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Abstract
Aims/hypothesis Body niche-specific microbiota in maternal–neonatal dyads from gravidae with type 1 diabetes have not 
been quantitatively and functionally examined. Similarly, the impact of pregnancy-specific factors, such as the presence of 
comorbidities known to occur more frequently among gravidae with type 1 diabetes, including Caesarean delivery, as well as 
antibiotic prophylaxis, level of glycaemic control during each trimester of pregnancy and insulin administration, has not been 
adequately considered. The aims of this study were to characterise the maternal and neonatal microbiomes, assess aspects of 
microbiota transfer from the maternal microbiomes to the neonatal microbiome and explore the impact of type 1 diabetes and 
confounding factors on the microbiomes.
Methods In this observational case–control study, we characterised microbiome community composition and function using 16S 
rRNA amplicon sequencing in a total of 514 vaginal, rectal and ear-skin swabs and stool samples derived from 92 maternal–neo-
natal dyads (including 50 gravidae with type 1 diabetes) and in-depth clinical metadata from throughout pregnancy and delivery.
Results Type 1 diabetes-specific microbiota were identified among gravidae with type 1 diabetes and their neonates. Neonatal 
microbiome profiles of ear-skin swabs and stool samples were established, indicating the taxa more prevalent among neonates born 
to mothers with type 1 diabetes compared with neonates born to control mothers. Without taking into account the type 1 diabetes 
status of mothers, both delivery mode and intrapartum antibiotic prophylaxis were found to have an influence on neonatal microbiota 
composition (both p=0.001). In the logistic regression analysis involving all confounding variables, neonatal ear-skin microbiome 
variation was explained by maternal type 1 diabetes status (p=0.020) and small for gestational age birthweight (p=0.050). Moreover, 
in women with type 1 diabetes, a relationship was found between  HbA1c levels >55 mmol/mol (>7.2%) measured in the first trimester 
of pregnancy and neonatal ear-skin microbiota composition (p=0.008). In the PICRUSt (Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States) assessment, pathways concerning carbohydrate biosynthesis were predicted as key elements 
of the microbial functional profiles dysregulated in type 1 diabetes. Additionally, in SourceTracker analysis, we found that, on aver-
age, 81.0% of neonatal microbiota was attributed to maternal sources. An increase in the contribution of maternal rectum microbiota 
and decrease in the contribution of maternal cervix microbiota were found in ear-skin samples of vaginally delivered neonates of 
mothers with type 1 diabetes compared with neonates born to control mothers (83.2% vs 59.5% and 0.7% vs 5.2%, respectively).
Conclusions/interpretation These findings indicate that, in addition to maternal type 1 diabetes, glycaemic dysregulation 
before/in the first trimester of pregnancy, mode of delivery and intrapartum antibiotic prophylaxis may contribute to the 
inoculation and formation of the neonatal microbiomes.
Data availability The BioProject (PRJNA961636) and associated SRA metadata are available at http:// www. ncbi. nlm. nih. 
gov/ biopr oject/ 961636. Processed data on probiotic supplementation and the PICRUSt analysis are available in the Mendeley 
Data Repository (https:// doi. org/ 10. 17632/ g68rw nnrfk.1).
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ENDIA  Environmental Determinants of Islet 
Autoimmunity

GDM  Gestational diabetes mellitus
HSD  Honestly significant difference
LGA  Large for gestational age
PCoA  Principal coordinates analysis
PICRUSt  Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States
SGA  Small for gestational age
TEDDY  The Environmental Determinants of Diabetes 

in the Young

Introduction

Type 1 diabetes mellitus is a chronic disease caused by 
insulin deficiency following autoimmune-mediated destruc-
tion of insulin-producing pancreatic beta cells. The disease 
complicates approximately 0.1–1% of all pregnancies [1–4], 
which is far less than the percentage complicated by either 

pre-existing type 2 diabetes or gestational diabetes melli-
tus (GDM) [3, 5]. Despite the relatively low prevalence of 
pregnancies in women with type 1 diabetes, type 1 diabetes 
accounts for a disproportionate burden of adverse pregnancy 
and neonatal outcomes, including a notably higher risk of 
miscarriage, preterm birth, preeclampsia, preterm delivery 
and macrosomia [1, 6]. Besides the known adverse preg-
nancy outcomes in type 1 diabetes, a shift towards a pro-
inflammatory gut microbiome in pregnant women with type 
1 diabetes has also been reported [7, 8]. In addition, outside 
pregnancy, type 1 diabetes is associated with dysregulation 
of gut and vaginal microbiomes [9, 10].

However, information on the effects of type 1 diabetes, type 
2 diabetes and GDM on the neonatal microbiome is scarce. 
An early study showed lack of a negative impact of GDM 
on infants’ gut microbiome in the first years of life [11]. This 
was followed by studies reporting an association between 
vaginal dysbiosis in GDM and adverse perinatal outcomes 
[12], an imbalance of gut microbiota in neonates born to non-
diabetic [13] and GDM mothers [14] with obesity, and dif-
ferences in meconium microbiome composition in full-term 



Diabetologia 

1 3

newborns delivered by Caesarean section to GDM mothers 
[15]. The Environmental Determinants of Diabetes in the 
Young (TEDDY) study [16, 17] pointed to a minor role, if any, 
for infant or early childhood microbiomes in the aetiology of 
type 1 diabetes. These findings were in contrast to earlier and 
smaller cohort studies that reported that a permeable intestinal 
mucosal barrier and an altered mucosal immune response col-
lectively contribute to the development of type 1 diabetes [18] 
and that the microbiome itself may be involved in the pathogen-
esis of anti-islet cell autoimmunity [19]. In multicentre studies 
exploring determinants of type 1 diabetes/islet autoimmunity 
(TEDDY, All Babies In Southeast Sweden [ABIS] and Aus-
tralia-wide Environmental Determinants of Islet Autoimmun-
ity [ENDIA] studies), the effect of maternal type 1 diabetes 
on neonatal microbiomes has not been studied and analysis in 
mother–neonate dyads has not been performed [8, 16, 17, 20].

Here we investigate the effects of maternal disease alone 
and confounding factors on both maternal and offspring 
microbiomes, assessing microbiota profiles of the vaginal 
introitus, vaginal canal, endocervix and rectum and neonatal 
stool samples and ear-skin swabs. To minimise the influ-
ence of environmental and methodological factors [21, 22], 
the study included gravidae residing in the same region of 
Poland, of the same ethnic origin and giving birth in the 
same obstetrical hospital; all experimental samples were also 
subjected to the same sequencing experiment. We hypoth-
esised that dysregulation of  HbA1c levels in the first trimes-
ter may have long-term consequences and may influence 
the composition of the neonatal microbiome. Gravidae with 
type 1 diabetes with satisfactory glycaemic control in the 
second and third trimesters of pregnancy were investigated; 
therefore, the number of factors affecting the interpretation 
of the results was limited. We also hypothesised that type 1 
diabetes itself and its relationship with other confounding 
factors dysregulate inoculation (maternal–neonatal micro-
biota transfer) and the formation of neonatal microbiomes.

In this study we used a comprehensive approach to char-
acterise the composition of maternal and neonatal microbi-
omes, assess aspects of maternal–neonatal microbiota transfer 
and explore the impact of type 1 diabetes and variables such 
as Caesarean section and antibiotic prophylaxis on neonatal 
microbiomes. We also investigated key elements of the micro-
bial functional profiles that are dysregulated in type 1 diabetes.

