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diabetes mellitus in the cohort
including obese women
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Aims: Gestation is linked to changes in gut microbiota composition and

function. Since gestational diabetes mellitus (GDM) can develop at any time

of the pregnancy, we stratified the women into four groups according to the

time and test used for the diagnosis. We focused on the gut microbiota pattern

in early pregnancy to detect changes which could be linked to later GDM

development.

Methods: We collected stool samples from 104 pregnant women including

obese individuals (first trimester body mass index median was 26.73). We

divided the women into four groups according to routine screening of

fasting plasma glucose (FPG) levels and oral glucose tolerance test (oGTT) in

the first and third trimesters, respectively. We processed the stool samples for

bacterial 16S rRNA and fungal ITS1 genes sequencing by Illumina MiSeq

approach and correlated the gut microbiota composition with plasma short-

chain fatty acid levels (SCFA).

Results: We found that gut bacterial microbiota in the first trimester

significantly differs among groups with different GDM onset based on

unweighted UniFrac distances (p=0.003). Normoglycemic women had gut

microbiota associated with higher abundance of family Prevotellaceae, and

order Fusobacteriales, and genus Sutterella. Women diagnosed later during
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pregnancy either by FGP levels or by oGTT had higher abundances of genera

Enterococcus, or Erysipelotrichaceae UCG-003, respectively. We observed

significant enrichment of fungal genus Mucor in healthy pregnant women

whereas Candida was more abundant in the group of pregnant women with

impaired oGTT. Using correlation analysis, we found that Holdemanella

negatively correlated with Blautia and Candida abundances and that

Escherichia/Shigella abundance positively correlated and Subdoligranulum

negatively correlated with plasma lipid levels. Coprococcus, Akkermansia,

Methanobrevibacter, Phascolarctobacterium and Alistipes positively

correlated with acetate, valerate, 2-hydroxybutyrate and 2-methylbutyrate

levels, respectively, in women with GDM.

Conclusions: We conclude that there are significant differences in the gut

microbiota composition between pregnant women with and without GDM

already at the early stage of pregnancy in our cohort that included also

overweight and obese individuals. Specific microbial pattern associated with

GDM development during early pregnancy and its correlation to plasma lipid or

SCFA levels could help to identify women in higher risk of GDM development.
KEYWORDS

microbiome, mycobiome, early diagnosis, plasma metabolites, short-chain fatty
acids, correlation
Introduction

Gestational diabetes mellitus (GDM) is the most common

medical complication of pregnancy that affects more than 14% of

women worldwide (1). It is described as any degree of glucose

intolerance that appears during pregnancy (2). GDM is associated

with many health complications affecting woman and the

offspring, including gestational hypertension, preeclampsia, or

preterm birth and fetal macrosomia, hypoglycemia, respiratory

distress syndrome or cardiomyopathy (3, 4). In addition, women

with GDM have about 40% higher risk of developing type 2

diabetes mellitus (T2DM) in the next 10 – 15 years (5, 6). The

offspring of women with GDM are in increased risk for developing

diabetes and obesity as well (5, 7). Nevertheless, several studies

have described that infants breastfed by women diagnosed with

GDM may have reduced risk of obesity or T2DM development

later in their life (8, 9). Factors transferred by milk frommother to

offspring modulate its microbiome, immune system tuning or

metabolic activity which are tightly associated with obesity or

T2DM (10–12). Intrinsic and extrinsic factors accompanying the

metabolic and immunological changes during pregnancy,

especially increased insulin resistance, gestational weight gain,

family history of diabetes, obesity and immune tolerance against

the fetus and placenta, are the prerequisite for the development of

GDM (13, 14). These changes are also associated with alterations

in the energy metabolism of pregnant women. The beginning of
02
pregnancy is strongly related with the storage of energy. However,

in the third trimester, the energy metabolism pathways are

activated, which results in the release of glucose and fatty acids

into the bloodstream (15). As a consequence of these significant

changes in the metabolism, predisposed pregnant women are

prone to develop GDM. Based on the diagnostic criteria, twomain

subtypes of GDM may be distinguished. The first one is

characterized by women with repeatedly increased fasting

plasma glucose (FPG; FPG ≥ 5.1 mmol/l) while the second one

is detected postprandially after oral glucose tolerance test (oGTT;

plasma glucose ≥ 10.0 mmol/l at 1h and/or ≥ 8.5 mmol/l at 2h

during oGTT). These two subtypes differ in their

pathophysiological mechanisms and also in the severity of

health complications associated with GDM (16). This means the

earlier GDM develops the more severe complications it brings.

Therefore, prompt diagnosis is crucial for early dietary

intervention and mitigation of the consequences.

The composition and metabolic activity of the gut

microbiota have been described as factors that can influence

glucose metabolism. For instance, a specific gut microbiota

pattern has been observed in subjects with obesity, prediabetes

or T2DM (17–19). Moreover, microbial diversity and its

function in the gut are altered during pregnancy. In the first

trimester, the gut microbiome of a pregnant woman is mostly

similar to a healthy non-pregnant woman, while in the third

trimester, a high degree of dysbiosis is observed, especially in the
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decrease of short-chain fatty acids (SCFA)-producing bacteria

and in the increase in Actinobacteria and Proteobacteria (20,

21). Although the relative abundance of the four dominant phyla

(Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria)

differs among mildly underweight pregnant women, pregnant

women with normal body mass index (BMI), overweight, and

obese pregnant women (22), any of these women can develop

GDM. To date, few studies have focused on microbial or

microbiota-assoc iated metabol ic changes in GDM

development, and none of them have aimed at the differences

in the gut microbiota composition among subtypes of GDM

determined by FPG levels or oGTT.

The microbiota can also modify metabolic processes in

the body through their metabolites, such as SCFA, branched-

chain fatty acids or bile acids. SCFA are produced by gut

microbiota through anaerobic fermentation of non-digestible

carbohydrates. Major types of SCFA are acetate, propionate and

butyrate that modulate energy metabolism and that are involved

in the maintaining of glucose homeostasis (23). However, type

and amount of SCFA depends on diet that affects the gut

microbiota composition and function (24). Recently, the

impaired insulin sensitivity in pregnancy and the development

of GDM have been linked to diet as a source of substrates that

are further processed by the gut microbiota, resulting in the

formation of metabolites, such as SCFA (25, 26).

In our study, we focused on the early gut microbiota pattern

in pregnant women in order to identify changes which could

predict later GDM development. For this purpose, we sequenced

gut bacterial and fungal microbiota in 104 pregnant women,

representing a common Czech population of women with low,

normal and high BMI. The women were divided into four

subgroups according to their FPG levels and oGTT as follows:

healthy pregnant women, pregnant women with impaired FPG

in the first trimester, pregnant women with impaired FPG in the

third trimester and pregnant women with impaired oGTT in the

third trimester. Moreover, we correlated the microbiota changes

with basic biochemical parameters and SCFA levels in plasma.

Our data could help to determine early pregnancy microbial

patterns that are associated with GDM development later during

pregnancy and thus could help with its early detection.
Subjects, materials and methods

Study subjects and sampling

For this study, 104 pregnant women were enrolled during

regular appointments at the Third Department of Internal

Medicine – Nephrology, Rheumatology and Endocrinology,

Olomouc University Hospital. The exclusion criteria for

enrolment comprised of recent antibiotic treatment (at least

three months before sampling) and a history of intestinal disease
Frontiers in Endocrinology 03
or major intestinal resection. Enrolled women were tested for

GDM according to the recommendation of International

Association of Diabetes and Pregnancy Study Groups (27).

