Eukaryotes and fungi were the least affected components irhiese subjects but archaea,
except Methanobrevibacter were signi cantly decreased in them. The two dominant
archaea viz. Methanobrevibacater and Methanosphaera followed opposite trends in
abundance from NGTs to Known-DMs subjects. There was a subsintial reduction in
eubacteria, with a noticeable decrease in Bacteroidetes pflum (@ D 0.098) and an
increased abundance of fungi in New-DMs subjects. Likewiseopportunistic fungal
pathogens such as Aspergillus Candida were found to be enriched in New-DMs
subjects. Analysis of eubacterial interaction network realed disease-state specic
patterns of ecological interactions, suggesting the distict behavior of individual
components of eubacteria in response to the disease. PERMAGIVA test indicated
that the eubacterial component was associated with diabets-related risk factors like
high triglyceride p D 0.05), low HDL ¢ D 0.03), and waist-to-hip ratio 6 D 0.02).
Metagenomic imputation of eubacteria depict de ciencies ¢ various essential functions
such as carbohydrate metabolism, amino acid metabolism etcin New-DMs subjects.
Results presented here shows that in diabetes, microbial dsbiosis may not be just
limited to eubacteria. Due to the inter-linked metabolic ieractions among the eubacteria,
archaea and eukarya in the gut, it may extend into other two dmains leading to
trans-domain dysbiosis in microbiota. Our results thus cottibute to and expand the
identi cation of biomarkers in diabetes.
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INTRODUCTION predisposition Yajnik, 200), the manifestation of diabetes at
an earlier age and at a much lower body mass index (BMI)
The eubacterial assemblage associated with the human bodympared to white Caucasiansajnik, 200). Diabetes seems
together with other microbes like archaea, eukaryotes andif to be precipitated in this population by rapid economic and
are referred to as “microbiota.” Trillions of these micreb#at  nutritional transition and rural-urban migrationsAnjana et al.,
live in our distal gut are believed to be co-evolving withithe 2011).
hosts (ey et al., 2008Within the gut, microbes interactamongst ~ Based on above facts, we hypothesized that the dysbiosis
themselves and their host; together, their metagenometagon in gut microbiota may not be limited to just eubacteria but
genes that act as a repertoire of metabolic functions whicbther two domains (Archaea and Eukarya) too are disturbed
in uence human health Clemente et al., 20)2Recent studies due to the disease condition or vice-versa. In the presemtystu
have revealed that the gut microbiota is subjected to viariast we investigated the composition of the intestinal microbiot
in the hosts diet (urnbaugh et al., 2009genotype $por et al., of newly diagnosed (New-DMs) and long-standing diabetic
201) and health status@énit et al., 2014 Any perturbation  subjects (Known-DMs) and compared it with normal glucose
in the delicate balance between microbial consortia and hosolerant subjects (NGTs). We used lon torrent PGM sequencing
results in “dysbiosis,” sometimes leading to severe aitsierthe  technology, to analyse eubacterial and archaeal 16S rRNA gene
host. Thus, gastrointestinal disorders such asin ammuptmswel  18S rRNA gene from eukaryotes and fungal ITS tagged amplicon
diseaseRrank et al., 2007and colitis (ucke et al., 20Q6as well  from fecal samples.
as metabolic disorders such as obesityr(ibaugh et al., 2006
and diabetesQin et al., 2012; Karlsson et al., 2013; Zhang et alMATERIALS AND METHODS
2019 are found to be associated with the distinct pattern of gut
microbiota in which certain OTUs/species are presentindirre Participants and Sample Collection
proportions. We studied 49 adults, who are parents of children in the Pune
Although studies on gut microbiota are largely dominated byChildren Study (PCS) conducted by Diabetes Unit of KEM
eubacteria, in recent years, studies on gut-inhabitindhae@, Hospital Research Centredjnik et al., 1995 They have been
(Scanlan et al., 2008; Gaci et al., 20fuhgi (Dollive et al., followed up since 1995 along with their children with serial
2012; Wang et al., 20).4nd eukaryotesKandey et al., 2012; glucose tolerance testing. The present study refers to dianzh
Grattepanche et al., 20)Lare being conducted to understand metabolic follow-up in 2009. The study and the experimental
their distribution and possible role in human health. Thus, protocols followed were approved by Ethics Committee of KEM
