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Aims/Introduction: To investigate the changes in the gut microbiome in the second
trimester of pregnancy associated with later-diagnosed gestational diabetes mellitus
(GDM) and their relationship with fasting serum levels of metabolites, especially glucose.

Materials and Methods: We carried out a case—control study with 110 GDM patients
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and 220 healthy pregnant women who provided fecal samples for 16S ribosomal ribonu-
cleic acid sequencing in the second trimester of pregnancy.

Results: Our results showed that GDM patients had lower a-diversity that was signifi-
cantly associated with glycemic traits. Principal coordinates analysis showed significantly
different microbial communities, as within GDM patients, seven genera within the phylum

Firmicutes and two within the phylum Actinobacteria were significantly decreased, and
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four genera within phylum Bacteroidetes were increased. In addition, microbiota co-occur-
rence network analysis was carried out, and decreased genera within the phylum Firmi-
cutes in GDM patients showed a significant negative correlation with oral glucose
tolerance test values. Finally, microbial gene functions related to glycan biosynthesis and
metabolism were found to be enriched in GDM patients.

Conclusions: Our results show the relationship between changed gut microbiota com-
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position in the second trimester of pregnancy before the diagnosis of GDM and fasting

serum levels of metabolites, which might inform the diagnosis, prevention and treatment

doi: 10.1111/jdi.13373 of GDM.

INTRODUCTION
Insulin resistance (IR) and immune tolerance are increased dur-
ing pregnancy, along with the development of pregnancy com-
plications in susceptible populations'. Gestational diabetes
mellitus (GDM), one of the most common pregnancy compli-
cations, is defined as glucose intolerance that is first detected
during pregnancy and affects 1-16.5% of pregnancies”. GDM
increases the risk of hypertension, fetal macrosomia, neonatal
jaundice and hypoglycemia. There are also some long-term
adverse effects of GDM on women and their children, mainly
increased risk of developing metabolic disorders, including obe-
sity and type 2 diabetes™*.

Emerging evidence has shown the influence of the gut
microbiome on human metabolic health and IR, and previous
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studies have shown different fecal microbial communities
between healthy individuals and patients with obesity and
type 2 diabetes™. Qin et al® carried out a two-stage metagen-
ome-wide association study, and identified decreased butyrate-
producing bacteria and increased opportunistic pathogens in
type 2 diabetes patients. In addition, some recent studies have
focused on the association of gut microbiome changes during
pregnancy with pregnancy complications. Koren et al.” found
reduced richness and increased abundance of Proteobacteria
and Actinobacteria between the first and third trimesters. A
study based on 16S ribosomal ribonucleic acid (16SrRNA) gene
sequencing showed a correlation between altered levels of bacte-
ria, including Ruminococcaceae, Lachnospiraceae, Collinsella and
Coprococcus, in the gut microbiome and circulating metabolic
hormones in overweight and obese pregnant women®. During
pregnancy, being overweight or obese might increase the risk of
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IR and GDM’. In 2017, Kuang et al.'® carried out a metagen-
ome-wide association study, and found a significantly limited
gene count, lower Shannon index and enriched Parabacteroides
distasonis, Klebsiellavariicola and so on in GDM patients.
Decreased o-diversity in the gut microbiome and development
of GDM have also been reported in other studies''. However,
the findings of the alterations in microbiota composition, and
their relationship with glucose concentration and IR during
pregnancy have been inconsistent between studies'' .

Previous studies mainly focused on the effect of GDM on
gut microbiome changes during late pregnancy and postpar-
tum. Hence, we aimed to investigate the potential differences in
the abundance and composition of the gut microbiome before
GDM development, and their correlation with different fasting
serum levels of metabolites, including glucose, fatty acids and
lipids, between women with GDM and those with a healthy
pregnancy. In the present study, the gut microbiota composi-
tion of 110 GDM patients and 220 healthy pregnant women
were analyzed through 16STRNA gene sequencing of fecal sam-
ples collected at 22 and 24 weeks before diagnosis of GDM to
explore the association between gut microbiome composition
and subsequent diagnosis of GDM. In addition, the results
might inform the diagnosis, prevention and treatment of GDM
through early gut microbiome interventions.