The detection and diagnosis of hyperglycemic disorders in

pregnancy involves two phases. The first test is performed

during an initial prenatal visit (usually in the first trimester) to

reveal women with overt diabetes who have not been diagnosed

before pregnancy. If the results are not sufficient for the

diagnosis of overt diabetes but are abnormal (FPG ≥ 5.1

mmol/L but < 7.0 mmol/L), early GDM is suspected.

Therefore, if overt diabetes is excluded, it is recommended to

classify as GDM also the FPG values ≥ 5.1 mmol/L in early

pregnancy. The second phase includes the 75g oGTT in 24th –

28th week of gestation in all women who had not previously

been diagnosed with overt diabetes or GDM to detect GDM in

this period. Clinical and biochemical parameters were collected

in the first trimester of pregnancy from the patients’ registry and

the SCFA levels were extracted from a publication by Ivanovova

et al. (2021) which describes the same cohort of women with

GDM (28). Samples of feces were collected at two time points

during the first and the third trimesters of pregnancy. Samples

were frozen within 5h after collection and stored at -20°C until

the DNA extraction.

This study was approved by the Ethics Committee at

Olomouc University Hospital (approval no. 120/17). An

informed consent was obta ined from al l subjects

before enrolment.
DNA extraction from stool samples
and sequencing

Total DNA was extracted using ZymoBIOMICS DNA

Miniprep Kit (ZYMO Research, Irvine, CA, USA)according to

the manufacture´s protocol with repeated bead-beating using

FastPrep homogenizer (MP Biomedicals, Santa Ana, CA, USA).

PCR targeting V3 and V4 regions of bacterial 16S was conducted

using Kapa HiFi HotStart Ready mix (Roche, Penzberg,

Germany) using 341F (5′-CCTACGGGNGGCWGCAG- 3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT- 3′) primers

(Generi Biotech, Hradec Kralove, CZ). Cycling conditions

consisted of initial denaturation (95°C, 4 min) followed by 30

cycles of denaturation (95°C, 30 s), annealing (55°C, 30 s),

extension (72°C, 30 s) and final extension (72°C, 5 min). PCR

targeting of fungal ITS1 region was performed also with Kapa

Hifi HotStart Ready mix (Roche) using primers with barcodes

ITS1-5.8Sfw (5′-AAGTTCAAAGAYTCGATGATTCAC-3′)
and ITS1-5.8Srv (5′-AAGTTCAAAGAYTCGATGATTCAC-
3′). Cycling conditions consisted of initial denaturation (95°C,

4 min) and 35 cycles of denaturation (95°C, 30 s), annealing

(60°C, 30 s), extension (72°C, 30 s) and final extension (72°C,

5 min). PCR triplicates were pooled and purified by SequalPrep
frontiersin.org
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Normalization Plate Kit (Thermo Fisher Scientific, Waltham,

MA, USA). Samples within library were pooled, concentrated

(Eppendorf centrifugal vacuum concentrator), purified with

DNA Clean&Concentrator kit (ZYMO Research)and

sequencing adaptors were ligated using Kapa HyperPrep kit

(Roche). Ligated libraries were quantified with KAPA Library

Quantification Kit (Kapa Biosystems) and sequenced on MiSeq

Illumina Platform using Miseq Reagent Kit v3 (Illumina) at The

Genomics Core Facility, CEITEC (Brno, Czech Republic).

Sequencing data were processed using QIIME version 1.9.1

(29). Raw reads were demultiplexed and quality filtered,

allowing no N characters, a maximum of three consecutive

low-quality base calls, a maximum unacceptable Phred quality

of Q20, and a maximum of 1.5 barcode errors. Chimeric reads

were detected and discarded using USEARCH algorithms (30).

Fungal reads were in addition extracted for ITS1 region using

ITSx package (31). Identification of representative sequences was

done using RPD classifier (32) against bacterial GREENGENES

database 13.8 (33) and fungal UNITE database 7.2 (UNITE

Community (2017): UNITE QIIME release. Version 01.12.2017.

UNITE Community. https://doi.org/10.15156/BIO/587481).

Finally, OTU table was produced. The data are available in

the Sequence Read Archive (SRA) https://www.ncbi.nlm.nih.

gov/bioproject/PRJNA833950.

Briefly, for microbiota analysis, the number of observed

OTUs (operational taxonomic unit) and Chao1, Shannon,

Simpson and Faith Phylogenetic Diversity indexes were used

to describe alpha diversity and Principle Coordinate Analysis

(PCoA) based on weighted and unweighted UniFrac distance for

bacteria and Bray-Curtis and Jaccard distance for fungi were

used to characterize beta diversity. The permutational

multivariate analysis of variance (PERMANOVA) was used for

the determination of statistical differences among groups.

Furthermore, Linear discriminant analysis effect size (LEfSe;

RRID: SCR_014609) was used to determine the features

discriminating communities in each group (29, 34). Functional

potential of a bacterial metagenome was predicted by

Phylogenetic Investigation of Communities by Reconstruction

of Unobserved States (PICRUSt) tool, using the 16S rRNA

amplicon data (35).
Statistics

Data were analyzed using GraphPad Prism version 8.0.0 for

Windows (GraphPad Software, San Diego, CA, USA; www.

graphpad.com). Statistical differences between two groups were

calculated by nonparametric Mann-Whitney U test. In the case

of more groups, nonparametric Kruskal-Wallis test with Dunn´s

post-hoc testing were used. Data were expressed as medians with

first and third quartiles. Values of p < 0.05 were considered

significantly different. Covariations of gut microbiota with other
Frontiers in Endocrinology 04
factors were calculated by Spearman´s correlation analysis with

Bonferroni ´s adjustment for multiple comparisons.
Results

Clinical data and blood samples analyses

For basic group differentiation, we compared clinical and

biochemical parameters of healthy pregnant women (HC) and

pregnant women with diabetes who had impaired FPG in the

first (GDM1) or in the third trimester (GDM2), and with

impaired oGTT in the third trimester (GMD3; Table 1). We

found a significant increase in body weight (GDM2 p<0.01;

GDM3 p<0.05) and BMI (GDM1 p<0.01; GDM2 p<0.001;

GDM3 p<0.01) in women with GDM compared to healthy

pregnant women mainly due to obese women inclusion. The

GDM2 and GDM3 groups showed significant increase in

cholesterol (GDM2 p<0.001; GDM3 p<0.01), triglycerides

(GDM2 p<0.001; GDM3 p<0.001), low-density lipoprotein

(LDL; GMD2 p<0.01; GDM3 p<0.05), non-high-density

lipoprotein (nonHDL; GDM2 p<0.001; GDM3 p<0.01) and 3-

hydroxybutyrate (GDM p<0.05; GDM p<0.001) compared to

healthy pregnant women. The highest FPG levels were

de t e rmined in the GDM1 (p<0 . 001 ) and GDM2

women (p<0.001).
Gut bacterial microbiota composition
differs between pregnant women
with and without diabetes in the
first trimester

To characterize differences in gut microbiota between

pregnant women with and without diabetes, we collected fecal

samples in the first trimester and processed them for sequencing

analysis. We found mostly non-significant reduction in all alpha

diversity indexes in the samples from women with GDM, except

for the Simpson and Faith phylogenetic diversity indexes which

describe the richness of the samples. Women diagnosed later

during pregnancy either by FPG levels or by oGTT had

significantly lower diversity compared to healthy controls

(Figure 1A). We observed significantly different composition

of gut microbiota in normoglycemic pregnant women and

pregnant women with GDM measured by PERMANOVA

based on unweighted and weighted UniFrac with values

p=3x10-3 and p=6x10-3, respectively (Figures 1B–E).