Methods

Participant ascertainment

Gravidae with type 1 diabetes and control gravidae without 
type 1 diabetes and their neonates were ascertained in the 
Gynecologic and Obstetrical University Hospital at the Poznan 
University of Medical Sciences, which is publicly available 

to patients (see electronic supplementary material [ESM] 
Methods for details, ESM Fig. 1 for details of the recruitment 
procedure and Table 1 and ESM Table 1 for participant char-
acteristics). Socioeconomic factors were not investigated.

Inclusion criteria The inclusion criteria for both study groups 
were age 18–45 years and single, term pregnancy (37+0 to 
41+0). The exclusion criteria were multiple pregnancies, gen-
itourinary infection diagnosed in the last 4 weeks, administra-
tion of oral or vaginal antibiotics/antifungal medicines/probi-
otic supplementation in pregnancy in the previous 4 weeks, 
and vaginal irrigation/sexual intercourse in the last 72 h.

According to national guidelines [23], all women from 
the control group were screened for hyperglycaemia in 
pregnancy and were free of diabetes mellitus in pregnancy 
or GDM (see ESM Methods). Details of the assessment of 
 HbA1c levels are provided in ESM Methods.

Nutritional assessment The ascertained women underwent 
detailed nutritional assessment using 24 h dietary recall for 
7 days. In addition, information about the participants was 
collected based on a survey developed by the authors (see 
ESM Methods) and the validated Food Frequency Question-
naire FFQ-D10 [24] (see ESM Methods).

Clinical information concerning the mothers and their 
neonates was collected during the clinic stay and included 
the mode of birth, the Apgar score, pregnancy complica-
tions, information about maternal type 1 diabetes, gesta-
tional age, any medication taken during pregnancy, feeding 
method and comorbidities.

Ethics permission The study was approved by the Institu-
tional Review Board at the Poznan University of Medical 
Sciences (no. 132/13, 223/13, 241/13, 194/14). The mothers 
provided written informed consent.

Sample collection, processing and storage

Three swabs from the genital tract and one from the rectum 
of gravidae (eSwab Liquid Amies Collection and Transport 
System, Copan Diagnostics, USA) were collected by the 
obstetrician immediately after administration to the hospital 
to avoid sample contamination by the environment. These 
two sampling sites were evaluated because of the anatomical 
proximity of the rectum and vaginal introitus, and to assess 
both microbiota allocation in mothers and mother–neonate 
microbiota transfer during vaginal delivery. We collected 
the microbiome from three sites in the reproductive tract 
(vaginal introitus, middle of the vaginal canal, and cervix) 
to characterise the diversity of microbiota as well as further 
investigate the mother–neonate microbiota transfer. Neonatal 
samples were collected up to 72h after the birth. A swab 
from neonatal ear-skin was collected by a neonatologist. 
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Table 1  Selected clinical characteristics of women with type 1 diabetes (T1D) and control women

Clinical characteristic T1D group (n=50) Control group (n=42) p value

Age (years), mean ± SD 30.5±4.1 32.4±3.7 0.011
Age at delivery (full years), mean ± SD 30±4 32±4 0.008
Ethnicity:  Whitea 50 (100.0) 42 (100.0)
Geographical location: Poland 50 (100.0) 42 (100.0)
Delivery mode
 Caesarean 33 (66.0) 20 (47.6) 0.118
  Unscheduled 2 (4.0) 2 (4.8)
  Scheduled 31 (62.0) 18 (42.9)
 Vaginal delivery 12 (24.0) 17 (40.5)
 Vacuum-assisted vaginal delivery 5 (10.0) 5 (11.9)
Gestation (weeks), mean ± SD 38.1±0.7 39.2±1.0 <0.001
Pre-pregnancy BMI (kg/m2), mean ±  SDb 23.19±2.95 22.46±2.56 0.423
Pre-pregnancy  BMIb

 Underweight 1 (2.0) 1 (2.4) 0.561
 Normal 35 (70.0) 33 (78.6)
 Overweight 13 (26.0) 7 (16.7)
 Obese 1 (2.0) 0 (0.0)
 NA 0 (0.0) 1 (2.4)
Before-delivery BMI (kg/m2), mean ±  SDb 28.12±3.75 27.46±2.97 0.649
Weight gain during pregnancy (kg), mean ±  SDb 13.61±5.34 14.00±3.79 0.727
Weight  gainc

 Non-excessive 32 (64.0) 26 (61.9) 0.954
 Excessive 18 (36.0) 15 (35.7)
 NA 0 (0) 1 (2.4)
HbA1c levels met targets during  pregnancyd

 Yes 50 (100.0) 0 (0.0) –
 No 0 (0.0) 42 (100.0) –
Age at T1D diagnosis (years), mean ± SD 17.91±8.21 NA –
Duration of T1D (years), mean ± SD 12.56±7.02 NA –
Diabetes medication (insulin therapy)
 Yes 50 (100.0) 0 (0.0) –
 No 0 (0.0) 42 (100.0) –
Time on insulin therapy (years), mean ± SD 12.52±17.09 NA –
Age at beginning of insulin therapy (years), mean ± SD 17.97±8.30 NA –
Classification of pregestational diabetes (modified P. White classification)c

 Class A 0 (0.0) NA –
 Class B 18 (36.0) NA –
 Class C 15 (30.0) NA –
 Class D 11 (22.0) NA –
 Class R 5 (10.0) NA –
 Class F 0 (0.0) NA –
 Class RF 1 (2.0) NA –
 Class H 0 (0.0) NA –
 Class T 0 (0.0) NA –
Retinopathy
 Yes 12 (24.0) 0 (0.0) 0.002
 No 38 (76.0) 42 (100.0)
Antibiotic prophylaxis
 Yes 34 (68.0) 20 (47.6) 0.048
 No 16 (32.0) 22 (52.4)
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Neonatal stool samples, other than the first stool, were col-
lected from a diaper on the second or third day postpartum. 
A total of 530 samples were collected. The material was 
stored at −80°C before further processing.

16S rRNA gene sequencing and data analysis

Of the 530 DNA samples, 514 met quantitative and qualita-
tive criteria for sequencing. The 16S rRNA gene sequencing 

method used and bioinformatics analyses carried out are 
described in ESM Methods. After quality control of the 
reads generated, 511 samples were retained for analysis.

In each sampling site we computed the mean abun-
dance of taxa compared with all sites, multiplied by the 
frequency of appearance of these taxa (abundance >0.0%) 
across all samples within the site. Bubble plots of relative 
taxonomic abundances were generated using the R pack-
age ggplot2 (v3.3.5) [25]. Microbiota diversity within sam-
ples (alpha diversity, represented by the Shannon diversity 

Data are n (%) unless reported otherwise
Statistical significance is based on the two-tailed χ2 test and two-tailed Mann–Whitney U test for qualitative and quantitative data, respectively
An extended version of Table 1 is provided as ESM Table 1
a Self-reported by participants
b Weight before pregnancy was self-reported and BMI was calculated by a researcher; weight and BMI just before delivery were measured and 
calculated in the hospital
c According to Wender-Ozegowska et al [34]
d HbA1c measurement in each of the three trimesters of pregnancy
e In one T1D participant and two control participants there was more than one reason for antibiotics prophylaxis
f In one T1D participant and three control participants more than one antibiotic was administered
g Hypertension, asthma or epilepsy
h Reasons for not processing samples were incomplete collection of biological sample sets from participants or poor quality of the samples
NA, not applicable; T1D, type 1 diabetes

Table 1  (continued)