archaea such as genudethanobrevibactehas been linked Hospital Research Centre, Pune, India (Study number 0,847),
with human diseases like obesitili(lion et al., 2013 and and separate written informed consent was obtained from each
periodontitis (Lepp et al., 2004 Fungi residing in the gut are participant. Inclusion criteria in NGTs group was the absence
associated with diseases such as colorectal adenomas) ( of any apparent acute or chronic disorders. New-DMs were the
et al., 201pand, Crohn's disease-i( Q. et al., 201} Similarly, participants that were diagnosed with type 2 diabetes during
eukaryotes in the gut are found to be very complex and corrélatethe routine check-up, were not on anti-diabetic treatmentilin
with human diseases3ouba et al., 20)4Thus, besides the fact sample collection and free from any acute and chronic illness.
that reports on gut archaea, fungi and eukaryotes are laggingnown-DMs subjects were known cases of type 2 diabetes in
studies such as these are a clear indication that these b@sro PCS cohort, were on anti-diabetic treatment at least forghst
together with eubacteria forms a very complex ecosystem in the year and free from any acute and chronic illness. General
gut and their functional role in human health and diseasesdse exclusion criteria for all three groups were subjects undieg
to be evaluated thoroughly. dietary intervention, use of antimicrobial in past 3 monthsda
Studies conducted in Indian population  suggestmajor surgeries of the gastrointestinal tract. All particiggawere
compositional dierences in gut microbiota and how it admitted to Diabetes Unit the evening before the investamzti
diers from the western population Hatil et al., 2012; Bhute Anthropometry was measured by trained observers according
et al., 201) Therefore, considering the unique gut microbialto standard protocols. The following morning, fasting blood
features of Indian populationBhute et al., 200)6e orts to  specimens were assessed for plasma glucose, insulin and lipids.
de ne extents of perturbation in gut microbial communities Sixteen known diabetic subjects underwent only fastingzost-
of diabetic subjects from India will help us to decipher thebreakfast glucose measurements. In the remaining subjaots
association between gut microbial composition and diabetesral glucose tolerance test (75 g anhydrous glucose) wagdarri
India is one of the global capitals of diabetes with an estimlat out according to the Alberti and Zimmet, 199B8protocol. Fecal
69.1 million diabetic patients in the year 201Biternational  samples were collected from all participants in a sterile coefai
Diabetes Federation, 2015The explosive epidemic of diabetesand preserved at 80 C until DNA extraction.
in India is incompletely explained, although various conttiing
factors are suggested. Compared to diabetic patients in tHeleasurement of Biochemical Parameters
western world, Indian diabetic patients have unique andPlasma glucose, cholesterol, HDL-cholesterol, and tragigde
paradoxical characteristics. These include possible heigtite concentrations were measured using standard enzymatic
genetic predispositionfamachandran et al., 20 Intrauterine  methods (Hitachi 902, Germany). Between-batch coe cients
undernutrition (thrifty phenotype) leading to epigenetic of variation for all these assays wexe3% in the normal
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range. Plasma insulin was measured using Del a techniquér D 14) and all Known-DMs i D 16) were pooled by mixing
(Victor 2, Wallac, Turku, Finland). Overweight was de ned equal quantities of concentration normalized PCR products.
as BMI 25 kg/n? and <30 kg/n?, and obesity as BMI 30  This way we obtained three pools for each group, NGTs, New-
kg/m2. Diabetes mellitus was diagnosed if fasting plasm®Ms and Known-DMs for archaeal 16S rRNA, eukaryotic 18S
glucose 126 mg/dl or 120-min plasma glucose200 mg/dl. rRNA and fungal ITS1 genes. All the pooled samples were then
Hypercholesterolaemia was de ned as plasma total choldstersequenced using lon Torrent PGM. Since fungal ITS amplicons
200 mg/dl, hypertriglyceridaemia as plasma triglyceridevaried in length, we fragmented 100 ng of it with lon Shear
concentration 150 mg/dl and low HDL-cholesterol as Enzyme mix (lon Xpress Plus Fragment Library preparation kit,
HDL-cholesterol concentratiork 40 mg/dl for men and<50 Life Technologies) for 20 min and 200 bp size fragments were
mg/dl for women. Hypertension was de ned as systolic bloodselected before adapter ligation stépifg et al., 2015
pressure (SBP) 130 mmHg or diastolic blood pressure (DBP)