Subsequent LEfSe analysis identified bacteria significantly

different among groups based on their relative abundances

(Figure 1F). Gut microbiota of normoglycemic pregnancies

was associated with increased abundance of family

Prevotellaceae, order Fusobacteriales and genus Sutterella. The

women who developed impaired insulin resistance later in
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TABLE 1 First trimester clinical and biochemical data of healthy pregnant women and pregnant women with impaired FPG or oGTT.

Group [n] HC (22) GDM 1 (29) GDM 2 (31) GDM 3 (22)

Definition Healthy pregnant women
with normal FPG
(FPG < 5.0 mmol/L)

Pregnant women with impaired
FPG (FPG ≥ 5.1 mmol/L) in
the first trimester

Pregnant women with impaired
FPG (FPG ≥ 5.1 mmol/L) in
the third trimester

Pregnant women with
impaired oGTT in the
third trimester

Age [y] 23 – 36
30 (28; 32)

21 – 46
31 (28;34)

24 – 44
32 (27;36)

25 – 40
32 (28;35)

Body height [cm] 158 – 179.5
172 (165.5; 176.5)

155 – 183
168 (162; 172)

151 – 177
166 (162; 172)

155 – 176
168 (163; 172)

Body weight [kg] 55 – 111
67.5 (62.3; 74.9)

52 – 126
78 (68; 84)

59 – 118
81.5 (70; 90)**

51 – 110
80 (68; 97)*

BMI [kg/m2] 19.55 – 38.41
23.5 (20.6; 25.7)

17.58 – 37.91
27.4 (24.4; 32.1)**

22.76 – 44.53
28.7 (24.8; 31.4)***

18.29 – 44.12
28.9 (24; 33.8)**

Obese [%] 4.5 41 32 45

Waist [cm] 68 – 102
83 (77; 95.8)

73 – 121
93 (89.8; 98.8)*

82 – 116
101 (95; 109.3)***

60 – 127
96.5 (89.5; 113.3)**

Systolic BP [mmHg] 107 – 140
121 (114.5; 127)

97 – 148
122 (110; 132)

102 – 158
120 (113; 126)

107 – 150
125 (112; 139)

Diastolic BP
[mmHg]

66 – 90
78.5 (70.3; 81)

64 – 94
75 (69; 82)

60 – 91
73 (66; 81)

62 – 100
76 (67; 86)

Pulse [BPM] 64 – 96
83 (76.5; 88)

67 – 114
85 (79; 93)

61 – 112
89 (80; 94)

63 – 115
86 (79; 97)

Cholesterol [mmol/
L]

4.16 – 6.03
4.96 (4.6; 5.54)

4.27 – 7.97
5.42 (4.6; 6.5)

4.6 – 9.1
6.24 (5.5; 7.1)***

4.47 – 8.78
6.01 (5.5; 6.4)**

Triglycerides
[mmol/L]

0.88 – 2.09
1.2 (1.07; 1.32)

0.69 – 3.85
1.58 (1.21; 1.9)

0.84 – 3.68
2.3 (1.8; 3.1)***

0.58 – 3.81
2.3 (1.7; 3)***

HDL [mmol/L] 1.36 – 2.97
1.96 (1.8; 2.3)

1.22 – 3.07
1.8 (1.6; 2.2)

1.28 – 2.96
1.87 (1.6; 2.2)

1.08 – 2.97
1.73 (1.6; 2.2)

LDL [mmol/L] 1.69 – 7.93
2.35 (2.3; 2.8)

1.63 – 4.1
2.94 (2.3; 3.8)

1.49 – 5.76
3.3 (2.7; 4)**

1.78 – 4.8
3.03 (2.7; 3.7)*

nonHDL [mmol/L] 2.3 – 8.9
2.9 (2.7; 3.5)

2.0 – 5.8
3.5 (3; 4.1)

2.48 – 7.3
4.2 (3.7; 5)***

2.3 – 6.5
4 (3.6; 4.9)**

FPG [mmol/L] 3.7 – 5.1
4.25 (4.1; 4.5)

4.2 – 6.0
5.1 (4.9; 5.3)***

4.1 – 5.5
4.8 (4.5; 5)***

4.0 – 5.3
4.4 (4.2; 4.6)

C-peptide [pmol/L] 337.0 – 1262.0
658 (557; 888)

228.0 – 1619.0
681.5 (545; 961)

304.0 – 1716.0
696.5 (593; 880)

321.0 – 1705.0
600 (478; 798)

CP-RI [ng/mg] 3.45 – 14.47
6.65 (4.9; 9)

2.13 – 17.9
5.5 (4.1; 7.7)

2.2 – 13.43
6.17 (4.8; 7.1)

2.73 – 14.49
6.94 (5.6; 9.8)

HbA1c [% (mmol/
mol)]

4.4 (25) – 5.3 (34)
4.9 (30) (4.7 (28); 5.1 (32.75))

4.5 (26) – 6.2 (44)
5.1 (32) (5.0 (31); 5.4 (35))**

4.4 (25) – 5.4 (36)
5.1 (32) (5.0 (31); 5.2 (33.25))

4.3 (24) – 5.7 (39)
5.1 (32) (4.8 (29); 5.2 (33))

Acetate [µmol/L] 0.97 – 23.05
9.42 (4.9; 13.8)

2.18 – 39.98
9.92 (5.5; 13)

1.99 – 42.69
9.4 (6; 14)

2.43 – 30.38
8.99 (5.14; 15)

Propionate [µmol/L] 0.01 – 1.62
0.78 (0.24; 1.3)

0.15 – 1.82
0.76 (0.4; 1.19)

0.11 – 2.48
0.75 (0.43; 1)

0.03 – 1.46
0.74 (0.38; 1.06)

Butyrate [µmol/L] 0.12 – 1.56
0.35 (0.22; 0.54)

0.12 – 1.07
0.31 (0.22; 0.4)

0.1 – 1.11
0.29 (0.19; 0.46)

0.11 – 0.6
0.32 (0.17; 0.45)

Valerate [µmol/L] 0.01 – 0.1
0.06 (0.033; 0.07)

0.01 – 0.12
0.05 (0.04; 0.07)

0.02 – 0.18
0.05 (0.03; 0.07)

0.03 – 0.3
0.05 (0.04; 0.08)

Hexanoate [µmol/L] 0.05 – 0.43
0.18 (0.13; 0.24)

0.08 – 0.43
0.17 (0.13; 0.23)

0.06 – 0.5
0.19 (0.13; 0.24)

0.09 – 0.43
0.2 (0.15; 0.24)

3-hydroxybutyrate
[µmol/L]

16.32 – 55.79
31.84 (22.2; 42.9)

9.29 – 211.7
42.46 (25.8; 76.7)

12.8 – 196.1
43.83 (29.9; 74.6)*

27.7 – 299.4
91.2 (49.4; 137.2)***

2-hydroxybutyrate
[µmol/L]

6.7 – 37.61
22.58 (15.9; 27.4)

11.3 – 69.76
23.17 (18.5; 28.2)

6.72 – 44.02
24.48 (18.4; 29.9)

14.43 – 71.31
26.12 (20.4; 38.1)

isobutyrate [µmol/L] 0.15 – 2.71
0.64 (0.35; 0.97)

0.14 – 1.54
0.72 (0.42; 0.99)

0.25 – 1.92
0.69 (0.42; 0.96)

0.2 – 1.32
0.56 (0.28; 0.93)

(Continued)
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pregnancy (GDM2) had higher abundance of genera

Enterococcus and Erysipelotrichaceae UCG-003.