Clinical characteristic T1D group (n=50) Control group (n=42) p value

Reason for antibiotic  prophylaxise

 Caesarean section 28 (80.0) 12 (54.5) 0.083
 Streptococcus agalactiae 5 (14.3) 5 (22.7)
 Chorioamnionitis (intra-amniotic infection) 0 (0.0) 0 (0.0)
 Maternal bacterial endocarditis 0 (0.0) 0 (0.0)
 Premature rupture of membranes 2 (5.7) 5 (22.7)
Antibiotic  usedf

 Cefuroxime 18 (51.4) 7 (30.4) 0.385
 Ampicillin 6 (17.1) 4 (17.4)
 Cefazolin 11 (31.4) 10 (43.5)
 Clindamycin 0 (0.0) 1 (4.3)
 Cefalexin 0 (0.0) 1 (4.3)
Any chronic disease/disorder (excluding T1D)g

 Yes 6 (12.0) 1 (2.4) <0.001
 No 44 (88.0) 41 (97.6)
Hypertension
 Yes 3 (6.0) 0 (0.0) 0.112
 No 47 (94.0) 42 (100.0)
Gestational hypertension
 Yes 2 (4.0) 1 (2.4) 0.663
 No 48 (96.0) 41 (97.6)
Maternal preeclampsia
 Yes 2 (4.0) 0 (0.0) 0.195
 No 48 (96.0) 42 (100.0)
Processed  samplesh 50 (100.0) 41 (97.6)
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index) and between samples (beta diversity, represented by 
the weighted UniFrac dissimilarity index) was evaluated 
based on the amplicon sequence variants (ASV). The Wil-
coxon test on Shannon diversity indexes was applied. For 
beta diversity measurements, principal coordinates analysis 
(PCoA) plots were generated to visualise the compositional 
diversity, whereas statistical significance (p values) was 
calculated using adonis2 permutational analysis of vari-
ance (PERMANOVA; permutations = 9999). For details 
of 16S rRNA sequencing data analysis, neonatal microbiota 
profiles and PICRUSt (Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States) analysis 
(prediction of metagenome function), see ESM Methods.

Effect of glycaemic control on microbiota composition To 
assess the effect of long-term glycaemic control on micro-
biota composition we compared the relative abundance of all 
genera based on weighted UniFrac dissimilarity indices in 
two subgroups of women with type 1 diabetes  (HbA1c ≤55 
mmol/mol [≤7.2%] vs >55 mmol/mol [>7.2%]).  HbA1c lev-
els in the first, second and third trimesters were considered 
in the analyses. For details see ESM Methods.

SourceTracker2 Analysis SourceTracker2 [26] analysis was 
performed to predict the origin of neonatal microbiota using 
the maternal microbiota as potential sources; this was evalu-
ated by disease state and delivery mode. The ASV and tax-
onomy tables were imputed using default parameters, with 
the maternal samples defined as the ‘source’ and the neo-
natal samples defined as the ‘sink’. ANOVA with a Tukey’s 
honestly significant difference (HSD) post hoc test was 
used for statistical analysis of the microbial contributions 
obtained.

Statistical analyses

Except where noted, all statistical analyses were performed 
using R (v3.4.4) [27]. To adjust for multiple comparisons, per-
mutational testing, Tukey’s HSD correction, Benjamini and 
Hochberg correction or the false discovery rate (FDR) based 
method was performed. The R packages ggpubr (v0.4.0) 
[28], pheatmap (v1.0.12) [29], vegan (v2.5-7) [30], phyloseq 
(v1.22.3) [31] and ggplot2 (v3.3.5) [25] were used to perform 
and visualise the analyses of the clinical/metagenomic data.

Results

Clinical characteristics of maternal–neonatal dyads

Fifty gravidae with type 1 diabetes and their neonates, and 
42 control gravidae and their neonates were ascertained 
(ESM Fig. 1).

The clinical characteristics of gravidae with type 1 dia-
betes and control gravidae are presented in Table 1, ESM 
Table 1 and ESM Fig. 2. Compared with control women, 
women with type 1 diabetes were more likely to deliver prior 
to 39 weeks (p<0.001) (ESM Fig. 2a), and were younger at 
delivery (p=0.008).. There was no statistically significant 
difference in terms of delivery mode comparing the ratio 
of Caesarean to vaginal deliveries in pregnancies affected 
by type 1 diabetes and in control gravidae. Indications for 
Caesarean section in gravidae are described in ESM Results.

BMI before pregnancy, weight gain during pregnancy 
and BMI before delivery were comparable between the two 
groups of women (Table 1). Compared with control women, 
women with type 1 diabetes had a higher energy intake 
from proteins and a lower energy intake from carbohy-
drates (p=0.030 and p=0.017, respectively; ESM Table 1). 
Detailed dietary information obtained for the studied women 
is described elsewhere [32]. In our cohort, adequate glycae-
mic control (as measured by  HbA1c ≤43 mmol/mol [≤6.1%], 
ESM Fig. 2b) was observed in the second and third trimes-
ters in women with type 1 diabetes.

The clinical characteristics of the neonates are presented 
in Table 2. No preterm neonates were involved in the study. 
In total, 64% vs 93%, 28% vs 7% and 8% vs 0% of the neo-
nates born to women with type 1 diabetes vs control women 
were classified as appropriate, large and small for gesta-
tional age, respectively (AGA, LGA and SGA, respectively; 
p=0.01; Table 2, ESM Fig. 3a) in accordance with regional 
growth charts [33].

No hypoglycaemia was observed in the neonates born to 
women with type 1 diabetes (ESM Fig. 3b,c) and no correla-
tion was found between  HbA1c levels in women with type 1 
diabetes measured before delivery and glucose levels in their 
offspring (ESM Fig. 4).

Maternal microbiome community composition 
and bacteria associated with type 1 diabetes

The three maternal reproductive tract sampling sites (vaginal 
introitus, vaginal canal and cervix) showed a similar abun-
dance of bacteria but a notably lower bacterial abundance 
than the rectal sampling site, as demonstrated by the alpha 
diversity indices (for details see the Shannon index values 
in ESM Fig. 5a). Comparing women with type 1 diabetes 
and control women, no substantial differences in bacterial 
abundance (alpha diversity) were found between any of the 
maternal sampling sites studied (ESM Fig. 5a). However, 
substantial differences (p=0.041) in microbial composition 
(beta diversity) of the rectum swabs between the women 
with type 1 diabetes and the control women were found (see 
beta diversity PCoA plots in ESM Fig. 5b). The delivery 
week (37–41) affected the microbial composition (p=0.002) 
of the samples assessed (ESM Fig. 6). The 12 most prevalent 
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phyla in the three vaginal sampling sites were compared 
between women with type 1 diabetes and control women 
(Fig. 1) as described in detail in ESM Results.

In a more detailed analysis, bacteria specific to type 1 dia-
betes (differentially expressed genera) were identified in the 
maternal sampling sites, with the majority of these bacteria 
(17 genera) found in the cervix (Fig. 2, ESM Fig. 7, ESM 
Table 2). Sneathia, Gemella, Staphylococcus, Intestinibac-
ter, Atopobium, Terrisporobacter and Enhydrobacter were 
associated with type 1 diabetes in more than one maternal 
sampling site (ESM Table 2).

Neonatal microbiome community composition 
and bacteria associated with type 1 diabetes

A lower bacterial abundance (alpha diversity) was found in 
the neonatal stool samples than the maternal rectal samples, 
whereas the neonatal ear-skin samples showed a higher bac-
terial abundance than the neonatal stool samples (for details 
see the Shannon index values in ESM Fig. 5a). There were 
no statistically significant differences in alpha diversity 

estimates for ear-skin swabs or stool samples between neo-
nates born to women with type 1 diabetes and those born to 
control women (ESM Fig. 5a).