85 mmHg. Sequence Processing and Bioinformatics

Sequencing of 16S rRNA Gene Amplicons AnaIy_S|s of Eubacterial 16S rRNA Gene

Total community DNA was extracted from each fecal samplé\mplicons

using QIAmp DNA Stool Mini kit (Qiagen, Madison USA) All PGM quality-approved reads from 49 samples were exported
as per manufacturers protocol. The PCR ampli cation andas sample specic fastq les and pre-processed in Mothur
sequencing of resulting amplicons was performed as describ&peline Schioss et al., 20p@ith following conditions: (1)
earlier @hute et al., 20)6 Briey, the concentration of Minimum length—150 bp, (2) maximum length—200 bp, (3)
extracted DNA was measured using Nanodrop-1000, (Thermgaximum homopolymer-5, (4) maximum ambiguity—0, and
Scienti c, USA). DNA concentration was normalized to 100(5) average quality score-20. This way we derived a total
ng/m and used as a template for amplication of 16S0f 2.1 million high-quality amplicon reads from 49 samples;
rRNA gene. PCR was set up in 561 reaction using subsequently, these reads were pooled as single FASTA le for
AmpliTaq Gold PCR Master Mix (Life Technologies, USA)further analysis in QIIME: Quantitative Insights Into Microbia
and with 16S rRNA V3 region specic bacterial universalEcology Caporaso et al., 20).0Brie y, reads were binned into
primers: 341F (BCCTACGGGAGGCAGCAG-3and518R (8  Operational Taxonomic Units (OTUs) at 97% sequence simjlarit
ATTACCGCGGCTGCTGG-3 (Bartram et al., 20)1Following ~ using UCLUST algorithm and single sequence from each OTU
conditions were used for PCR: initial denaturation at @ Wwas picked out for further analysis. The PyNAST algorithm
for 4 min, followed by 20 cycles of 98 for 1 min, 56C Was used to align representative sequences against Gresngen
for 30 s, and 72 for 30s with nal extension at 7Z  core set; all unaligned and chimeric sequences were excluded
for 10 min. PCR products were puried using Agencourt from alignment and downstream analysis. Then lane masking
AMPure XP DNA puri cation Bead (Beckman Coulter, USA). Was applied to the alignment to retain conserved regions of
Resulting PCR products were end-repaired and ligated with6S rRNA and a phylogenetic tree was inferred using FastTree
sample-speci ¢ barcode adaptor as explained in lon X[ﬂ\éSS 2.1.3. Additionally, all reads were assigned to the lowessipte
Plus gDNA Fragment Library Preparation user guide. Prior totl@xonomic rank by utilizing RDP Classi er 2.2 with a con deaic
sequencing, fragment size distribution and molar concatitns ~ score of 80%. Alpha diversity measures such as Chaol index
of amplicons were assessed on Bioanalyser 2,100 (Agild&thao, 198)and Shannon index3hannon, 1948vere inferred.
Technologies, USA) using High Sensitivity DNA Analysis Kit.Phylum level abundance data and alpha diversity indices were
All amplicons were diluted to the lowest molar concentrationcompared among the three groups using the non-parametric
and pooled into sets of 10 samples. Emulsion PCR was carrié@sts such as Wilcoxon sum rank test and Kruskal-Wallis rank
out on lon OneTouchTM System using lon OneToUth200 sum test. To assess beta diversity among three study groups, we
Template Kit v2 DL (Life Technologies) as explained in lonapplied phylogenetic distance based UniFrac (both unweighted
OneTouchTM 200 Template Kit v2 user manual. The resultingnd weighted) analysis and the results are visualized asipain
template-positive lon Sphere particles were enriched using logoordinate plots. To determine di erentially abundant OTUs
OneTouch ES system and sequencing of amplicon libraries wagong the three groups, OTU table was Itered such that at
carried out on 316 chips using lon Torrent PGM system andeast 8 sample will have that OTU to be retained in the OTU
lon Sequencing 200 kit following the user guide: lon PtYM table. Kruskal-Wallis rank sum test was then applied to Itered

Sequencing 200 Kit v2. OTU table containing 1969 OTUs. We next applied supervised
machine learning approach (Random Forest) to identify OTUs

Sequencing of Archaeal 16S, Eukaryotic that were indicators of community di erences in three groups.

18S and Fungal ITS Genes This was done by estimating the amount of error introduced if

The archaeal 16S, eukaryotic 18S and fungal ITS1 genes wefgticular OTU is removed from a group of indicator OTUs and
PCR amplied using primers listed in Supplementary Table2SSIgning itan importance score.

1. The resulting PCR products were puri ed using Agencourt

AMPure XP DNA puri cation Bead (Beckman Coulter, USA) Clustering of Samples into Enterotypes

and quanti ed using Nanodrop-1000 (Thermo Scienti ¢, USA). To understand whether disease state has any e ect on the
Then, PCR products of all NGTs sampled 19), all New-DMs composition of enterotypes, we applied original measurements
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proposed byArumugam et al. (2011and as detailed at http:// family table then categorized by function and further stttal
enterotyping.embl.deArumugam et al., 2004to partition the  analysis was performed in STAMP v2.(Rh(ks and Beiko, 20).0
samples into distinct enterotypes clusters. Briey, the genu

level abundance data was segregated according to the thi¥@lidation of Eubacterial Amplicon Library
categories, imported in R and clustered using partitioningResults

around medioid (PAM) algorithm followed by determination Owing to their high precision, quantitative PCR-based assay
of optimal number of clusters by utilizing Calinski-Haralzas were performed using group-specic primers to validate
(CH) index. Finally, results of between class (BC) analyg#e w the major ndings of eubacterial disturbances. Absolute
visualized as principal component analysis. Additionallkata quanti cation of total bacteria, phylum Bacteroidetes and
that in uenced partitioning of samples into enterotypes (d#%  genusLactobacillusvas performed using SYBR green master
of enterotype) were identi ed based on their abundance in amix (Applied biosystems Inc. USA) on 7,300 Real-time PCR

particular enterotype. system from Applied Biosystems Inc. (USA). The primers and
. . . PCR conditions used for qPCR assays were described earlier

Bioinformatics Analysis of Archaeal 16S, (Suryavanshi et al., 20)L6The ndings of qPCR results were

Eukaryotic 18S and Fungal ITS Genes analyzed using Kruskal-Wallis test, bacterial groups with a

Most of the steps for analysis of pooled archaeal 16S, eukaryopi-value less than 0.05 were considered as signi cantly di eren
18S and fungal ITS1 genes were similar as that of eubacterahong the three groups.