METHODS

Study population and sampling

This work was approved by the Medicine Ethics Committee of
Nanjing Maternity and Child Health Care Hospital (reference
number: [2017] 003), and all participants provided informed
consent. Maternal fecal samples were obtained from pregnant
women between 22 and 24 weeks of pregnancy at the Nanjing
Maternity and Child Health Care Hospital (Nanjing, Jiangsu
Province, China) between 2017 and 2018. A standardized 75-
goral glucose tolerance test (OGTT) between 25 and 26 weeks
of pregnancy was administered to all participants. Women with
GDM were diagnosed by qualified doctors if one or more of
the following glucose criteria were met: fasting >5.1 mmol/L,
1 h >10.0 mmol/L or 2 h >8.5 mmol/L"%, Using a case—control
design, eligible cases were identified and then matched with
healthy controls for prepregnancy body mass index, parity and
maternal age at a ratio of 1:2. The exclusion criteria were as
follows: (i) prepregnancy diabetes or other prediagnosed meta-
bolic diseases; (ii) diagnosed with GDM based on fasting glu-
cose levels at enrollment; (iii) treatment with antibiotics within
3 months before sample collection; and (iv) chronic diseases
requiring medication. Finally, a total of 330 pregnant women
(110 women with GDM and 220 healthy pregnant women)
participated in the present study. All pregnant women in this
study were unrelated ethnic Han Chinese.

Demographic information and clinical records of the study
population were extracted from a structured questionnaire and
the Hospital Information Systems, respectively. Fecal samples
were collected in a sterile and uniform manner, frozen in —

http://wileyonlinelibrary.com/journal/jdi

20°C freezers immediately and stored at —80°C until deoxyri-
bonucleic acid (DNA) extraction.

DNA extraction and 16SrRNA sequencing

All bacterial DNA was obtained from fecal samples of 180-
220 mg in a sterile environment using a QIAamp Fast DNA
Stool Mini Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions'”. The variable regions 3 and 4
(V3-V4) of the 16STRNA gene were amplified used the primers
338F (5-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3'), and then sequenced
using a MiSeq platform (Ilumina Inc.,, San Diego, CA, USA).

16SrRNA analysis

Sequence quality control was carried out with QIIME 2
v.2019.10 (https://qiime2.org). The dada2 plugin was used to
denoise sequences, and operational taxonomic units (OTUs)
were obtained at 100% sequence homology, a method that
improves distinctive taxonomic classification at single nucleotide
accuracy. All representative reads were classified in the lowest
taxonomic rank by a trained feature classifier using the Green-
genes database as the training reference (the Greengenes data-
base v13_8 99% OTUs). The o-diversity (Shannon index and
observed OTUs) and B-diversity (weighted unifrac distance)
were calculated with QIIME2, with all samples rarefied to the
lowest sequence depth 37,747. Principle coordinates analysis
(PCoA) was used to visualize B-diversity, and permutational
MaNova in R package “vegan™ (R Foundation for Statistical
Computing, Vienna, Austria) was used to calculate the variance
between groups. High-dimensional microbiome biomarkers at
the genus level were identified by linear discriminant analysis
(LDA) effect size (LEfSe; logarithmic LDA scores >2.0). The
predicted metagenome of the 16SrRNA OTU data was
obtained by PICRUSt (http://huttenhower.sph.harvard.edu/
galaxy) and categorized by function according to Kyoto Ency-
clopedia of Genes and Genomes (KEGG; Kanehisa Laborato-
ries, Kyoto University, Kyoto, Japan). The co-occurrence
network of the 100 most abundant genera, which accounted for
>99.8% of the whole abundance, was calculated by weighted
gene co-expression network analysis (WGCNA). Soft-threshold-
ing powers were defined by the pickSoftThreshold function in
the R package “WGCNA”. Highly co-expressed genera were
grouped into one module. The network was visualized by
Cytoscape 3.7.1 (http://cytoscape.org/).