In contrast to the ear-skin swabs, there were differences 
in the microbial composition (beta diversity) of stool sam-
ples between the neonates of women with type 1 diabetes 
and the neonates of control women, although these were not 
statistically significant (p=0.054; see beta diversity PCoA 
plots in ESM Fig. 5b). Additionally, we evaluated the pos-
sible influence of sampling time on the composition of the 
neonatal stool microbiome but found no differences (results 
not shown).

No substantial differences in the relative abundance of 
phyla in the samples derived from neonates were found. Fir-
micutes, Proteobacteria, Actinobacteria and Bacteroidetes 
dominated among the 12 most prevalent phyla. The relative 
abundance of Bacteroidetes in stool samples from neonates 
delivered by control women was similar to that found in 
rectum swabs from their mothers (Fig. 1).

Next, bacteria associated with type 1 diabetes in the 
mothers were assessed in the neonatal samples (Fig. 2, ESM 

Table 2  Clinical characteristics 
of neonates delivered by women 
with type 1 diabetes (T1D) and 
control women

Data are n (%) unless otherwise reported
Statistical significance is based on the two-tailed χ2 test and two-tailed Mann–Whitney U test for qualita-
tive and quantitative data, respectively
a Measured in the first hour of life
b The reason for not processing samples was incomplete collection of biological sample sets from partici-
pants
NA, not available; ND, no data; T1D, type 1 diabetes

Clinical characteristic T1D group (n=50) Control group (n=42) p value

Sex
 Male 27 (54.0) 24 (57.1) 0.763
 Female 23 (46.0) 18 (42.9)
Birthweight
 SGA 4 (8.0) 0 (0.0) 0.010
 AGA 32 (64.0) 39 (92.9)
 LGA 14 (28.0) 3 (7.1)
Birthweight (kg), mean ± SD 3552.80±524.26 3405.45±395.51 0.095
Feeding method
 Breast milk 7 (14.0) 40 (95.2) <0.001
 Formula 0 (0.0) 2 (4.8)
 Mixed 41 (82.0) 0 (0.0)
 ND 2 (4.0) 0 (0.0)
Day that formula was introduced into 

the diet, mean ± SD
1±0 1±0

Monitoring of postnatal glucose homeostasis
 Yes 49 (98.0) 0 (0.0)
 No 0 (0.0) 42 (100.0)
 ND 1 (2.0) 0 (0.0)
Postnatal glucose level (mmol/l), 

mean ±  SDa
2.80±1.06 NA

Processed  samplesb 48 (96.0) 41 (97.6)
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Fig. 7, ESM Table 2). Seven of the genera associated with 
type 1 diabetes found in maternal samples (Bacteroides, Col-
linella, Escherichia/Shigella, Fusicatenibacter, Fusobacte-
rium, Megasphaera, Terrisporobacter) were also revealed 
as specific in the ear-skin swabs or stool samples from their 
offspring.

A comparison between the taxa that were more prevalent 
among neonates of mothers with type 1 diabetes and the taxa 
that were more prevalent among neonates of control mothers 
is shown in ESM Fig. 8 and ESM Table 3.

Differences in microbiota composition caused 
by confounding variables

Both the mother's type 1 diabetes status and the mode of 
delivery influenced the composition of the neonatal micro-
flora in the univariate analysis (p=0.025 and p=0.001, 
respectively; ESM Table 4). However, in the multivariate 
analysis, these two variables did not reach statistical signifi-
cance (p>0.05; ESM Table 4).

In addition, intrapartum antibiotic prophylaxis was 
found to influence the microbiota composition in neonates 
(p=0.001; ESM Table 4). Further, the composition of micro-
biota in neonatal samples differed between the two groups 
taking into account both antibiotic prophylaxis and the mater-
nal type 1 diabetes disease status (p=0.006; ESM Table 4). 
Further details of the impact of antibiotic prophylaxis on 
bacterial diversity in mothers are provided in ESM Results.

Finally, in logistic regression analysis involving all 
confounding variables, maternal type 1 diabetes status 
was found to explain the variation in neonatal ear-skin 
and maternal rectal microbiomes (p=0.020 and p<0.001, 
respectively). Moreover, the following variables showed 
statistical significance in this multivariate model: severity/
duration of maternal disease (White classification B/C/D 
[34]), SGA birthweight, maternal use of probiotics con-
taining Bifidobacterium, breastfeeding and pre-pregnancy 
BMI, as presented in Fig. 3 and ESM Table 5.

The results on the impact of selected dietary aspects 
on maternal microbiomes, microbial functional profiles 

Fig. 1  Characterisation of the maternal and neonatal microbiome 
using targeted 16S rRNA gene amplicon sequencing. The mean rela-
tive abundance of the 12 most prevalent phyla (Verrucomicrobia, 
Tenericutes, Synergistetes, Proteobacteria, Fusobacteria, Firmicutes, 
Euryarchaeota, Epsilonbacteraeota, Deinococcus-Thermus, Bacte-
roidetes, Actinobacteria and Acidobacteria) in the maternal vaginal 
introitus (type 1 diabetes, n=50 vs control, n=41), vaginal canal (type 
1 diabetes, n=50 vs control, n=41), cervix (type 1 diabetes, n=50 vs 
control, n=41) and rectum (type 1 diabetes, n=44 vs control, n=40) 
as well as neonatal ear-skin swabs (type 1 diabetes, n=42 vs control, 
n=39) and stool samples (type 1 diabetes, n=42 vs control, n=31) are 
shown. The Firmicutes, Proteobacteria, Actinobacteria and Bacteroi-
detes dominated among the 12 phyla examined. Differences in the 

relative abundance of phyla in the three vaginal sampling sites were 
found (statistical significance based on Wilcoxon rank sum test). A 
low variability of bacteria near the cervix and a pattern of increas-
ing abundance for the phylum Firmicutes, increasing from the introi-
tus through the centre of the vagina to the cervix, were found in both 
women with type 1 diabetes and control women (introitus vs cervix: 
p=0.087). Proteobacteria dominated the introitus of the vagina of 
both women with type 1 diabetes and control women compared with 
other sampling sites (p=0.001) and were almost absent in the cervix, 
while the relative abundance of Actinobacteria and Bacteroidetes 
were comparable (p>0.05) in the vaginal sampling sites assessed. No 
substantial differences in relative abundance of phyla in the samples 
derived from neonates were found. T1D, type 1 diabetes
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dysregulated in type 1 diabetes (PICRUSt analysis) and 
breastfeeding are provided in ESM Results, ESM Table 6 
and ESM Figs 9 and 10.

Impact of glycaemic control on the maternal 
and neonatal microbiome communities

In accordance with  HbA1c dysregulation in the first trimester 
of pregnancy in women with type 1 diabetes (ESM Fig. 2b), 
we assessed the microbiota community composition in two 
subgroups of women with type 1 diabetes  (HbA1c ≤55 
mmol/mol [≤7.2%] vs  HbA1c >55 mmol/mol [>7.2%]); this 
threshold value was found to be discriminatory in our meta-
data (ESM Fig. 11, ESM Table 7). Overall,  HbA1c levels, 
which were satisfactory in the second and third trimesters 

in the majority of gravidae (ESM Fig. 2b), did not influence 
the maternal microbiota communities sampled just before 
delivery. However, a relationship was found between  HbA1c 
levels >55 mmol/mol (>7.2%) measured in the first trimester 
of pregnancy in gravidae with type 1 diabetes and neonatal 
ear-skin microbiota (p=0.008; ESM Fig. 11, ESM Table 7).