16S rRNA gene, except for the fact that QIIME compatible . o )

SILVA_111 databaseQ(iast et al., 20)3for archaeal 16S and Additional Statistical Analysis

eukaryotic 18S amplicons and QIIME compatible UNITE_12_1Biochemical and anthropometric parameters were expressed as
databaseK0ljalg et al., 207)3for fungal ITS amplicon was used mean (SD) and ANOVA test is used to compare di erences

during the OTU picking step. among the study groups. Dierent type of data generated
o ] . ) through QIIME was imported and analyzed in ade4, vegan
Prediction of Ecological Relationships and ggplot2 packages within R softwafe Core Team, 20)3

To predict ecological relationships among gut microbiotaenvironment. In addition, the relationship between bioaofieal
microbial association network showing co-occurrence aned ¢ parameters and microbiota were assessed using PERMANOVA:
exclusion pattern was built as described befdreust et al., permutational multivariate analysis of variance te&hderson
201). Briey, genus level abundance data was importedand Walsh, 2013 Covariance between biochemical parameters
to CoNet plugin (version 1.0.4 beta) in Cytoscape 3.0.0ataset and genus abundance dataset was performed by using
environment Shannon et al., 2003 To produce association co-inertia analysisffray et al., 2005 these two datasets were
network, 100 top and bottom edges were used with tweonnected to each other owing to the presence of same
measures of similarity (Pearson and Spearman) and thresubjects.

measures of dissimilarity (Bray-Curtis, Hellinger, andllikack- o

Leibler). Spurious correlations due to compositional stmet Availability of Data

of relative abundances were avoided by bootstrapping and r&aw sequences generated in the present study are deposited to
normalization and resulting networks were combined usingNCBI SRA under accession number SRP041693.

Simes method followed by Benjamini-Hochberg-Yekutielséal

discovery rate (FDR) correction with FDR cut-o of 0.05. RESULTS

Finally, all unstable edges outside the 95% con dence vater . .

of bootstrap distribution score were removed and networlswa SUmmary of Biochemical Parameters

visualized and suitably edited. Biochemical and anthropometric characteristics are shown
in Table 1 Out of the 49 participants, 19 were NGTs, 14
Metagenomic Imputation were New-DMs and 16 were Known-DMs. In the total study

For metagenomic imputation, amplicon sequences were binnegroup, 8 participants were obese and 28 were overweight.
into OTUs at 97% similarity using closed-reference OTU pigki Twelve participants had hypercholesterolemia, 16 had
in QIIME. The resulting OTU table was Itered such that at leas hypertriglyceridemia, 45 had low HDL and 8 were hypertensive.
8 samples will have that OTU to retain it in OTU table. Resulting . . .

OTU table was then analyzed using online tool PICRUSAltered Eubacterial Diversity and OTU

(Langille et al., 20)3at http://huttenhower.sph.harvard.edu/ Composition of Diabetic Subjects

galaxy/. PICRUSt (phylogenetic investigation of commusitly We obtained and analyzed 4,111 eubacterial OTUs among
reconstruction of unobserved states) is a computationdlttuat  the three study groups. Analysis of alpha diversity indices
uses marker gene data for prediction of functional compositid  revealed that overall diversity in New-DMs was noticeably
metagenome. Brie y, OTU abundance table was rst normalizededuced and both expected (ChaglD 0.095) and observed
for 16S rRNA copy number against known gene copy number fo(Observed Speciep, D 0.047) species diversity indices were
each OTU. Functional predictions were categorized into KEGGowered in New-DMs and Known-DMs subject&igure 1A).
pathways and an annotated table of predicted gene family sounOut of eight bacterial phyla detected, Proteobacteipa(
(KOs) for each sample using predict metagenome option. Gerf@026) were signi cantly lowered, Firmicuteg D 0.010) were
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signi cantly higher while Bacteroidetesp (D 0.098) showed be negatively correlated with fasting glucose (Supplementary
decreased trend in abundance in New- and Known-DMs subjectBable 2). Using UniFrac distance based PCoA biplots, we
(Figure 1B). Kruskal-Wallis test (withoutpost-hocanalysis) demonstrate substantial segregation of the subjects inteet
revealed the presence of 83 signicantly dierent OTUs ( groups based on the presence/absence (Unweighted UniFrac,
< 0.01) of whichPrevotella copriFaecalibacterium prausnitzii Figure 2B) and abundance of speci c bacterial taxa (Weighted
and Lachnospiraceae OTUs were enriched in NGTs wherediiFrac, Figure 20).We thus suggest that the presence of
Lactobacillus ruminisOTUs were found enriched in Known- discrete clusters of samples in PCoA biplot is an indication
DMs (Figure 2A). Moreover, 2 OTUs belonging to genus of unique bacterial community structure in the three study
streptococcus were abundant in New-DMs. Interestingly, thgroups. We further observed that OTUs belonging to order
OTUs assigned t®. copriand Lachnospiraceae were found toBacteroidales, family Lachnospiraceae and phylum Bactetiesd
and genusPrevotellawere determinative taxa for segregation
of NGTs from New-DMs and Known-DMs subjects on PCoA
TABLE 1 | Biochemical and Anthropometric parameters of the thre e study biplots. It was noted thdtactobacillusvas the crucial contributor
groups (Shown in the table mean SD). for segregation of Known-DMs from rest of the samples and
thus con rms the ndings of Kruskal-Wallis test (performed

NeTs New-DMs Known-bis above) demonstrating enrichment bf ruminisin these subjects.
N 19 14 16 After the Random Forest analysis, top 20 OTUs were considered
Age 4885 5.4 4864 5.68 50.62 3.49 as highly discriminative among the three grougagure 3A).
BMI kg/m?2 2552 4.0 2832 2582 2741 353 Considering the fact that multiple hypothesis testing was
Waist-hip ratio 092 0088 099 0071 096 0061 not applied during the Kruskal-Wallis test, we speculate that
% body fat 3568 821 3750 6412 3546 8.77 some of the dierences may be overstated. Therefore, we

performed gPCR-based absolute quanti cation to support our

Fasting glucose mg/dI 93.8 8.16 138.07 47.352 146.81 44.90° . . .
major ndings of decreased total bacterial count and phylum

120 min glucose mg/dl  110.50 (18.40)  250.86 77.76% NA ! - '+ Pl

PP glucose mg/d NA NA 22612 58.43 Bacteroidetes; and mcreas_ed abundance of geac®bacillugn
Fasting insulin IU/L 9.16 5.69 12.06 6.11 10.94 8.31 New- and Known-DMs subjects-(gure 38).