Prediction of metabolic pathways associated with the

abundance of gut bacteria showed that most of them were

linked to energy metabolism or active cell division, especially

pathways producing components of cell membranes and cell

walls (Figure S1).
Frontiers in Endocrinology 06
Gut fungal microbiota composition
shows moderate changes between
pregnant women with and without
diabetes at the first trimester

To characterize the gut mycobiota, we sequenced the ITS

region in the samples from healthy pregnant women and
TABLE 1 Continued

Group [n] HC (22) GDM 1 (29) GDM 2 (31) GDM 3 (22)

isovalerate [µmol/L] 0.23 – 0.73
0.37 (0.31; 0.41)

0.24 – 0.72
0.38 (0.32; 0.48)

0.1 – 0.69
0.33 (0.3; 0.43)

0.21 – 2.21
0.35 (0.3; 0.49)

2-methylbutyrate
[µmol/L]

0.1 – 5.99
1.98 (0.64; 2.89)

0.15 – 15.31
1 (0.41; 3.48)

0.15 – 15.65
0.61 (0.36; 1.99)

0.27 – 52.05
1.23 (0.51; 2.66)

4-methylvalerate
[µmol/L]

0.07 – 0.39
0.21 (0.12; 0.33)

0.06 – 0.66
0.21 (0.13; 0.31)

0.1 – 0.43
0.2 (0.17; 0.25)

0.14 – 0.5
0.26 (0.22; 0.32)
*p<0.05, **p<0.01, ***p<0.001 measured by Kruskal-Wallis test with Dunn´s post-hoc testing. The data are presented as medians with first and third quartiles in parentheses. FPG, fasting
plasma glucose; oGTT, oral glucose tolerance test; BMI, body mass index; BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, glycated hemoglobin.
A

B D E

F

C

FIGURE 1

Gut bacterial community composition in the first trimester of pregnancy. (A) Alpha diversity indexes. Beta diversity of gut bacteria on
unweighted (B, C) and weighted (D, E) UniFrac distance metric-based PCoA graphs show comparison of control healthy pregnant women (HC)
with those with gestational diabetes mellitus (GDM) diagnosed at any time during the pregnancy. (F) LEfSe analysis of significantly different
strains among groups. Statistically significant differences were measured by Kruskal-Wallis test with Dunn´s post-hoc testing. The data are
presented as medians with interquartile range. OTUs, operational taxonomic units; PD, phylogenetic diversity.
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pregnant women with GDM. Fungal alpha diversity indexes

showed significant reduction in GDM pregnant women as

described by species richness (observed OTUs) and by species

abundance (Chao 1 index, Figure 2A). We did not observe any

significant clustering of groups in neither Bray-Curtis

dissimilarity plot based on fungal abundance nor in Jaccard

distance plot comparing fungal composition among samples

(Figures 2B–E). Using LEfSe analysis, we found that there was

significant enrichment in genus Mucor in healthy pregnant

women and that genus Candida was more abundant in the

group of pregnant women with impaired oGTT in the third

trimester (Figure 2F).
GDM leads to different types of dysbiosis
at the class level

Comparison of microbiota relative abundances in the

samples collected during the first and third trimester showed

significantly different patterns that distinguished healthy
Frontiers in Endocrinology 07
pregnant women and women with GDM. In the first

trimester (V1), normoglycemic women were associated

with higher abundance of bacterial classes Bacteroidia and g-
Proteobacteria, archeal class Methanobacteria, and fungal classes

Mucuromycetes, Eurotiomycetes, Microbotryomycetes and

Malasseziomycetes compared with pregnant women with

GDM (Figures 3A, B). Interestingly, the differences in these

classes were more or less narrowed later in the pregnancy. In the

third trimester (V3), pregnant women with GDM showed

significant increase in classes Negativicutes and Clostridia,

especially of the family Oscillospiraceae, and lower abundance

of classes Desulfovibrionea and Bacilli compared to

normoglycemic women (Figure 3C). These two later classes

included significantly more abundant genera Bilophila,

Leuconostoc, Streptococcus and Erysipelotrichaceae UCG-003 in

healthy women (Figure S2). Although the analysis of fungal

community showed no differences at class level during the third

trimester, we found significant enrichment of family

Debaryomycetaceae and genus Rhodotorula in women with

GDM (Figure S3).
A

B D E

F

C

FIGURE 2

Gut fungal microbiota composition in the first trimester of pregnancy. (A) Alpha diversity indexes. Beta diversity of gut fungi on Bray-Curtis (B,
C) and Jaccard (D, E) distance metric-based PCoA graphs show comparison of control healthy pregnancies (HC) with those with gestational
diabetes mellitus (GDM) diagnosed at any time during the pregnancy. (F) LEfSe analysis of significantly different strains among groups.
Statistically significant differences were measured by Kruskal-Wallis test with Dunn´s post-hoc testing. The data are presented as medians with
interquartile range. OTUs,ndash; operational taxonomic units.
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Different intra- and inter-kingdom
associations are linked to the GDM

Using Spearman correlation analysis, we found several

significant associations among gut microbiota. Normoglycemic

women (HC) showed a strong positive correlation of genera

Bacteroides and Roseburia (r=0.75; p=6x10-5) and negative

associations of genera Dialister with Phascolarctobacterium (r=-

0.66; p=9x10-4) and Parabacteriodes with Romboutsia (r=-0.65;

p=9x10-4) (Figure S4). Pregnant women with impaired FPG

(GDM 1) had positive correlation of bacterial genus Prevotella

with fungal Cladosporium (r=0.59; p=9x10-4) (Figure S5).