Computed microbiota transfer from maternal 
to neonatal microbiomes

SourceTracker2 software was used to estimate the contribution 
of maternal microbiomes originating from the vaginal introi-
tus, vaginal canal, cervix and rectum (considered the micro-
biota ‘sources’ in the transfer) to microbial communities in 
neonates (stool samples and ear-skin swabs, considered the 

Fig. 2  Bacteria associated with type 1 diabetes in mothers (differ-
entially expressed bacterial genera) revealed as over-represented or 
under-represented in the maternal vaginal introitus (type 1 diabetes, 
n=50 vs control, n=41), vaginal canal (type 1 diabetes, n=50 vs con-
trol, n=41), cervix (type 1 diabetes, n=50 vs control, n=41) and rec-
tum (type 1 diabetes, n=44 vs control, n=40) as well as neonatal stool 
samples (type 1 diabetes, n=42 vs control, n=31) and ear-skin swabs 
(type 1 diabetes, n=42 vs control, n=39) samples. The plot shows 
 log2 fold change  (log2FC) values, which demonstrate the direction of 
change in the relative abundance of particular genera associated with 
type 1 diabetes. All genera presented showed statistically significant 
variation in bacterial relative abundance (statistical significance based 
on the Wald test with Benjamini and Hochberg correction for multi-
ple testing). Among the 17 genera in the cervix of women with type 1 

diabetes, 11 were over-represented and six were under-represented. In 
the vaginal introitus and vaginal canal, the numbers of differentially 
expressed bacteria associated with type 1 diabetes were similar. Two 
genera, Staphylococcus and Sneathia, were over-represented in the 
samples taken from the rectum of women with type 1 diabetes. No 
over-represented bacteria associated with type 1 diabetes were identi-
fied in ear-skin swabs. Rothia, Micrococcus, Escherichia/Shigella and 
Kocuria were under-represented in these samples. Fusicatenibacter, 
Fusobacterium, Anaeroglobus, Megasphaera, Pseudomonas, Rom-
boutsia, Lachnoclostridium, Dialister, Peptoniphilus and Actinomyces 
were over-represented in the stool samples derived from neonates of 
women with type 1 diabetes, while Collinsella, Terrisporobacter, Sut-
terella and Bacteroides were under-represented in these samples. See 
ESM Table 2 and ESM Fig. 7 for a full list of observed differences
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‘sinks’ in the transfer), evaluated by disease status and delivery 
mode. The results are presented in Fig. 4 and ESM Table 8. 
On average, 81.0% of neonatal microbiota were attributed to 
maternal sources, of which 69.0% were assigned to the mater-
nal rectal microbiome. Substantial microbiota transfer from 
the maternal rectum (and decreased transfer from the cervix) 
to neonatal stool and ear-skin samples was identified, espe-
cially when comparing ear-skin samples of vaginally delivered 
neonates of mothers with type 1 diabetes with vaginally deliv-
ered neonates born to control mothers. In total, 83.2±19.8% 
of the ear-skin microbiome in neonates born to mothers with 
type 1 diabetes and 59.5±31.1% of the ear-skin microbiome 
in neonates born to control mothers was attributed to mater-
nal microbiota of the rectum, and 0.7±1.1% of the ear-skin 
microbiome in neonates born to mothers with type 1 diabetes 
and 5.2±9.2% of the ear-skin microbiome in neonates born to 
control mothers was attributed to maternal microbiota of the 
cervix. These findings were limited to vaginally born neonates.

Discussion

Although the impact of maternal GDM, maternal obe-
sity, delivery mode and intrapartum antibiotics on neona-
tal microbiomes and neonatal health has been evaluated 
[12–14, 35–39], reports of microbiome characteristics in 
type 1 diabetes are limited. In the ENDIA study an impor-
tant difference in gut microbiome composition (based on 
beta diversity indices) between gravidae with type 1 dia-
betes and control gravidae in the third trimester of preg-
nancy has been found [8]. In addition, in the TEDDY and 
ABIS studies, some gut bacteria were found to precede 
seroconversion and diagnosis of type 1 diabetes [17, 20]. 
In another study of eight women, an association of a ‘prev-
alent’ maternal vaginal microbiome (measured up to 11 
years after pregnancy) with the occurrence of type 1 diabe-
tes in their offspring was demonstrated [22]. In our study, 
an influence of type 1 diabetes on the overall microbial 

Fig. 3  Microbiome variation explained by all confounding vari-
ables evaluated in the maternal vaginal introitus (type 1 diabetes, 
n=50 vs control, n=41), vaginal canal (type 1 diabetes, n=50 vs 
control, n=41), cervix (type 1 diabetes, n=50 vs control, n=41) and 
rectum (type 1 diabetes, n=44 vs control, n=40) as well as neonatal 
stool samples (type 1 diabetes, n=42 vs control, n=31) and ear-skin 
swabs (type 1 diabetes, n=42 vs control, n=39). The goodness-of-fit 
statistic R2, used to determine the percentage of microbiome varia-
tion explained by a variable, was calculated using multiple regres-
sion of environmental vectors and factors as dependent variables 
against ordination axes of variance stabilising transformation (VST)-
transformed Euclidean sample distances as explanatory variables. 
To adjust for multiple comparisons, the significance of the correla-
tion coefficients was tested using Monte Carlo permutational test-
ing (n=999). See ESM Table 5 for a full list of the observed differ-
ences. Across neonatal ear-skin samples, the microbiome variation 

was explained by the following covariates: maternal use of probiotics 
containing Bifidobacterium, maternal type 1 diabetes status, severity/
duration of maternal disease (White classification B/C/D for type 1 
diabetes) and SGA birthweight. The covariates with statistical sig-
nificance for maternal rectum samples were type 1 diabetes status, 
breastfeeding and SGA birthweight. For maternal cervix samples, 
pre-pregnancy BMI was the main explanatory covariate for micro-
biome variation. *p≤0.05, **p≤0.01, ***p≤0.001. B, pregestational 
diabetes onset after 20 years of age or duration <10 years; C, preges-
tational diabetes onset between 10 and 19 years of age or duration 
of 10–19 years; D, pregestational diabetes onset before 10 years of 
age or duration >20 years or retinopathy or hypertension; R, preges-
tational diabetes with proliferative retinopathy or haemorrhage to the 
vitreous; RF, pregestational diabetes with proliferative retinopathy 
or haemorrhage to the vitreous, nephropathy and proteinuria before 
pregnancy >0.5 g/24 h
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composition was revealed in maternal rectum swabs 
and neonatal stool samples only, and in a more detailed 
analysis we identified the microbiota associated with the 
disease. In the TEDDY study, five bacterial genera were 
associated with type 1 diabetes onset (development of islet 
autoimmunity) in early childhood, with Parabacteroides 
the most statistically significant (p<0.001). Moreover, 
16 bacterial genera were less abundant in children with 
type 1 diabetes, including five unclassified genera of the 
family Ruminococcaceae and Lactococcus, Streptococcus 
and Akkermansia [16]. In our study, Parabacteroides was 
also found to be over-represented (in the cervix; p<0.001) 
while Streptococcus was under-represented (in the vaginal 
canal; p<0.001) in samples derived from women with type 
1 diabetes. Although the presence of these pathogenic gen-
era remains to be further elucidated, this finding might not 
be incidental. For example, Sneathia, which in our study 
was over-represented in the rectum swabs, vaginal canal 
and cervix of women with type 1 diabetes, has been char-
acterised as an emerging pathogen (Sneathia amnii) that 
may affect pregnancy outcomes [40]. Importantly, in our 
study, seven of the microbiota genera specific for women 

with type 1 diabetes were found in their neonates. These 
findings were not attributable to maternal weight or parity.