Statistical analysis

All statistical analyses were carried out in R v3.4.3 (R Foundation
for Statistical Computing). Categorical variables were compared
between groups with y*-tests. Comparisons of continuous clinical
variables were carried out by t-tests. The relative abundance of
taxa at the phylum level, a-diversity indexes and PCoA2 indexes
between groups were compared with Mann—Whitney tests.
Logistic regression analysis was carried out to explore the associa-
tion of the o-diversity index with GDM, with and without

642 ) Diabetes Investig Vol. 12 No. 4 April 2021

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



ORIGINAL ARTICLE

http://wileyonlinelibrary.com/journal/jdi Gut microbiota and plasma glucose in GDM

adjusting for other factors. Linear regression was used to estimate ~ biomarkers was carried out, and false discovery rate correction
the association of clinical data with the PCoA 2 index. Spear-  was used for multiple comparisons. A two-tailed P value <0.05
man’s correlation analysis between clinical data and genera  was considered significant in all analyses.

Table 1 | Clinical variables of gestational diabetes mellitus patients and healthy controls in the second trimester of pregnancy

Characters Control (n = 220) GDM (n = 110) P-value

Descriptive measurements
Prepregnancy BMI

BMI <185 40 (18.2%) 18 (16.4%) 0877
185 < BMI < 25 150 (68.2%) 78 (709%)
BMI > 25 30 (13.6%) 14 (12.7%)

Parity
No 150 (68.2%) 75 (682%) 1.000
Yes 70 (31.8%) 35 (31.8%)

Maternal age
<30 97 (44.1%) 48 (43.6%) 0.99%
30-35 85 (386%) 43 (39.1%)
>35 38 (17.3%) 19 (17.3%)

Educational levels

High school or lower 0 (9.1%) 5 (4.5%) 0.089

College 156 (70.9%) 90 (81.8%)

Master's degree or above 44 (20.0%) 15 (13.6%)
Prepregnancy BMI 214 30) 214 (32) 0889
BMI ~24 weeks 236 (3.2 238 (33) 0604
BMI_difference 2 (14) 4 (1.0) 0359
SBP (mmHg) 1083 (11.8) 1104 (126) 0.146
DBP (mmHg) 659 (84) 679 (83) 0038

Biochemistry

GLU (mmol/L) 43 (03) 45 (03) <0.001
OGTT 0 h (mmol/L) 42 (03) 44 (04) <0.001
OGTT 1 h (mmol/L) 74 (13) 96 (1.2) <0001
OGTT 2 h (mmol/L) 65 (1.0) 87 (10 <0001
BUN (mmol/L) 28 (06) 28 (08) 0533
CREA (umol/L) 380 (54) 369 (5.5) 0067
UA (umol/L) 2425 (454) 2477 (55.0) 0394
TP (g/L) 652 (33) 66.1 (3.3) 0012
ALB (g/L) 386 (22) 388 (22) 0439
CHOL (mmol/L) 58 (09 58 (10 0941
TG (mmol/L) 22 (08) 25 (09 <0.001
ALT (U/L) 17.1 (108) 168 (89) 0810
AST (U/L) 177 (59 181 (52) 0624
ALP (U/L) 462 (103) 466 (12.5) 0.715
LDH (U/L) 1632 (26) 1662 (366) 0.386
GGT (UL 166 (87) 163 (11.3) 0.800
TBIL (umol/L) 78 (24) 78 24) 0909
DBIL (umol/L) 23(08) 22 (07) 0603
TBA (umol/L) 17 (14) 16 (1.2) 0440
FMN (mmol/L) 18 (0.2) 19 (0.5) 0031
HbAlc (%) 49 (02 50(03) 0016