Pregnant women with impaired FPG in the third trimester

(GDM 2) showed strong negative correlations of genera

Dialister with Phascolarctobacterium (r=-0.71; p=9x10-6) and

Holdemanella with Blautia (r=-0.67; p=4x10-5). The GDM 2

group also showed several positive correlations, including the

associations of genera Fusicatenibacter with Agathobacter (r=0.65;
Frontiers in Endocrinology 08
p=8x10-5), Bifidobacterium and Collinsella (r=0.64; p=10-4) and

bacterial genus Phascolarctobacterium with archeal

Methanobrevibacter (r=0.63; p=10-4) (Figure S6). Women with

impaired oGTT in the third trimester (GDM 3) did not show any

significant associations; the strongest one was negative correlation

of bacterial genus Holdemanella with yeast Candida (r=0.62;

p=4x10-3) (Figure S7).
Correlation of bacterial strains with
biochemical parameters and SCFA levels

To observe early associations between bacteria and plasma

parameters measured in the first trimester, Spearman correlation

analysis was used (Figure 4A). In normoglycemic women, we

found very strong negative correlation of genus Subdoligranulum

with plasma levels of LDL (r=-0.75; p=9x10-5), nonHDL (r=-0.74;

p=10-4) and cholesterol (r=-0.68; p=7x10-4) and genus
A

B

C

FIGURE 3

Differently abundant classes of bacteria and fungi between normoglycemic women (HC) and women with early-diagnosed GDM (GDM 1) at the
first trimester – V1 (A, B) and the bacterial classes in the third trimester – V3 (C). Only significantly different classes are shown. The data are
presented as medians with interquartile range. The abundances were compared by Mann-Whitney U test and p < 0.05 was considered
statistically significant.
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Holdemanella which was also negatively associated with the level

of CP-RI (r=-0.70; p=10-3). Interestingly, these correlations were

not detected in early diagnosed group of pregnant women with

GDM (GDM 1). The pregnant women with later onset of the

GDM showed different associations, including negative

correlation of genus Prevotella with cholesterol (r=-0.57;

p=10-3) and genus Collinsella with CP-RI (r=-0.58; p=10-3) and

positive correlation of genus Anaerostipes with CP-RI

(r=0.61; p=5x10-4) and Escherichia/Shigella group with

nonHDL (r=0.82; p=3x10-6), LDL (r=0.70; p=3x10-4) and

triglycerides (r=0.67; p=6x10-4) levels.

Comparison of the associations of bacterial relative

abundance with the levels of SCFA showed no specific pattern
Frontiers in Endocrinology 09
in normoglycemic women whereas GDM promoted some

covariations (Figure 4B). In the GDM 1 group, genus

Akkermansia positively correlated with the levels of valerate

(r=0.58; p=10-3) and genus Streptococcus showed strong negative

correlation with the levels of 4-methylvalerate (r=-0.67;

p=8x10 - 4 ) . In the GDM 2 group , a r chea l genus

Methanobrevibacter positively correlated with the levels of

v a l e r a t e ( r=0 .61 ; p=4x10 - 4 ) and bac t e r i a l g enus

Phascolarctobacterium with 2-hydroxybutyrate levels (r=0.62;

p=3x10-4). In the GDM 3 group, genera Coprococcus

and Alistipes positively correlated with the levels of acetate

( r=0 . 67 ; p=10 - 3 ) and 2 -me thy lbu t y r a t e ( r=0 . 69 ;

p=5x10-4), respectively.
A

B

FIGURE 4

Correlations of serum biochemical parameters (A) and levels of short-chain fatty acids (B) with bacterial abundances. Within each column, the
subcolumns are in order: healthy pregnant women, GDM1, GDM2 and GDM3. The strength and polarity of correlation is color-coded, e.g.
negative correlation in shades of blue. All p-values were adjusted for multiple comparisons, p<0.001 was considered statistically significant and
significant correlations were marked with the asterisks.
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Discussion
In this study, we examined gut microbiome pattern of

women in early stage of pregnancy to identify changes that are

associated with GDM development. Systematic reviews have

shown that although most of the studies observed an association

between GDM and gut microbiota dysbiosis, no GDM-specific

gut microbiota was identified (36, 37). Moreover, the

contribution of gut mycobiome is often neglected. Though,

there is a presumption that gut microbiota composition and

function may contribute to the development of GDM (36). For

this purpose, we focused on the composition of gut microbiota in

early pregnancies.

In healthy population, gut microbiome contains six bacterial

phyla: Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria,

Fusobacteria, and Verrucomicrobia, with the dominance of the

first two (38). Previous studies showed significant microbiota

changes in normoglycemic women during pregnancy (20, 39,

40). Whether these changes contribute to or are a consequence

of the development of GDM is a debated question. Several

studies have reported increased abundance of Firmicutes or

Actinobacteria and Proteobacteria in women with GDM (20,

21, 40, 41). In addition, enrichment of genera Parabacteroides,

Ruminococcus, Eubacterium, Prevotella, Collinsella, Rothia, and

Desulfovibrio has been also observed in pregnant women with

GDM compared to normoglycemic controls (21, 42–44). On the

contrary, increased abundance of Bacteroidetes and

Actinobacteria as well as enrichment of Faecalibacterium,

Methanobrevibacter, Alistipes, Bifidobacterium or Eubacterium

has been described in normoglycemic pregnant women (40, 42,

43, 45). Most of these studies focused on the microbiota

composition at the third trimester, i.e. after the onset of GDM.

Therefore, we aimed more on the microbiota pattern in early

pregnancy that could predict development of GDM. In our

cohort of pregnant women, gut microbiota of normoglycemic

women was associated with increased abundance of family

Prevotellaceae, order Fusobacteriales and genus Sutterella.

Interestingly, Wang et al. (2020) identified a significant

decrease of the fami ly Alca l igenaceae ( inc luding

genus Sutterella) in the ascending colon of patients with

T2DM. Subsequent experimental study showed increased

abundance of Sutterella in the cecum of T2DM rats that

underwent Roux-en-Y gastric bypass surgery (46). Thus,

suggesting that this genus may beneficially affect glucose

metabolism. Furthermore, we found that women who

developed impaired insulin resistance later in pregnancy had

higher abundance of genera Enterococcus or Erysipelotrichaceae

UCG-003. This is in agreement with Ferrocino et al. (2018) who

found that insulin resistance positively correlated with class
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Erysipelotrichia (45). Meanwhile, Crusell et al. (2018) observed

reduction of Erysipelotrichaceae in women with GDM (21).

Though, our results are supported by another study that found

higher levels of Erysipelotrichaceae also in obese individuals (47).

Since our study included obese individuals our results may

be affected by this fact as well. Individuals with obesity

have different profile of the gut microbiota in comparison to

non-obese individuals (48). Moreover, obesity and GDM

can influence many maternal and neonatal processes,

includingthe breast milk microbiota and simultaneously the

offspring gut microbiota. For example, compared to control

samples, colostrum of women with either obesity or

GDM was enriched in genera Staphylococcus or Prevotella,

respectively (44).

Our study is one of the first to investigate the association

between gut fungi and the GDM. Fungal communities in the gut

constitute a minor component of the entire gut microbes thus

are still poorly understood. According to recent shotgun

metagenomic sequencing analys is , fungi represent

approximately 0.1% of the total gut microbes (49). In our

study, we found a significant enrichment of genus Mucor in

healthy pregnant women. Members of this genus have been

negatively correlated with obesity suggesting their association

with microbiota of healthy lean individuals (50). Indeed, our

cohort of normoglycemic pregnant women included only 4.5%

of obese individuals. Recently, genus Penicillium has been

associated with the gut mycobiota of healthy pregnant women

(51) but we did not observe higher levels of this genus in our

groups. In the group of pregnant women with impaired oGTT,

we observed increased abundance of genus Candida in the third

trimester. This is in agreement with very recent study by

Ferrocino et al. (2022) who observed an increasing abundance

of Candida between the second and third trimesters (52).