To further explore the effect of glycaemic control on 
microbiota composition, we investigated the effects of 
maternal  HbA1c levels.  HbA1c levels measured just before 
delivery did not influence the microbiota composition 
(maternal or neonatal); however, glycaemic dysregulation 
before pregnancy (represented by  HbA1c levels in the first 
trimester of pregnancy) may influence offspring microbiota 
community composition in the long term. Based on our 
results, we assume that the maternal microbiomes in women 
with type 1 diabetes contributed, to an unknown extent, to 
the establishment of the neonatal microbiomes in utero.

There are a growing number of reports suggesting that 
Caesarean delivery per se is not associated with any appreci-
able differences in neonatal microbiota compared with vagi-
nal delivery [36, 41–45]. Here, in line with studies reporting 
that there is an association [35, 36, 38, 39], we confirmed an 
influence of delivery mode on microbiota composition in the 
neonatal samples assessed.

Previously, no differences were found between the 
microbiota composition of neonates within 24 h of the 

a b

Fig. 4  Contribution of maternal microbiomes originating from 
the vaginal introitus, vaginal canal, cervix and rectum (considered 
‘sources’ in the microbiota transfer, presented as outside nodes) 
to microbial communities in neonates (stool samples and ear-skin 
swabs, considered ‘sinks’ in the microbiota transfer, presented as 
inside nodes). SourceTracker2-derived contributions evaluated by 
maternal type 1 diabetes status and delivery mode: (a) control (n=31) 
and (b) type 1 diabetes (n=42). The numbers on the lines represent 
mean contributions (%). Mean values are in the range 0.3–83.9% 

(100% represents full contribution from a source to a sink, whereas 
0% represents no contribution). A statistically significant (ANOVA 
with a Tukey’s HSD post hoc test, p<0.05) increase in maternal con-
tributions to the neonatal ear-skin microbiome from the rectum and 
a decrease in contributions from the cervix were found when com-
paring vaginally delivered neonates of mothers with type 1 diabetes 
with vaginally delivered neonates born to control mothers. See ESM 
Table 8 for a full list of observed differences
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administration of antibiotics (cephalosporins) to mothers as 
Caesarean section prophylaxis and the microbiota composi-
tion of neonates born vaginally without intrapartum antibiot-
ics [46]. However, in prospective studies, an impact of intra-
partum antibiotics on infant gut microbiota composition and 
maturation was reported, characterised by lower abundances 
of Bacteroides after penicillin administration and Bifido-
bacterium after cephalosporin administration, as well as 
enrichment of Veillonella dispar after multi-drug interven-
tion [37]. Here, no statistically significant differences were 
found between the women with type 1 diabetes and control 
women in the number of antibiotics administered and the 
percentage receiving antibiotic prophylaxis, but prophylaxis 
itself influenced the composition of the neonatal microflora, 
regardless of maternal type 1 diabetes status.

Little is known about the effects of maternal diet dur-
ing pregnancy on maternal/neonatal microbiota. Informa-
tion on dietary aspects in the gravidae with type 1 diabetes 
examined in this study is discussed in detail elsewhere [32]. 
Women with type 1 diabetes consumed less carbohydrate 
and more protein than control women, and the percent-
age of energy derived from carbohydrates was decreased 
in their diet while the percentage of energy derived from 
proteins was increased. These results appear to be related to 
the differences in microbiota composition between the two 
groups of pregnant women assessed. Concerning the diets 
of gravidae and prophylactic supplementation, in line with 
the results of the ENDIA study [8], we found that Bifido-
bacterium was under-represented in samples derived from 
women with type 1 diabetes. Our subsequent analysis indi-
cated that consumption of probiotics with Bifidobacterium 
may influence the neonatal microbiome composition, but 
further studies are needed to verify this finding.

Vertical transmission of microbiomes from mothers to 
fetuses [43], as well as direct bacterial transfer from moth-
ers to infants [16], have been investigated previously. In our 
study, substantial microbiota transfer from the maternal 
rectum to neonatal samples was identified. In contrast to a 
previous study [41], we found an increased contribution of 
maternal microbiota (rectum) to neonates (stool samples) 
in those born by Caesarean section compared with those 
born vaginally. In the study by Bogaert et al, covering the 30 
first days of life, on average, 58.5% of the infant microbiota 
was found to be attributed to maternal sources [41]. Here, 
we found that, on average, 81% of neonatal microbiota can 
be attributed to maternal sources, with a predominance of 
the rectal microbiome (69%). No substantial relationship 
was found when assessing the transfer of microbiota from 
the maternal reproductive tract to neonates. In summary, 
therefore, the transfer of microbiota from the maternal repro-
ductive tract to neonates was limited and from the maternal 
rectum to neonates was substantial, and in both cases was 
specific for each maternal–neonatal dyad. In addition, in a 

previous study, overlap between maternal vaginal micro-
biota and infant faecal microbiota was found to be mini-
mal, in contrast to overlap with maternal rectal microbiota 
[47]. Ferretti et al also showed that maternal gut microbiota 
were more persistent in infants’ gut and ecologically better 
adapted than bacteria acquired from other sources [38].

Study strengths

We designed the study so that all biological samples were 
collected from the same hospital and wards and, moreover, 
the same clinical staff collected and processed all of the sam-
ples. Moreover, as ethnic origin is important in the context 
of microbiomes [48], in this study we included participants 
with the same ethnicity. We comprehensively analysed four 
maternal sampling sites and two at-birth neonatal sampling 
sites, taking into account detailed clinical metadata and 
paired mother-to-neonate microbial transfer.

Study weaknesses

A weakness of this study is that only selected maternal and 
neonatal microbiomes were evaluated. In our study we did not 
include positive mock controls or samples from the hospital 
environment; however, we did assess negative controls in each 
molecular experiment. The experimental reagents were certified 
for low bioburden and have been validated for bias-free micro-
bial DNA extraction (by the manufacturer, Zymo Research). As 
the outcomes of metagenomics studies are not very quantifiable 
(cut-off points for the interpretation of basic clinical research 
data have not been established) and, moreover, some factors 
influencing the microflora in microbiomes remain unidentified, 
we could not further interpret the results obtained.

Conclusion

In summary, in this study we characterised various microbi-
omes and identified the microbiota specific for type 1 diabe-
tes in both mothers and their neonates. Our study provides 
evidence for the influence of maternal type 1 diabetes on 
neonatal microbiomes. Although the status of type 1 dia-
betes cannot be changed, our results provide further argu-
ments in favour of normalising  HbA1c and BMI levels when 
planning a pregnancy. Subsequent longitudinal studies of 
neonates born to mothers with type 1 diabetes should be 
conducted to further characterise the stability of neonatal 
colonisation by microbiota associated with maternal disease.

Supplementary Information The online version contains peer-
reviewed but unedited supplementary material available at https:// 
doi. org/ 10. 1007/ s00125- 023- 06047-7.

Acknowledgements We thank the participants who took part in this 
study. MG was a recipient of a scholarship from the Kosciuszko Foun-

https://doi.org/10.1007/s00125-023-06047-7
https://doi.org/10.1007/s00125-023-06047-7


Diabetologia 

1 3

dation (the Kosciuszko Foundation Exchange to the US Program, 
2019–2020), with training carried out in the Department of Obstet-
rics & Gynecology at the Baylor College of Medicine, Houston, TX, 
USA. Special thanks to K. M. Aagaard and M. Jochum (Department of 
Obstetrics & Gynecology at the Baylor College of Medicine, Houston, 
TX, USA) for the opportunity to analyse the raw sequencing data for 
the assessed biological samples and their involvement in the generation 
of tables and figures for this project.