The characteristics of body mass index (BMI) and blood biochemistry indexes, except for oral glucose tolerance test (OGTT) values, were measured
at enrollment (between 22 and 24 weeks of pregnancy). Data presented are the mean # standard deviation or n (%). The t-test and y’-test were
used to compare the control and gestational diabetes mellitus (GDM) groups. ALB, aloumin; ALP, alkaline phosphatase; ALT, alanine aminotrans-
ferase; AST, aspartate transaminase; BUN, blood urea nitrogen; CHOL, cholesterol; CREA, creatinine; DBIL, direct bilirubin; DBP, diastolic blood pressure;
FMN, fructosamine; GGT, y-glutamyltranspeptidase; GLU, fasting glucose; HbAlc, glycated hemoglobin; LDH, lactic dehydrogenase; OGTT O h, glucose
at time 0 min; OGTT 1 h, glucose at time 60 min; OGTT 2 h, glucose at time 120 min; SBP, systolic blood pressure; TBA, total bile acid; TBIL, total
bilirubin; TGs, triglycerides; TP, total protein; UA, uric acid.
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Figure 1 | Microbiome profile of the study population. (a) Relative abundance of dominant taxa in the gut microbiome between the gestational
diabetes mellitus (GDM) patients and the healthy controls. (b) a-Diversity indexes of the fecal microbiome between the GDM patients and the
healthy controls. () Oral glucose tolerance test (OGTT) values were regressed on a-diversity measures (per 1 increase in Shannon index or 10 in
observed operational taxonomic units [OTUs]) with and without adjustment for prepregnancy body mass index, parity and maternal age. (d)
Principle coordinates analysis (PCoA) plot based on weighted unifrac distance between the GDM patients and the healthy controls. Permutational
MANOVA was used to calculate similarity between two groups. (e) Linear regression analysis of PCoA2 index and OGTT values with adjustment for
prepregnancy body mass index, parity and maternal age. OGTT 0 h, blood glucose level at time 0 min; OGTT 1 h, blood glucose level at time

60 min; OGTT 2 h, blood glucose level at time 120 min.

RESULTS

Description of the study population

The selected characteristics of the 110 GDM patients and 220
healthy controls are shown in Table 1. Prepregnancy body
mass index, parity and maternal age were matched between the
two groups (P = 0.877, P = 1.000 and P = 0.996, respectively).
As expected, markers of glucose, including fasting glucose and
OGTT values, were higher in the GDM patients than in the
healthy controls (P < 0.001). Similarly, total protein, triglyc-
erides, fructosamine, diastolic blood pressure and glycated
hemoglobin were higher in the GDM patients (P = 0.012,
P < 0.001, P =0.031, P=0.038 and P = 0.016, respectively).
However, the characteristics of body mass index and blood bio-
chemical indexes measured at enrollment (between 22 and
24 weeks of pregnancy), including blood urea nitrogen, crea-
tinine, uric acid, albumin, cholesterol, alanine aminotransferase,
aspartate transaminase, alkaline phosphatase, lactic dehydroge-
nase, Y-glutamyltranspeptidase, total bilirubin, direct bilirubin
and total bile acid in the GDM patients were not significantly
different from those in the healthy controls.

Microbiome profile of the study population

At the phylum level, Firmicutes, Bacteroidetes and Actinobacte-
ria were the dominant taxa across all samples (Figure 1). How-
ever, the GDM patients showed a greater abundance of
Bacteroidetes (P = 0.033), and lower abundances of Firmicutes
(P =0.007) and Actinobacteria (P = 0.014) than the healthy
controls (Figure 1a).

Through a-diversity analysis, the GDM patients were shown
to have significantly lower Shannon indexes (P = 0.022) and
observed OTUs (P = 8.117¢-06) than the healthy controls in
the second trimester of pregnancy (Figure 1b). When glycemic
traits were regressed against o-diversity measures, we found sig-
nificant associations between the Shannon index and glucose
level, represented by the results of the OGTT, including OGTT
0 h and OGTT 2 h values ( = —0.08, 95% confidence interval
[CI] —0.15, —0.02; B = —0.38, 95% CI —0.65, —0.11, respectively),
as well as between observed OTUs and OGTT 0 h, OGTT 1 h
and OGTT 2 h (B =-0.02, 95% CI —0.04, —0.01; f = —0.11,
95% CI —0.18, —0.03; B = —0.11, 95% CI —0.18, —0.05, respec-
tively; Figure 1c and Table SI).