120 min insulin 1U/L 71.39 36.60 127.75 183.76 NA

Systolic BP mmHg 115.66 12.77 114.07 37.81 110.69 31.64 Disease State Has Profound Effect on

Diastolic BP mmHg 73.53 10.74 73.43 2331 70.22 20.34 CompOSition Of Enterotypes

Cholesterol mg/dl 16663 24.06 19457 44157 17419 381l \va\ere able to stratify the gut microbial communities of NG T
Triglycerides mg/di 120.60 58 12664 54.41 137.18 63.18

New-DMs as well as Known-DMs subjects into three distinct

HDL cholesterol mg/dl 38.50 8.15 40.79 7.51 41.06 7.76 enterotypes (E) F(igure4 and Supplementary Figure 1). As

ap < 0.01 for New-DMs vs. NGTs. observed earlier by Arumugam et al., healthy (NGTs) subjects
Pp < 0.01 for Known-DMs vs. NGTs. (Figure 4B) grouped into three enterotypes (E1l-Bacteroidetes,
A i chao1 2000~ 0bserved_species B 10 Bacteroidetes Firmicutes Protec o'?o%%te ria
2500 = o =0.010
e  P=0.095 p=0.047 —p=o.010 0507
° ° 0.8 p=0.098 1.0 028 T -
20004 4 . 1500 —_ -
1500 o 0.6 015
-4 @ [ ]
oo A
A 10001 ¢4 ‘L 0.4 0.5 0.10
1000 *5* ik A
&, Ly {1 oe® A 0.2 0.05
500+ * A‘:‘ 500 B AAA*‘
° oy Y 0.0 0.00
0 ® AA ol—o AA
- ' ' ) ' ' ' Actinobacteria T iciit Verrucomicrobia
8 Shannon = 0.240 enericutes
. = d_whole_tree 0.6 = =0.748
p=0085 . Pd_whole M 02 | D=0406 , BtgL FES
o A ¢ p=0.158 0.37 oo T 0.0005
(3 e X
D i 60f e .
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FIGURE 1 | Summary of diversity measurements. (A)  Assessment of alpha diversity indices in NGTs, New-DMs, andnown-DMs subjects. (B) Variation in
phylum level abundance, the box depicts interquartile rarggbetween rst and third quartiles and the line within box dentes median.
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FIGURE 3 | (A) Mean abundance of 20 discriminative OTUs as derived from Ralom Forest analysis (Green: NGTs, Yellow: New-DMs, Red: Knm-DMs subjects).
(B) Boxplot representing the absolute counts of total bacteriaphylum Bacteroidetes and genusLactobacillusamong NGTs, New-DMs and Known-DMs subjects.

E2-Prevotella, and E3-Ruminococcus). However, notablein all groups) and associated decrease Ntethanosphaera
compositional changes were observed in enterotypes of bot#bundance from NGTs to New-DMs to Known-DMs subjects.
New-DMs (Figure 40 and Known-DMs igure 4D) compared From the three pools of Eukaryotic sequence data, we obtained
to enterotypes of NGTs subjects. Based on the abundance 4,959 good quality sequences that clustered into 383 OTUs
the dierent genera we found that all three enterotypes inand could be assigned to four phyla: Chloroplastida, Metazoa,
these subjects were found to driven by members of FirmicuteStramenopiles, and Metamonada. Members of Stramenopile
(New-DMs: ElLachnospiraE2-Streptococcuand E3Weissella especially members of genBsastocystisvere found abundant
& Known-DMs: ElVeillonella E2Lachnospira and E3- in all groups. Fungi, particularly members belonging to
Lactobacillus Notably, the E2 ( ve subjects) in New-DMs and Saccharomycetales were abundant in New-DMs compare to
E3 (eight subjects) in Known-DMs were dominated by taxa thaNGTs and Known-DMs. For fungal ITS data, we could obtain
were being enriched in these subjects. 106,185 reads that clustered into 871 OTUs belonging to phyla
Ascomycota being most dominant followed by Basidiomycota

Archaeal, Eukaryotic, and Fungal Dysbiosis and Zygomycpta to be Iegst dominant. From' the Ascomycota
We generated 109,561 good quality archaeal 16S rRNA amplicfPuP:AspergillusndEmericellathe two alternative forms of the
reads from three pools of samples (NGTs, New-DMs, an§@me fungus predominated most of the sequenEggi(e 5.
Known-DMs); which clustered into 65 OTUs belonging to . . L

Euryarchaeota and Thaumarchaeota phyla. The former beinfjltéred Microbial Composition Is

the most dominated phylum occupying more than 99% readfssociated with Clinical Parameters

of all three groups. We noticed the gradual increase inmo analyse the e ectofdi erentbiochemical and anthropometric
Methanobrevibacte(which was also the most abundant taxameasurements on sampled microbiota among the three groups,
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FIGURE 4 | Clustering of NGTs, New-DMs and Known-DMs subject s into enterotypes (E). (A) Clustering of all 49 subjects into enterotypes, NGTs (squas),
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only. Upper panel of each part is showing projection of rst tw principal components of between-class analysis and lowepanel shows the driver genera in
corresponding enterotypes (E1, green; E2, blue; and E3, red

we used PERMANOVA and Co-inertia analysis. After applyingelationship with RV coe cientD 0.219P D 0.196 between the
PERMANOVA test, we discovered that HDLp (D 0.03), datasetsKigure 6). Similar and subsequent analysis were not
triglyceride p D 0.05), and waist-hip ratiop( D 0.02) to be performed on simulated datasets of Archaeal, Eukaryotic and
associated with OTU diversity across all samples (Supplementafungal datasets.