Candida albicans inhabits the gastrointestinal tract, mouth and

vaginal mucosa in 40 – 60% of healthy adults as a commensal

organism, but it may cause disease in immunocompromised

individuals (53, 54). Several studies have already reported

increased abundance of Candida albicans in obese individuals

and in patients with type 1 diabetes mellitus (T1DM) and T2DM

(50, 55–57). Moreover, it is generally assumed that pregnant

woman with GDM are more prone to Candida vaginal infection

(58–60).

Decreased abundance of Roseburia and Bacteroides was

observed in the GDM women compared to healthy pregnant

women (42). In accordance, we determined positive correlation

of these two bacteria in healthy women but not in the GDM

group. In the groups of pregnant women with impaired FPG/

oGTT in the third trimester, we found negative correlation of

Holdemanella with Blautia and with yeast Candida, respectively.

Romanı-́Pérez et al. (2021) showed that Holdemanella, an
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intestinal bacterium isolated from metabolically healthy

individuals, had anti-diabetic effect through glucagon-like

peptide 1 signaling pathway and its supplementation improved

glucose tolerance in a diet-induced obese mouse model (61).

Increased abundance of Collinsella and reduced abundance of

Bifidobacterium have been reported in pregnant women with

GDM compared to healthy controls (21, 43). Nevertheless, we

found positive correlation of Collinsella with Bifidobacterium in

pregnant women with impaired FPG in the third trimester. In

the same group, we also observed a positive correlation of

Methanobrevibacter smithii and Phascolartobacterium. On the

other hand, Phascolartobacterium negatively correlated with

genus Dialister in the GDM2 and normoglycemic groups.

Increased abundance of Dialister and reduced abundance of

Phascolartobacterium have been related to impaired insulin

sensitivity in obese individuals (62).

Healthy pregnancy is characterized by complex metabolic

and hormonal changes. Plasma lipid concentrations change

during pregnancy due to increasing insulin resistance. Serum

levels of high-density lipoprotein-cholesterol (HDL-C), low-

density lipoprotein-cholesterol (LDL-C), total cholesterol, and

to lesser extent triglycerides (TG) are elevated throughout the

pregnancy (63–65). In our study, we observed significantly

higher levels of cholesterol, LDL-C, and TG in women with

GDM compared to healthy women which is consistent with

other studies (66–69). Moreover, it has been shown that gut

microbiota can influence the levels of blood lipids (70, 71). Here,

we found that lipid levels were linked to specific gut microbiota.

In normoglycemic women, we found very strong negative

correlation of genus Subdoligranulum with serum levels of

LDL, nonHDL, and cholesterol. In contrast, in women with

later onset of GDM, we found positive correlation of Escherichia/

Shigella group with LDL, nonHDL, and triglycerides and

negative correlation of genus Prevotella with total cholesterol.

While the SCFA-producing genus Subdoligranulum has been

connected with health promoting effects, the family

Enterobacteriaceae has been enriched in GDM and has already

been linked to T2DM and obesity (19, 43, 72).

In contrast to a well described role of lipids, the role of SCFA

in pregnancy is still poorly understood. SCFA are derived from

fermentation of carbohydrates and proteins by the gut

microorganisms (73). They provide energy to colonocytes and

maintain intestinal homeostasis by acting as signaling molecules

that transmit messages between microbiota and host organs

(74). We found positive correlations of valerate with genus

Akkermansia and archaeon Methanobrevibacter in pregnant

women with impaired FPG in the first and third trimester,

respectively. In the GDM2 group, genus Phascolarctobacterium

positively correlated with 2-hydroxybutyrate levels. In the study

of Dudzik et al. (2017), an increase in 2-hydroxybutyrate in

patients with diagnosed GDM in the second trimester of

pregnancy was detected. Moreover, 2-hydroxybutyrate levels
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were significantly higher in GDM women that developed

T2DM after parturition. Therefore, 2-hydroxybutyrate may

serve as a prognostic tool for the prediction of early onset of

the complications related to diabetes in women with GDM after

delivery (75).

Overall, our study revealed significant differences in gut

bacterial and fungal microbiota composition between healthy

pregnant women and women who develop GDM in the first half

of pregnancy. Furthermore, we identified correlations between

individual microorganisms and plasma biochemical parameters,

including SCFA levels. We found several microbial patterns that

could be used in specific diagnostic test in the first trimester to

identify women in higher risk of GDM. Nevertheless, our results

need to be validated by further studies.
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D. Plasma short-chain fatty acids and their derivatives in women with gestational
diabetes mellitus. Separations (2021) 8(10):188. doi: 10.3390/separations8100188

29. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequencing data.
Nat Methods (2010) 7(5):335–6. doi: 10.1038/nmeth.f.303

30. Edgar RC, Flyvbjerg H. Error filtering, pair assembly and error correction
for next-generation sequencing reads. Bioinformatics (2015) 31(21):3476–82. doi:
10.1093/bioinformatics/btv401

31. Bengtsson-Palme JRM, Hartmann M, Branco S, Wang Z, Godhe A, De Wit
P, et al. Improved software detection and extraction of ITS1 and ITS2 from
ribosomal ITS sequences of fungi and other eukaryotes for analysis of
environmental sequencing data. Methods Ecol Evol (2013) 4):914–9. doi:
10.1111/2041-210X.12073
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2022.970825/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.970825/full#supplementary-material
https://doi.org/10.1001/jama.286.20.2516
https://doi.org/10.2337/dc09-S062
https://doi.org/10.1056/NEJMoa0707943
https://doi.org/10.1515/jpem-2001-0803
https://doi.org/10.1007/s00125-016-3985-5
https://doi.org/10.2337/diacare.27.5.1194
https://doi.org/10.2337/dc07-s211
https://doi.org/10.2337/dc05-2413
https://doi.org/10.1001/archpedi.156.7.651
https://doi.org/10.1001/archpedi.156.7.651
https://doi.org/10.1371/journal.pone.0219633
https://doi.org/10.1038/s41467-018-06393-w
https://doi.org/10.1136/gutjnl-2018-315988
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1097/GRF.0b013e31815a5494
https://doi.org/10.3389/fcimb.2020.00188
https://doi.org/10.3390/ijms19113342
https://doi.org/10.1007/s00125-018-4550-1
https://doi.org/10.1038/nature12198
https://doi.org/10.1038/nature11450
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1186/s40168-018-0472-x
https://doi.org/10.1186/s12884-022-04472-x
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1079/PNS2002207
https://doi.org/10.1016/j.diabres.2018.04.004
https://doi.org/10.1016/j.diabres.2018.04.004
https://doi.org/10.3390/nu11020330
https://doi.org/10.2337/dc10-0719
https://doi.org/10.3390/separations8100188
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1093/bioinformatics/btv401
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.3389/fendo.2022.970825
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Vavreckova et al. 10.3389/fendo.2022.970825
32. Wang Q GG, Tiedje JM, Cole JR. Naïve Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ
Microbiol (2007) 73(16):5261–7. doi: 10.1128/AEM.00062-07

33. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al.
Greengenes, a chimera-checked 16S rRNA gene database and workbench
compatible with ARB. Appl Environ Microbiol (2006) 72(7):5069–72. doi:
10.1128/AEM.03006-05

34. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol (2011) 12(6):
R60. doi: 10.1186/gb-2011-12-6-r60