We also plotted a PCoA to compare the similarity between
groups, and found a significant difference in weighted unifrac
distances (P = 0.003) between the GDM patients and the

healthy controls (Figure 1d). The PCoAl and PCoA2 indexes
also showed significant differences between the two groups
(P=0.036 and P = 0.018). In addition, PCoA2 was signifi-
cantly associated with OGTT 1 h and OGTT 2 h (P = 0.017
and P = 0.003, respectively; Figure le).

Differences in dominant genera and their association with
fasting serum levels of metabolites between the two groups
LEfSe was used to identify the most variable features at the
genus level between the GDM patients and the healthy con-
trols. In total, we found 20 genera that showed differences
between the two groups. Seven genera within the phylum Fir-
micutes and two within the phylum Actinobacteria were identi-
fied as significantly lower in the GDM group, and four genera
within the phylum Bacteroidetes were higher in the GDM
group. These results were consistent with the aforementioned
results at the phylum level. The results showed that the genera
Bacteroides, Dialister and Campylobacter, and an unassigned
genus of Enterococcaceae were taxonomic biomarkers of GDM,
whereas the genera Gemmiger and Bifidobacterium, and unas-
signed genera of Clostridiales and Ruminococcaceae were mark-
ers of normal glucose during pregnancy (Figure 2a).

We used Spearman’s correlation analysis to identify whether
the different dominant genera were associated with fasting
serum levels of metabolites in the second trimester of preg-
nancy (Figure 2b). Genera whose abundances were decreased
in GDM patients, including Gemmiger, Oscillospira and unas-
signed genera of Clostridiales, Ruminococcaceae and Lach-
nospiraceae within the phylum Firmicutes, were significantly
negatively correlated with at least one OGTT value (P < 0.05).
However, an unassigned genera of Enterococcaceae within the
phylum Firmicutes, Atopobium within the phylum Actinobacte-
ria and Sutterella within the phylum Proteobacteria were signif-
icantly positively associated with OGTT 1 h or OGIT 2 h
values (P < 0.05).

Genera co-occurrence network and module-trait associations
A network of co-occurring genera was created, and weighted
gene co-expression network analysis was used to identify mod-
ules in the network (Figure 3b). The entire list of the 100 most
abundant genera and the organization of their modules is avail-
able in Table S2. Phylogenetically related OTUs were preferen-
tially clustered in the same module, although other OTUs from
different taxa are also found in each module.

644 J Diabetes Investig Vol. 12 No. 4 April 2021

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



ORIGINAL ARTICLE

http://wileyonlinelibrary.com/journal/jdi Gut microbiota and plasma glucose in GDM