Table 3). In the case of Known-DMs, we found HDp D

0.01), and in the case of New-DMs, oral glucose tolerance teEtubacterial Interaction Network

(p D 0.05) to have an inuence on distinct OTU diversity. Microbiome network containing a total of 108 nodes connected
Further, the covariance between genus abundance andalliniovith 174 edges together representing 46% co-occurrence
and anthropometric parameters were examined using co-iaertiand 54% of mutual exclusion interactions were obtained.
analysis (1,000 permutations) of these datasets, resuhiiry Further, to measure the scale-freeness of the network, we
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plot shows contribution of the two groups of variable to the anonical space;
vectors pointing in the same direction are correlated.

within one study group providing a clue that individuals in
each group have distinctly interacting microbiome compiosit
(Figure 7 and Supplementary Table 4). We then ltered the
network to retain nodes positively interacting with each other
assuming that microbes represented by these nodes will stay
together in a given community. In the Itered network

of positively interacting genera, we noticed that a cluster
of Lachnospira RuminococcysFaecalibacterium Roseburia

used tted power law and obtained correlation of 0.6 with Oscillospira Parabacteroidesand Bulleidia decomposed from
the R-square value of 0.723 (Supplementary Figure 2). Thi$GTs to New-DMs then to Known-DMs (Supplementary Figures
network reveals that the patterns observed were disease st8t5). We also noted negative interactions Lafctobacillusin
specic, i.e., majority of the edges were found clustering<nown-DMs.
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FIGURE 7 | Signi cant co-occurrence and co-exclusion relat ionships at genus level. Each node represents a bacterial genus; size of the node is pportional
to the abundance of the genus and colored according to diabegs status (Red: Known-DMs, Yellow: New-DMs, and Green: NG}sEach edge represents
co-occurrence/co-exclusion relationships, edge width is poportional to the signi cance of supporting evidence, and olor indicates sign of the association (red:
negative, green: positive).
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De cient Metabolic Activities in New-DMs animal studies, human obesity is also found to be linked with

as Revealed by Imputed Metagenome higher Firmicutes to Bacteroidetes ratibey et al., 2006 Our
Having identied the compositional changes in microbiota nding of increased abundance of Firmicutes in known-DMs is
with respect to diabetes state, we tested whether theddagreementwith previous report&grissonetal., 20)but not
changes are accompanied with selectively fostering o¥ith ndings of Larsen and co-workers, who reported a deceeas
lacking particular functional capabilities of gut microbéot in the proportion of Firmicutes|I(arsen et al., 20)0Association
Similarities and dierences in metabolic capabilities in gutof Firmicutes with obesity and diabetes could operate through
microbiota were evaluated by making the pair-wise comparisofisulin resistance which is a common attribute of both the
between the diabetes statuses using two-sided Weitkst. conditions (andol etal., T99)

Compared to NGTs, the metagenome of New-DMs was Analysis of di erentially abundant OTUs revealed that NGTs
found augmented with glycerolipid metabolism, fructose andvere highly enriched with Prevotellaceae, Lachnospiraceak
mannose metabolism, pentose phosphate pathway, ga|actd§gminococcaceaefamilies. Members belonging to Prevaekac
metabolism, glycolysis/gluconeogenesis and arginine arHch as genusPrevotellacontribute signi cantly to inter-
proline metabolism. Concurrently, these subjects were founindividual variation in gut microbiota grumugam et al., 2011

to be de cient in many important metabolic activities such asa@nd increased proportions d?revotellaare associated with the
carbohydrate metabolism (including carbohydrate digesti diet rich in plant-derived complex carbohydrates and berglsu
and absorption, TCA cycle, oxidative phosphorylation, glycar@s the diet in Indians e Filippo et al., 2010 Additionally,
biosynthesis and metabolism, glycosyltransferasespaagid @ Study in which subjects were kept of dietary interventions
metabolism (including metabolism of glycine, serine, e, (barley kernel-based bread, which is considered as a rictcsour
histidine), vitamin B metabolism (including folate, binti Of bers), showed that there was a signi cant increaseHn
pyridoxine metabolism), glutathione metabolism and othercopriand that it was found to be associated with improvement
functions (Supplementary Figure 6). Compared to Known-n glucose metabolism in these subjedt®yatcheva-Datchary
DMs, New-DMs were de cient of carbohydrate digestion andet al., 201 Strikingly, several studies on type 1 diabetes,
absorption, glycosyltransferases and glutathione meisiol @ Pathophysiologically di erent disorder related to persistent
(Supplementary Figure 7). Conversely, they were enriched withyPerglycemia, are also reporting reduced level$wvotella
functions unrelated to carbohydrate or amino acid or lipidin newly diagnosed as well as longstanding type 1 diabetic

metabolism Compared to NGTs (Supp|ementary Figure 8) SUbjeCtS Mejia-Leén et al., 2014, Alkanani et al., 2015, Mejia'
Ledn and Barca, 20).5At this moment we could speculate

that this could just be a coincidence or indeed it is linkedhwi
DISCUSSION hyperglycemiaper sewhich is a common attribute of type 1
and type 2 diabetes. Members of families Lachnospiraceae and