Data availability The BioProject (PRJNA961636) and associated SRA 
metadata are available at http:// www. ncbi. nlm. nih. gov/ biopr oject/ 
961636. Processed data on probiotic supplementation and the PICRUSt 
analysis are available in the Mendeley Data Repository (https:// doi. org/ 
10. 17632/ g68rw nnrfk.1).

Funding This study was supported by the Polish Diabetes Associa-
tion, the Professor Artur Czyżyk’ Scientific Grants, 2015 and 2017 (to 
PG) and the Poznan University of Medical Sciences, grant no. 502-
01-01110142-05618 (to EWO), grant no. 502-14-03301402-09911 
(to DK), and budget no. 2762 (to MG). Computational calculations 
were partly performed at the Poznan Supercomputing and Network-
ing Center (grant no. PSNC-534, to MG). The study funders were not 
involved in the design of the study, the collection, analysis and inter-
pretation of the data or writing of the report, and did not impose any 
restrictions regarding the publication of the report.

Authors’ relationships and activities The authors declare that there are 
no relationships or activities that might bias, or be perceived to bias, 
their work.

Contribution statement MG, EW-O, PG and RP designed the study. 
PG, EW-O and TS carried out participant recruitment and diagnosis. 
PG, EW-O, TS, DK and GK participated in sample collection and the 
participant surveys. PG, KJ, DK, TS and MG generated the metadata. 
KJ extracted the microbial DNA and generated the 16S rRNA libraries. 
MR and KJ generated and processed the raw sequencing data. MG and 
KJ performed the data analysis. MG, KJ, PG and EW-O interpreted 
the data. GK and JP performed the nutritional assessment. KJ and 
MG generated the figures and MG and KJ wrote the paper. All authors 
contributed to critical revisions and approved the final version for pub-
lication. MG is the guarantor of this work and, as such, had full access 
to all the data in the study and takes responsibility for the integrity of 
the data and the accuracy of the data analysis.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Evers IM, de Valk HW, Visser GHA (2004) Risk of complica-
tions of pregnancy in women with type 1 diabetes: nationwide 

prospective study in the Netherlands. BMJ 328(7445):915. https:// 
doi. org/ 10. 1136/ bmj. 38043. 583160. EE

 2. Helman S, James-Todd TM, Wang Z et al (2020) Time trends in 
pregnancy-related outcomes among women with type 1 diabetes 
mellitus, 2004–2017. J Perinatol 40(8):1145–1153. https:// doi. org/ 
10. 1038/ s41372- 020- 0698-x

 3. Macintosh MCM, Fleming KM, Bailey JA et al (2006) Perinatal 
mortality and congenital anomalies in babies of women with type 
1 or type 2 diabetes in England, Wales, and Northern Ireland: 
population based study. BMJ 333(7560):177. https:// doi. org/ 10. 
1136/ bmj. 38856. 692986. AE

 4. Persson M, Norman M, Hanson U (2009) Obstetric and perinatal 
outcomes in type 1 diabetic pregnancies: a large, population-based 
study. Diabetes Care 32(11):2005–2009. https:// doi. org/ 10. 2337/ 
dc09- 0656

 5. Murphy HR, Bell R, Cartwright C et al (2017) Improved preg-
nancy outcomes in women with type 1 and type 2 diabetes but 
substantial clinic-to-clinic variations: a prospective nationwide 
study. Diabetologia 60(9):1668–1677. https:// doi. org/ 10. 1007/ 
s00125- 017- 4314-3

 6. Coton SJ, Nazareth I, Petersen I (2016) A cohort study of trends 
in the prevalence of pregestational diabetes in pregnancy recorded 
in UK general practice between 1995 and 2012. BMJ Open 
6(1):e009494. https:// doi. org/ 10. 1136/ bmjop en- 2015- 009494

 7. Bandala-Sanchez E, Roth-Schulze AJ, Oakey H et  al (2022) 
Women with type 1 diabetes exhibit a progressive increase in gut 
Saccharomyces cerevisiae in pregnancy associated with evidence 
of gut inflammation. Diabetes Res Clin Pract 184:109189. https:// 
doi. org/ 10. 1016/j. diabr es. 2022. 109189

 8. Roth-Schulze AJ, Penno MAS, Ngui KM et al (2021) Type 1 
diabetes in pregnancy is associated with distinct changes in the 
composition and function of the gut microbiome. Microbiome 
9(1):167. https:// doi. org/ 10. 1186/ s40168- 021- 01104-y

 9. Simonsen JR, Harjutsalo V, Järvinen A et al (2015) Bacterial 
infections in patients with type 1 diabetes: a 14-year follow-up 
study. BMJ Open Diabetes Res Care 3(1):e000067. https:// doi. 
org/ 10. 1136/ bmjdrc- 2014- 000067

 10. van Heck JIP, Gacesa R, Stienstra R et al (2022) The gut microbi-
ome composition is altered in long-standing type 1 diabetes and 
associates with glycemic control and disease-related complica-
tions. Diabetes Care 45(9):2084–2094. https:// doi. org/ 10. 2337/ 
dc21- 2225

 11. Koren O, Goodrich JK, Cullender TC et al (2012) Host remodeling 
of the gut microbiome and metabolic changes during pregnancy. 
Cell 150(3):470–480. https:// doi. org/ 10. 1016/j. cell. 2012. 07. 008

 12. Rafat D, Singh S, Nawab T, Khan F, Khan AU, Khalid S (2022) 
Association of vaginal dysbiosis and gestational diabetes mel-
litus with adverse perinatal outcomes. Int J Gynaecol Obstet 
158(1):70–78. https:// doi. org/ 10. 1002/ ijgo. 13945

 13. Soderborg TK, Clark SE, Mulligan CE et al (2018) The gut micro-
biota in infants of obese mothers increases inflammation and sus-
ceptibility to NAFLD. Nat Commun 9(1):4462. https:// doi. org/ 10. 
1038/ s41467- 018- 06929-0

 14. Soderborg TK, Carpenter CM, Janssen RC et al (2020) Gestational 
diabetes is uniquely associated with altered early seeding of the 
infant gut microbiota. Front Endocrinol (Lausanne) 11:603021. 
https:// doi. org/ 10. 3389/ fendo. 2020. 603021

 15. Su M, Nie Y, Shao R et al (2018) Diversified gut microbiota in 
newborns of mothers with gestational diabetes mellitus. PLoS One 
13(10):e0205695. https:// doi. org/ 10. 1371/ journ al. pone. 02056 95

 16. Stewart CJ, Ajami NJ, O’Brien JL et al (2018) Temporal develop-
ment of the gut microbiome in early childhood from the TEDDY 
study. Nature 562(7728):583–588. https:// doi. org/ 10. 1038/ 
s41586- 018- 0617-x