(a)
1004 Phylum Control GDM P value
Firmicutes 74.73 6943 0.007
Clostridia 71.87 66.68 0.009
s Bacilli 1.89 204 0471
< 759 Erysipelotrichi 097 0.70 0015
9 Phylum
© Bacteroidetes 15.01 20.29 0.033
° . Others
= -,
3 . Tenericutes ' Bacteréldla 15.00 20.29 0.033
_g 504 . Actinobacteria Actinobacteria 5.03 4.01 0.014
© ) Actinobacteria 4,01 3.06 0.031
k2 . Proteobacteria ) )
) Coriobacteriia 1.02 0.95 0.300
. Bacteroidetes )
o Proteobacteria 4.79 6.03 0.387
. Firmicutes .
254 Gammaproteobacteria 4.28 540 0.739
Betaproteobacteria 0.28 0.39 0.025
Deltaproteobacteria 0.22 0.24 0.827
Tenericutes 0.12 0.04 0.201
0+ Mollicutes 0.12 0.04 0.223
Control GDM
Group
(b) 20w (c) Shannon Index Observed OTUs
_ <0.
6 - P=0022 - ® Unadjusted I ® Unadjusted |
. . A Adi A 7di
150{ % N Adjusted bt | Adjusted ——t |
- e —p—i
. ” : | |
U5 2
g S | I
c 8 a A
2 £ 100 OGTT 1h = | = I
© B v L
&gl o | |
|
ol OGTT 2h ' ¢ . | ¢
50 > (N > ' |
34
. I |
-06 -04 -02 00 -015  -010 -005 000
Control GDM Control GDM
(d) (e)
. 12 P=0017
0.3 1
10
0.2
1
o = S
co U.
~ 5 5
%: @] @]
0 00
o
-0.1 6
—-0.21
35 i ] .
. 4 . 4 .o
-04 02 00 02 04 06 —02-01 00 01 02 03 -02-0100 01 02 03 -02-0.1 00 0.1 02 03
PCoAT (30.4%) PCoA2 PCoA2 PCoA2

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 12 No. 4 April 2021 645



ORIGINAL ARTICLE
Chen et al.

Control

| | I |
. : g_Bacteroides
gi_DiaHster
g_Campylobacter
f_Enterocorcaceae;_
g_Sutterella
f_Rikenellaceae;_
g_Butyfricimonas
g_Atopobium
g_Odloribacter

e
= Conobacterlaceaeg

f_Veillonellaceae;_
o_CW40,f_ug_
f Lachnos'piraceaeg '

I ' < 0<cce3e.

GDM

http://wileyonlinelibrary.com/journal/jdi

Phylum

. Others

. . Actlnobactena

Proteobacterla
Bactermdetes
F|rm|cutes :

-

g Blﬁdobacterlum

I . minococcaceaeid_.
. R o i 7io5_o_
. I o G-
i i i 1 i

-2

-1 0 1 2 3 4 5
LDA score (log 10)

Spearman’s rho

g_Butyricimonas 0.15

0.1

f_Ruminococcaceae;_
f_Veillonellaceae;_
f_Coriobacteriaceae;g_ 0
g_Gemmiger
0_YS2f_9_
o_Clostridiales;f_;g_
~_Ruminococcaceae;g_
g_Oscillospira
f_Lachnospiraceae;g_
g_Campylobacter
g_Atopobium Phylum
f_Enterococcaceae; . Others

g_Bifidobacterium »
o CW040 g . Actinobacteria
g_Sutterella . Proteobacteria

. Bacteroidetes

|| - f_Rikenellaceae;_
. Firmicutes

0.05

-0.05
-0.1
-0.15

W W i

Yl 1190
yc _I_LDO
IVQH
no

4o L1190
V3yd
TOHD
dv

NNg
val

a1V

HA1
N4
199
1V

1SV
gL
11ad

Figure 2 | Differences in dominant genera and their association with blood biochemical traits between the gestational diabetes mellitus (GDM)
patients and the healthy controls. (a) Differences in dominant genera between the GDM patients and the healthy controls. Linear discriminant
analysis effect size was carried out with an absolute value of linear discriminant analysis (LDA) score (Iog;o) >2.0 as the threshold. (b) Spearman’s
correlation of different dominant genera and blood biochemical traits (red for positive correlations and blue for negative correlations). *P < 0.05,
**p < 001. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; BUN, blood urea nitrogen;
CHOL, cholesterol; CREA, creatinine; DBIL, direct bilirubin; DBP, diastolic blood pressure; FMN, fructosamine; GGT, y-glutamyltranspeptidase; GLU,
fasting glucose; LDH, lactic dehydrogenase; OGTT 0 h, glucose at time 0 min; OGTT 1 h, glucose at time 60 min; OGTT 2 h, glucose at time