35. Findley K, Oh J, Yang J, Conlan S, Deming C, Meyer JA, et al. Topographic
diversity of fungal and bacterial communities in human skin. Nature (2013) 498
(7454):367–70. doi: 10.1038/nature12171

36. Medici Dualib P, Ogassavara J, Mattar R, Mariko Koga da Silva E, Atala Dib
S, de Almeida Pititto B. Gut microbiota and gestational diabetes mellitus: A
systematic review. Diabetes Res Clin Pract (2021) 180:109078. doi: 10.1016/
j.diabres.2021.109078

37. Rold LS, Bundgaard-Nielsen C, Niemann Holm-Jacobsen J, Glud Ovesen P,
Leutscher P, Hagstrom S, et al. Characteristics of the gut microbiome in women
with gestational diabetes mellitus: A systematic review. PLoS One (2022) 17(1):
e0262618. doi: 10.1371/journal.pone.0262618

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

39. Zheng W, Xu Q, Huang W, Yan Q, Chen Y, Zhang L, et al. Gestational
diabetes mellitus is associated with reduced dynamics of gut microbiota during the
first half of pregnancy. mSystems (2020) 5(2): e00109–20. doi: 10.1128/
mSystems.00109-20

40. DiGiulio DB, Callahan BJ, McMurdie PJ, Costello EK, Lyell DJ,
Robaczewska A, et al. Temporal and spatial variation of the human microbiota
during pregnancy. Proc Natl Acad Sci U S A (2015) 112(35):11060–5. doi: 10.1073/
pnas.1502875112

41. Wang X, Liu H, Li Y, Huang S, Zhang L, Cao C, et al. Altered gut bacterial
and metabolic signatures and their interaction in gestational diabetes mellitus. Gut
Microbes (2020) 12(1):1–13. doi: 10.1080/19490976.2020.1840765

42. Cortez RV, Taddei CR, Sparvoli LG, Angelo AGS, Padilha M, Mattar R, et al.
Microbiome and its relation to gestational diabetes. Endocrine (2019) 64(2):254–64.
doi: 10.1007/s12020-018-1813-z

43. Kuang YS, Lu JH, Li SH, Li JH, Yuan MY, He JR, et al. Connections between
the human gut microbiome and gestational diabetes mellitus. Gigascience (2017) 6
(8):1–12. doi: 10.1093/gigascience/gix058

44. Gamez-Valdez JS, Garcia-Mazcorro JF, Montoya-Rincon AH, Rodriguez-
Reyes DL, Jimenez-Blanco G, Rodriguez MTA, et al. Differential analysis of the
bacterial community in colostrum samples from women with gestational diabetes
mellitus and obesity. Sci Rep (2021) 11(1):24373. doi: 10.1038/s41598-021-03779-7

45. Ferrocino I, Ponzo V, Gambino R, Zarovska A, Leone F, Monzeglio C, et al.
Changes in the gut microbiota composition during pregnancy in patients with
gestational diabetes mellitus (GDM). Sci Rep (2018) 8(1):12216. doi: 10.1038/
s41598-018-30735-9

46. Wang C, Zhang H, Liu H, Bao Y, Di J, Hu C. The genus sutterella is a
potential contributor to glucose metabolism improvement after roux-en-Y gastric
bypass surgery in T2D. Diabetes Res Clin Pract (2020) 162:108116. doi: 10.1016/
j.diabres.2020.108116

47. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, et al. Human
gut microbiota in obesity and after gastric bypass. Proc Natl Acad Sci U S A (2009)
106(7):2365–70. doi: 10.1073/pnas.0812600106

48. Crovesy L, Masterson D, Rosado EL. Profile of the gut microbiota of adults
with obesity: a systematic review. Eur J Clin Nutr (2020) 74(9):1251–62. doi:
10.1038/s41430-020-0607-6

49. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A
human gut microbial gene catalogue established by metagenomic sequencing.
Nature (2010) 464(7285):59–65. doi: 10.1038/nature08821

50. Mar Rodriguez M, Perez D, Javier Chaves F, Esteve E, Marin-Garcia P, Xifra
G, et al. Obesity changes the human gut mycobiome. Sci Rep (2015) 5:14600. doi:
10.1038/srep14600

51. Wu N, Mo H, Mu Q, Liu P, Liu G, Yu W. The gut mycobiome
characterization of gestational diabetes mellitus and its association with dietary
intervention. Front Microbiol (2022) 13:892859. doi: 10.3389/fmicb.2022.892859

52. Ferrocino I, Ponzo V, Pellegrini M, Goitre I, Papurello M, Franciosa I, et al.
Mycobiota composition and changes across pregnancy in patients with gestational
diabetes mellitus (GDM). Sci Rep (2022) 12(1):9192. doi: 10.1038/s41598-022-13438-0

53. Erdogan A, Rao SS. Small intestinal fungal overgrowth. Curr Gastroenterol
Rep (2015) 17(4):16. doi: 10.1007/s11894-015-0436-2
Frontiers in Endocrinology 13
54. Martins N, Ferreira IC, Barros L, Silva S, Henriques M. Candidiasis:
predisposing factors, prevention, diagnosis and alternative treatment.
Mycopathologia (2014) 177(5-6):223–40. doi: 10.1007/s11046-014-9749-1

55. Gosiewski T, Salamon D, Szopa M, Sroka A, Malecki MT, Bulanda M.
Quantitative evaluation of fungi of the genus candida in the feces of adult patients
with type 1 and 2 diabetes - a pilot study. Gut Pathog (2014) 6(1):43. doi: 10.1186/
s13099-014-0043-z

56. Soyucen E, Gulcan A, Aktuglu-Zeybek AC, Onal H, Kiykim E, Aydin A.
Differences in the gut microbiota of healthy children and those with type 1 diabetes.
Pediatr Int (2014) 56(3):336–43. doi: 10.1111/ped.12243

57. Garcia-Gamboa R, Kirchmayr MR, Gradilla-Hernandez MS, Perez-Brocal
V, Moya A, Gonzalez-Avila M. The intestinal mycobiota and its relationship with
overweight, obesity and nutritional aspects. J Hum Nutr Diet (2021) 34(4):645–55.
doi: 10.1111/jhn.12864

58. Li D, Chi XZ, Zhang L, Chen R, Cao JR, Sun XY, et al. Vaginal microbiome
analysis of healthy women during different periods of gestation. Biosci Rep (2020)
40(7): BSR20201766. doi: 10.1042/BSR20201766

59. Rodrigues CF, Rodrigues ME, Henriques M. Candida sp. infections in
patients with diabetes mellitus. J Clin Med (2019) 8(1):76. doi: 10.3390/jcm8010076

60. Zhang X, Liao Q, Wang F, Li D. Association of gestational diabetes mellitus
and abnormal vaginal flora with adverse pregnancy outcomes. Med (Baltimore)
(2018) 97(34):e11891. doi: 10.1097/MD.0000000000011891

61. Romani-Perez M, Lopez-Almela I, Bullich-Vilarrubias C, Rueda-Ruzafa L,
Gomez Del Pulgar EM, Benitez-Paez A, et al. Holdemanella biformis improves
glucose tolerance and regulates GLP-1 signaling in obese mice. FASEB J (2021) 35
(7):e21734. doi: 10.1096/fj.202100126R