The present study is rst to report perturbation in the Ruminococcaceae are known producers of short-chain fattdsaci
gut microbiota of Indian diabetic subjects across the thredSCFAs) such as acetate and butyrate. These SCFAs are known
domains of life. Considering the unique characteristicthoian  to confer many health bene ts; individuals lacking bacteria
diabetic subjects, understanding their gut microbiota vii# families producing SCFAs su er from many diseask&(gan
important to understand the possible role of gut microbiotaet al., 201}, Interestingly, we observed decreasing trends in the
in a ecting these characteristics. Members of eubacterigh suaichness of these bacterial families with progressive tetdion
as P. copri Lachnospiraceae and Ruminococcaceae families glucose tolerance (from NGTs to New-DMs to Known-DMs
were found signi cantly abundant in NGTs subjects. Known-subjects). Presence of these families in the gut may betggsen
DMs subjects exhibited increased abundance of Firmicutés ario foster a “healthy state,” and their depletion might havela in
OTUs belonging to genukactobacillusThese organisms were diabetes developmeriRémely et al., 20)4Thus, we hypothesize
seen to have an e ect on the segregation of samples in botfat the decreased abundanceRxfcopriand concomitant loss
unweighted and weighted UniFrac based PCoA biplots. Fungif short chain fatty acids producers in New- and Known-DMs
prevailed in New-DMs; in particular, genefapergillusCandida, subjects could be linked with glucose intolerance in thesgestd
and Saccharomycegere found enriched in these subjects. Weas these organisms were found to be negatively correlatiéd wi
also observed the progressive decline in butyrate-producinfgsting glucose in our analyses.
bacteria from NGTs to Known-DMs subjects. These variations We also found that Known-DMs were enriched with genus
in gut microbiota were associated with diabetes risk factorLactobacillusonsistent with previous studies on diabetic subjects
such as fasting glucose, high triglycerides, low HDL antifgs in di erent populations of the world [arsen et al., 2010; Lé
insulin. Additionally, synergistic or antagonistic inttions et al., 201p Karlsson and co-workers have also demonstrated
occurring in gut microbiota were found speci c to the stage ofenrichment of lactobacilli-derived metagenomic clusters (G&p
glucose intolerance. Using PICRUSt, we predicted that the gin type 2 diabetic patients that they found positively correlgtin
microbiome of New-DMs subjects was metabolically disturbedvith fasting glucose and HbA. Another large-scale study
and was lacking in many necessary functions. dealing with the characterization of over 1Z&ctobacilluspecies