120 min; SBP, systolic blood pressure; TBA, total bile acid; TBIL, total bilirubin; TP, total protein; UA, uric acid.
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Figure 3 | Genera co-occurrence network and module—trait associations. (a) Module—trait associations. The correlation value and the corresponding
P-value between genera modules and biochemical traits are shown in each cell of the matrix (red for positive correlations and green for negative
correlations). (b) Genera co-occurrence network where observed operational taxonomic units (nodes) are colored according to corresponding phyla
or module colors. (c) Detailed network of the turquoise module and pink module. Node size is proportional to the degree of unweighted
connectivity. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate transaminase; BUN, blood urea nitrogen; CHOL, cholesterol;
CREA, creatinine; DBIL, direct bilirubin; FMN, fructosamine; GGT, y-glutamyltranspeptidase; GLU, fasting glucose; HbAlc, glycated hemoglobin; LDH,
lactic dehydrogenase; OGTT 0 h, glucose at time 0 min; OGTT 1 h, glucose at time 60 min; OGTT 2 h, glucose at time 120 min; TBA, total bile
acid; TBIL, total bilirubin; TG, triglycerides; TP, total protein; UA, uric acid.

The module—trait associations were in accordance with previ-
ous results of trait—taxa relationships (Figure 3a). The turquoise
module, mostly composed of genera within the phylum Firmi-
cutes, was negatively associated with OGTT values. In this
module, five genera were the biomarkers found to be signifi-
cantly decreased in the GDM group by LEfSe analysis. In addi-

especially the pink module, also contained other OTUs from
different taxa, highlighting the importance of the combined
effects of different members of the gut microbiome on bio-
chemical traits (Figure 3c).

Association of abundant Kyoto Encyclopedia of Genes and

tion, the pink module, representing the genera Veillonella,
Haemophilus and Rothia, was negatively associated with OGTT
0 h values. We also found significant associations between
modules and other biochemical traits. However, both modules,

Genomes pathways of microbial genes between the two
groups

To determine the importance of dysbiosis in GDM patients
between 22 and 24 weeks of pregnancy, the relative proportions
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Figure 4 | PICRUST analysis results of predicted functional pathways of the gut microbiome of gestational diabetes mellitus patients and healthy
controls. Two-sided Welch's t-test and false discovery rate correction were used to identify the differentially abundant Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathways (P < 0.05).

of the predicted microbial genetic functional pathways between
the two groups were compared based on the 16SrRNA data.
Statistical hypothesis tests highlighted significantly differentially
(P < 0.05) abundant pathways of microbial genes that discrimi-
nate between the GDM patients and the healthy controls,
including microbial gene functions related to three pathways in
glycan biosynthesis and metabolism, four pathways in cellular
processes and signaling, and two pathways in the metabolism
of cofactors and vitamins that were enriched in GDM patients

(Figure 4).

DISCUSSION
In a case—control study of 330 pregnant women (110 women
with GDM and 220 normal pregnant women), we identified
the association of gut microbiome composition with subse-
quently diagnosed GDM and fasting serum levels of metabo-
lites, especially OGTT values. Furthermore, microbial genetic
functional pathways were predicted, and glycan biosynthesis
and metabolism were found to be enriched in GDM patients.

The differences in taxonomic compositions associated with
metabolic disease, including obesity, type 2 diabetes and GDM,
have not been consistent across different studies'>'>'*"*. How-
ever, a lower abundance of Firmicutes was reported in type 2
diabetes and GDM patients>”®. In the present study, the gut
microbiome composition of the entire study population was
dominated by the phyla Firmicutes and Bacteroidetes; and an
increased abundance of Bacteroidetes, and decreased abun-
dances of Firmicutes and Actinobacteria were detected in the
GDM group.

Decreased richness of the gut microbiome has been associ-
ated with elevated IR and pro-inflammatory markers®. IR and
inflammation are two characteristics of the metabolic

environment, and worsen with advancing gestation in GDM
patients”*>, Decreased microbial richness and diversity of the
gut microbiome in late pregnancy and in GDM patients com-
pared with individuals with a healthy pregnancy were reported
in previous studies”'"'?. The present study also showed a sig-
nificantly lower Shannon index and observed OTUs in GDM
patients compared with the same parameters in healthy con-
trols, and these parameters were significantly associated with
OGTT values. These results further showed the association
between decreased o-diversity and GDM, and suggested a rela-
tionship between these variables and elevated plasma OGTT
values.