62. Naderpoor N, Mousa A, Gomez-Arango LF, Barrett HL, Dekker Nitert M,
de Courten B. Faecal microbiota are related to insulin sensitivity and secretion in
overweight or obese adults. J Clin Med (2019) 8(4):452. doi: 10.3390/jcm8040452

63. Farias DR, Franco-Sena AB, Vilela A, Lepsch J, Mendes RH, Kac G. Lipid
changes throughout pregnancy according to pre-pregnancy BMI: results from a
prospective cohort. BJOG (2016) 123(4):570–8. doi: 10.1111/1471-0528.13293

64. Vahratian A, Misra VK, Trudeau S, Misra DP. Prepregnancy body mass
index and gestational age-dependent changes in lipid levels during pregnancy.
Obstet Gynecol (2010) 116(1):107–13. doi: 10.1097/AOG.0b013e3181e45d23

65. Emet T, Ustuner I, Guven SG, Balik G, Ural UM, Tekin YB, et al. Plasma
lipids and lipoproteins during pregnancy and related pregnancy outcomes. Arch
Gynecol Obstet (2013) 288(1):49–55. doi: 10.1007/s00404-013-2750-y

66. Li G, Kong L, Zhang L, Fan L, Su Y, Rose JC, et al. Early pregnancy maternal
lipid profiles and the risk of gestational diabetes mellitus stratified for body mass
index. Reprod Sci (2015) 22(6):712–7. doi: 10.1177/1933719114557896

67. Savvidou M, Nelson SM, Makgoba M, Messow CM, Sattar N, Nicolaides K.
First-trimester prediction of gestational diabetes mellitus: examining the potential
of combining maternal characteristics and laboratory measures. Diabetes (2010) 59
(12):3017–22. doi: 10.2337/db10-0688

68. Shen H, Liu X, Chen Y, He B, Cheng W. Associations of lipid levels during
gestation with hypertensive disorders of pregnancy and gestational diabetes
mellitus: a prospective longitudinal cohort study. BMJ Open (2016) 6(12):
e013509. doi: 10.1136/bmjopen-2016-013509

69. Ryckman KK, Spracklen CN, Smith CJ, Robinson JG, Saftlas AF. Maternal
lipid levels during pregnancy and gestational diabetes: a systematic review and
meta-analysis. BJOG (2015) 122(5):643–51. doi: 10.1111/1471-0528.13261

70. Kenny DJ, Plichta DR, Shungin D, Koppel N, Hall AB, Fu B, et al.
Cholesterol metabolism by uncultured human gut bacteria influences host
cholesterol level. Cell Host Microbe (2020) 28(2):245–57.e6. doi: 10.1016/
j.chom.2020.05.013

71. Le Roy T, Lecuyer E, Chassaing B, Rhimi M, Lhomme M, Boudebbouze S,
et al. The intestinal microbiota regulates host cholesterol homeostasis. BMC Biol
(2019) 17(1):94. doi: 10.1186/s12915-019-0715-8

72. Van Hul M, Le Roy T, Prifti E, Dao MC, Paquot A, Zucker JD, et al. From
correlation to causality: the case of subdoligranulum. Gut Microbes (2020) 12(1):1–
13. doi: 10.1080/19490976.2020.1849998

73. He J, Zhang P, Shen L, Niu L, Tan Y, Chen L, et al. Short-chain fatty acids
and their association with signalling pathways in inflammation, glucose and lipid
metabolism. Int J Mol Sci (2020) 21(17):6356. doi: 10.3390/ijms21176356

74. Parada Venegas D, de la Fuente MK, Landskron G, Gonzalez MJ, Quera R,
Dijkstra G, et al. Short chain fatty acids (SCFAs)-mediated gut epithelial and
immune regulation and its relevance for inflammatory bowel diseases. Front
Immunol (2019) 10:277. doi: 10.3389/fimmu.2019.00277

75. Dudzik D, Zorawski M, Skotnicki M, Zarzycki W, Garcia A, Angulo S, et al.
GC-MS based gestational diabetes mellitus longitudinal study: Identification of 2-
and 3-hydroxybutyrate as potential prognostic biomarkers. J Pharm BioMed Anal
(2017) 144:90–8. doi: 10.1016/j.jpba.2017.02.056
frontiersin.org

https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1038/nature12171
https://doi.org/10.1016/j.diabres.2021.109078
https://doi.org/10.1016/j.diabres.2021.109078
https://doi.org/10.1371/journal.pone.0262618
https://doi.org/10.1038/nature09944
https://doi.org/10.1128/mSystems.00109-20
https://doi.org/10.1128/mSystems.00109-20
https://doi.org/10.1073/pnas.1502875112
https://doi.org/10.1073/pnas.1502875112
https://doi.org/10.1080/19490976.2020.1840765
https://doi.org/10.1007/s12020-018-1813-z
https://doi.org/10.1093/gigascience/gix058
https://doi.org/10.1038/s41598-021-03779-7
https://doi.org/10.1038/s41598-018-30735-9
https://doi.org/10.1038/s41598-018-30735-9
https://doi.org/10.1016/j.diabres.2020.108116
https://doi.org/10.1016/j.diabres.2020.108116
https://doi.org/10.1073/pnas.0812600106
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/srep14600
https://doi.org/10.3389/fmicb.2022.892859
https://doi.org/10.1038/s41598-022-13438-0
https://doi.org/10.1007/s11894-015-0436-2
https://doi.org/10.1007/s11046-014-9749-1
https://doi.org/10.1186/s13099-014-0043-z
https://doi.org/10.1186/s13099-014-0043-z
https://doi.org/10.1111/ped.12243
https://doi.org/10.1111/jhn.12864
https://doi.org/10.1042/BSR20201766
https://doi.org/10.3390/jcm8010076
https://doi.org/10.1097/MD.0000000000011891
https://doi.org/10.1096/fj.202100126R
https://doi.org/10.3390/jcm8040452
https://doi.org/10.1111/1471-0528.13293
https://doi.org/10.1097/AOG.0b013e3181e45d23
https://doi.org/10.1007/s00404-013-2750-y
https://doi.org/10.1177/1933719114557896
https://doi.org/10.2337/db10-0688
https://doi.org/10.1136/bmjopen-2016-013509
https://doi.org/10.1111/1471-0528.13261
https://doi.org/10.1016/j.chom.2020.05.013
https://doi.org/10.1016/j.chom.2020.05.013
https://doi.org/10.1186/s12915-019-0715-8
https://doi.org/10.1080/19490976.2020.1849998
https://doi.org/10.3390/ijms21176356
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1016/j.jpba.2017.02.056
https://doi.org/10.3389/fendo.2022.970825
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Specific gut bacterial and fungal microbiota pattern in the first half of pregnancy is linked to the development of gestational diabetes mellitus in the cohort including obese women
	Introduction
	Subjects, materials and methods
	Study subjects and sampling
	DNA extraction from stool samples and sequencing
	Statistics

	Results
	Clinical data and blood samples analyses
	Gut bacterial microbiota composition differs between pregnant women with and without diabetes in the first trimester
	Gut fungal microbiota composition shows moderate changes between pregnant women with and without diabetes at the first trimester
	GDM leads to different types of dysbiosis at the class level
	Different intra- and inter-kingdom associations are linked to the GDM
	Correlation of bacterial strains with biochemical parameters and SCFA levels

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