Increased Firmicutes and proportionate decrease ifrom oral cavity showed a higher prevalence of lactobagilli i
Bacteroidetes is linked with more energy harvesting andiabetic subjectsTeanpaisan et al., 20p@nd this increase in
storage in ob/ob animalsT(rnbaugh et al., 2006Analogous to  Lactobacillusspecies has been linked with increased salivary
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glucose in children with diabeteKérjalainen et al.,, 1996 Additionally, Methanobrevibacter smithiiirects polysaccharide
Lactobacillus ruminijsvhich we found signi cantly abundant in  utilization by gut inhabitants, leading to the formation of
Known-DMs subjects, is a member of indigenous gut micro oralarge pools of SCFAs which is later used Ky smithii for
(O' Donnell et al., 2016 It has approximately 16 carbohydrate methanogenesis in the gut with a consequent increase in host
utilization pathways including those for utilization of glase, adiposity Gamuel and Gordon, 20Rn6rhus,Methanobrevibacter
fructose, mannose, galactose, starch, and sucreseld et al., smithiican be a therapeutic target to avoid obesity and associated
201). Thus, as reported earlier, the catabolic exibility of complications such as diabetéxMmuel et al., 200.7
this organism toward varied dietary carbohydrates is evide  Based on the work we carried out and several other similar
(O'Donnell et al., 201)1 Above facts taken together, indicate studies, gut eukaryotes and fungi appear to be important
that enrichment of the lactobacilli in gastrointestinabtt of components of the human gut. Such studies are crucial in
diabetic subjects could be a consequence of higher thanl usubke light of the involvement of these organisms in human
concentration of glucose, which needs to be con rmed. diseases both inside and outside of gastrointestinal tract (
Besides this, we also show the gradation of NGTs, Newet al., 2018 Morphological and molecular phylogenetic-based
DMs and Known-DMs samples on UniFrac biplots. Theseclassi cation of eukaryotes show that all eukaryotes oatg
UniFrac biplots were plotted using phylogenetic distance whicirom one of the six super-groups and that most of them
is calculated utilizing unigue branch-lengths i.e., onlyose are microscopic in nature Adl et al., 200k Although for
branches that lead to descendants from one or the other samptiecades human-associated eukaryotes are considered harmfu
but not both samples in a phylogenetic tree were consideretb their host, recent examination of eukaryotic commurstie
(Lozupone et al., 20)1Hence, we believe that segregation of then the gut are amending our understanding of this generally
samples is robust and could be because of the above mentioneeglected component{amad et al., 2012; Pandey et al., 2012;
compositional di erences in bacterial communities in theseParfrey et al., 20)4 Studies such as these and our ndings
subjects. We next attempted to group study participants intsuggest thatBlastocystiand fungi such as Ascomycota and
distinct clusters based on the presence of unique and dontinaasidiomycota are predominant in the human gut. Fungi such as
gut microbial communities called “enterotypesArgmugam  Candida albicansAspergillus fumigatugnd Saccharomycese
et al., 201). Currently, the concept of enterotype is generatingopportunistic pathogens known to be exaggerated in immune-
a lot of debate; di erent groups have di erent opinions about compromised peoplel( E. et al., 2014; Gouba and Drancourt,
the presence or absence of such discrete cluster in huma®lf. Fungal species mentioned above have also been associated
gut microbiome Knights et al., 2014; Moeller et al., 2015 with various diseases in type $d¢yucen et al., 20} 4and type
Although, it has been shown earlier that during identi cati 2 diabetic subjectsA(y et al., 1991; Nowakowska et al., 2p04
of enterotypes, various factors in uence clustering of sgl§ and are probably because of the high blood glucose level ie thes
into distinct enterotypes Koren et al., 2013 we feel that subjects. Thus, marked enrichment of fungi belonging tosthe
it is beyond the reach of this article to deal with theoriesand other generain New-DMs subjects are likely due to the poor
of formation of enterotypes and associated factors a ectinglycemic control in these subjects.
their formation, hence, we performed this analysis as orifjina ~ We investigated associations between clinical parameters
proposed Arumugam et al., 20)1We nd substantial changes and OTU richness using permutational multivariate analysis
in major contributors of enterotype in New- and Known-DMs of variance (PERMANOVA). PERMANOVA is considered a
subjects compared to NGTs subjects. Especially, we obsepved@werful technique in detecting changes in community strmet
in New-DMs and E3 in Know-DMs subjects to be driven byin response to environmental parametefsifierson and Walsh,
Streptococcuand Lactobacillugespectively. These ndings are 2013. We observed that HDL, triglyceride and waist-hip ratio as
important because clustering of subjects based on the preserargest contributors to the observed variation in OTU rigss.
of unique and predominated taxa could help us in identifyingSuch correlations between risk factors for diabetes anitian
disease-related biomarkers, thus it can nd its implicagoim  in microbes in the gut have been previously reportedhgng
microbiome-based diagnosticsiights et al., 2014 et al., 201Band are also re ected in our dataset. Thus, it could
We next looked into archaeal diversity in the three sampléde relevantin the microbiome-phenotype associations, sinoe
groups;Methanobrevibacteand Methanosphaeravere the most HDL and high triglycerides are typical features of dyslipidéem
prevalent generaMethanobrevibacter smith{M. smithi) and  found in T2D and known risk factors for cardiovascular diszas
Methanosphaera stadtmanase well adapted to the human (Mooradian, 200
gut environment, interestingly, the latter has acquiredsmnof We used network analysis to capture specic ecological
these adaptations through inter-domain lateral gene transf interactions among the eubacterial consortium in relatian t
(Samuel et al.,, 2007; Lurie-Weinberger et al., Y01& diabetes status. Such interaction networks can predict the
perceived by us and reported in a previous studyrfbaugh outcome of community alterationsFaust et al., 20)2and
et al., 200§ Methanobrevibacter smithiias been represented be helpful in designing intervention studies aimed at aftgri
in large proportion along with increased Firmicutes; it wascomplex microbial communities to restore the healthy state.
involved in increased energy harvest through polysacckaridn essence, we are not demonstrating complete coverage of all
degradation. Further, the same study noted that this atiiébwas microbial interactions in the gut; but analyzing the intetemns
transmissible such that microbiota transplantation from sbe among microbes in the gut will help us understand how
donor to lean germ-free mice lead to the gain in body fatthese communities develop or evolve in response to altered
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physiological and/or metabolic state such as diabetes. Wwoadened the boundaries of diabetes associated gut nidteob
thus highlight two characteristic features of this netwo(k) by providing the consolidated description on eubacterial,
the nature of the interactions observed were diabetes stastechaeal, and eukaryotic dysbiosis in these subjectsnGhee
speci c and (2) the disintegration of the microbial clustef o peculiarities of diabetes in Indians, these results suggest a
generaLachnospiraRuminococcy&aecalibacteriupRoseburia  important avenue be further explored for causality and possibl
Oscillospira ParabacteroidesBulleidia from NGTs to New- interventions to prevent or modify the course of diabetes and
DMs to Known-DMs. Almost all these genera include knownrelated disorders. We anticipate the need for subsequediestu
bene cial species having the ability to produce SCFAs adescribing di erences in gut microbial communities of didise
mentioned earlier. Importantly, metagenomic linkage abust patients from di erent populations and identi cation of relewa
(MLGs) belonging to these butyrate-producing genera wer@opulation speci ¢ biomarkers.
found enriched in non-diabetic controls in diabetes asatsi
metagenomic studyJin et al., 201p. AUTHOR CONTRIBUTIONS
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