Bacterial community structure analyses showed that the gut
microbiota composition of the GDM patients was significantly
distinct from that of the healthy controls, and PCoA2 was sig-
nificantly associated with plasma OGTT values. We further
detected four genera within the phylum Bacteroidetes (specifi-
cally, Bacteroides, Butyricimonas, Odoribacter and an unassigned
genera of Rikenellaceae), two genera within the phylum Pro-
teobacteria (specifically, Campylobacter and Sutterella) and
genus Atopobium within the phylum Actinobacteriaas taxo-
nomic biomarkers of GDM. Within Firmicutes, two genera,
Dialister and an unassigned genera of Enterococcaceae, were
biomarkers of GDM, whereas the genera Gemmiger, Oscil-
lospira, unassigned genera of Clostridiales, Ruminococcaceae,
Lachnospiraceae and Veillonellaceae were markers of normal
glucose during pregnancy.

The GDM-enriched bacteria detected in the present study
were related to gut flora dysbiosis reported in previous studies.
Bacteroides was associated with a high-fat animal-based diet
and overweight pregnant woman>**, Rikenellaceae, Butyrici-
monas and Odoribacter are also butyrate producers, and
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Ferrocino et al."” reported a direct association between Butyrici-
monas and IR in overweight GDM patients. Obesity and type 2
diabetes characterized by a pro-inflammatory state might be
associated with Gram-negative bacteria that produce inflamma-
tory lipopolysaccharide. It is well known that Enterococcaceae,
Campylobacter and Sutterella are bacteria with pro-inflamma-
tory capacity. Some species of Enterococcaceae and Campylobac-
ter are associated with intestinal inflammatory disease®®, and
Sutterella is positively associated with lipopolysaccharide biosyn-
thesis during the third trimester of pregnancy'®. Thus, the pre-
sent study proposed that changed composition of functional
bacterial populations, including increased abundance of buty-
rate-producing bacteria and pathogenic bacteria, was associated
with later-diagnosed GDM.

In the present study, bacterial populations mostly composed
of genera within the phylum Firmicutes (specifically, Gemmiger,
Oscillospira, unassigned genera of Clostridiales, Ruminococ-
caceae and Lachnospiraceae) were enriched in normoglycemic
pregnant women and were significantly negatively correlated
with one or more OGTT values. However, Atopobium, Sut-
terella and an unassigned genera of Enterococcaceae, which
were increased in GDM patients, were significantly positively
associated with plasma glucose levels. Relationships between
bacterial abundance and plasma OGTT values were also
reported in previous studies®'®. Although OGTT is the gold
standard for the diagnosis of GDM, it requires a blood test and
is time-consuming”®. These discriminatory bacteria, which cor-
relate with plasma OGTT values, might provide new strategies
for the diagnosis, prevention and treatment of GDM. In addi-
tion, we found that microbial gene functions related to glycan
biosynthesis and metabolism pathways, cellular processes and
signaling, and metabolism of cofactors and vitamins were
enriched in GDM patients. These results strengthened the asso-
ciation between changed gut microbiome composition and dys-
metabolism™.

There were still some limitations in the present study. First,
we obtained fecal samples only at one time point, and the
interval between fecal sampling and OGTT was short, which
makes our study lack prediction power, but instead provides
supplementary information for the prevention and treatment of
GDM through early gut microbiome interventions. Although
we excluded those patients diagnosed with GDM at enrollment
based on fasting glucose levels, some of the patients might have
been missed, because OGTT was not carried out at that time
point. Other limitations include the relatively small sample size
and lack of dietary questionnaires. Further prospective studies
are required to explore the possible association between micro-
biota imbalance and long-term metabolic disease in GDM
mothers and their offspring.
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