 17. Vatanen T, Franzosa EA, Schwager R et al (2018) The human 
gut microbiome in early-onset type 1 diabetes from the TEDDY 

http://www.ncbi.nlm.nih.gov/bioproject/961636
http://www.ncbi.nlm.nih.gov/bioproject/961636
https://doi.org/10.17632/g68rwnnrfk.1
https://doi.org/10.17632/g68rwnnrfk.1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/bmj.38043.583160.EE
https://doi.org/10.1136/bmj.38043.583160.EE
https://doi.org/10.1038/s41372-020-0698-x
https://doi.org/10.1038/s41372-020-0698-x
https://doi.org/10.1136/bmj.38856.692986.AE
https://doi.org/10.1136/bmj.38856.692986.AE
https://doi.org/10.2337/dc09-0656
https://doi.org/10.2337/dc09-0656
https://doi.org/10.1007/s00125-017-4314-3
https://doi.org/10.1007/s00125-017-4314-3
https://doi.org/10.1136/bmjopen-2015-009494
https://doi.org/10.1016/j.diabres.2022.109189
https://doi.org/10.1016/j.diabres.2022.109189
https://doi.org/10.1186/s40168-021-01104-y
https://doi.org/10.1136/bmjdrc-2014-000067
https://doi.org/10.1136/bmjdrc-2014-000067
https://doi.org/10.2337/dc21-2225
https://doi.org/10.2337/dc21-2225
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1002/ijgo.13945
https://doi.org/10.1038/s41467-018-06929-0
https://doi.org/10.1038/s41467-018-06929-0
https://doi.org/10.3389/fendo.2020.603021
https://doi.org/10.1371/journal.pone.0205695
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1038/s41586-018-0617-x


 Diabetologia

1 3

study. Nature 562(7728):589–594. https:// doi. org/ 10. 1038/ 
s41586- 018- 0620-2

 18. Vaarala O, Atkinson MA, Neu J (2008) The “perfect storm” 
for type 1 diabetes: the complex interplay between intestinal 
microbiota, gut permeability, and mucosal immunity. Diabetes 
57(10):2555–2562. https:// doi. org/ 10. 2337/ db08- 0331

 19. Endesfelder D, zu Castell W, Ardissone A et al (2014) Compro-
mised gut microbiota networks in children with anti-islet cell 
autoimmunity. Diabetes 63(6):2006–2014. https:// doi. org/ 10. 
2337/ db13- 1676

 20. Bélteky M, Milletich PL, Ahrens AP, Triplett EW, Ludvigsson 
J (2023) Infant gut microbiome composition correlated with 
type 1 diabetes acquisition in the general population: the ABIS 
study. Diabetologia 66(6):1116–1128. https:// doi. org/ 10. 1007/ 
s00125- 023- 05895-7

 21. Dobbler P, Mai V, Procianoy RS, Silveira RC, Corso AL, Roesch 
LFW (2019) The vaginal microbial communities of healthy 
expectant Brazilian mothers and its correlation with the new-
born’s gut colonization. World J Microbiol Biotechnol 35(10):159. 
https:// doi. org/ 10. 1007/ s11274- 019- 2737-3

 22. Tejesvi MV, Nissi R, Saravesi K et al (2019) Association of 
prevalent vaginal microbiome of mother with occurrence of type 
I diabetes in child. Sci Rep 9(1):959. https:// doi. org/ 10. 1038/ 
s41598- 018- 37467-w

 23. Araszkiewicz A, Bandurska-Stankiewicz E, Borys S et al (2021) 
2021 Guidelines on the management of patients with diabetes. A 
position of Diabetes Poland. Clin Diabetol 10(1):1–113. https:// 
doi. org/ 10. 5603/ DK. 2021. 0001

 24. Wądołowska L (2005) Validation of food frequency question-
naire (FFQ). Reproducibility assessment. Bromat Chem Toksykol 
38(1):27–33

 25. Wickham H (2016) ggplot2: elegant graphics for data analysis, 
2nd edn. Springer, Cham, Switzerland. https:// doi. org/ 10. 1007/ 
978-3- 319- 24277-4_9

 26. Knights D, Kuczynski J, Charlson ES et al (2011) Bayesian com-
munity-wide culture-independent microbial source tracking. Nat 
Methods 8(9):761–763. https:// doi. org/ 10. 1038/ nmeth. 1650

 27. R Core Team (2022) R Core Team (2022) R: a language and 
environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. Available from https:// www.R- proje 
ct. org. Accessed 22 Oct 2023

 28. Kassambra A (2023) ggpubr: 'ggplot2' based publication ready 
plots. Available from https:// CRAN.R- proje ct. org/ packa ge= 
ggpubr. Accessed 22 Oct 2023

 29. Kolde R (2019) pheatmap: pretty heatmaps. R package version 
1.0.12. Available from https:// cran.r- proje ct. org/ web/ packa ges/ 
pheat map/ index. html. Accessed 22 Oct 2023.

 30. Oksanen J, Blanchet FG, Friendly M et al (2020) vegan: com-
munity ecology package version 2.5-7 Available from https:// 
CRAN.R- proje ct. org/ packa ge= vegan. Accessed 22 Oct 2023

 31. McMurdie PJ, Holmes S (2013) phyloseq: an R package for repro-
ducible interactive analysis and graphics of microbiome census 
data. PLoS ONE 8(4):e61217. https:// doi. org/ 10. 1371/ journ al. 
pone. 00612 17

 32. Gutaj P, Morawska A, Kosewski G, Kamińska D, Jaśkiewicz K, 
Przysławski J (2020) Dietary habits of pregnant women with type 
1 diabetes: do they differ from healthy controls? Pol Arch Intern 
Med 130(12):1107–1110. https:// doi. org/ 10. 20452/ pamw. 15671

 33. Gadzinowski J, Kaliszewska-Drozdowska MD, Kosińska M, 
Mazela J, Stoińska B (2003) Birth weight and gestational age of 
newborns from Wielkopolski and Lubuski regions. Ginekol Pol 
74(3):186–192

 34. Wender-Ożegowska E, Bomba-Opoń D, Brązert J et al (2018) 
Standards of Polish Society of Gynecologists and Obstetricians in 
management of women with diabetes. Ginekol Pol 89(6):341–350. 
https:// doi. org/ 10. 5603/ GP. a2018. 0059

 35. Bäckhed F, Roswall J, Peng Y et al (2015) Dynamics and stabili-
zation of the human gut microbiome during the first year of life. 
Cell Host Microbe 17(5):690–703. https:// doi. org/ 10. 1016/j. chom. 
2015. 04. 004

 36. Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard 
KM (2017) Maturation of the infant microbiome community 
structure and function across multiple body sites and in relation 
to mode of delivery. Nat Med 23(3):314–326. https:// doi. org/ 10. 
1038/ nm. 4272

 37. Coker MO, Hoen AG, Dade E et al (2020) Specific class of intra-
partum antibiotics relates to maturation of the infant gut micro-
biota: a prospective cohort study. BJOG 127(2):217–227. https:// 
doi. org/ 10. 1111/ 1471- 0528. 15799

 38. Ferretti P, Pasolli E, Tett A et al (2018) Mother-to-infant micro-
bial transmission from different body sites shapes the develop-
ing infant gut microbiome. Cell Host Microbe 24(1):133-145.e5. 
https:// doi. org/ 10. 1016/j. chom. 2018. 06. 005

 39. Jokela R, Korpela K, Jian C et al (2022) Quantitative insights into 
effects of intrapartum antibiotics and birth mode on infant gut 
microbiota in relation to well-being during the first year of life. 
Gut Microbes 14(1):2095775. https:// doi. org/ 10. 1080/ 19490 976. 
2022. 20957 75

 40. Gentile GL, Rupert AS, Carrasco LI et al (2020) Identifica-
tion of a cytopathogenic toxin from Sneathia amnii. J Bacteriol 
202(13):e00162-20. https:// doi. org/ 10. 1128/ JB. 00162- 20

 41. Bogaert D, van Beveren GJ, de Koff EM et al (2023) Mother-to-
infant microbiota transmission and infant microbiota development 
across multiple body sites. Cell Host Microbe 31(3):447-460.e6. 
https:// doi. org/ 10. 1016/j. chom. 2023. 01. 018

 42. Hu J, Nomura Y, Bashir A et al (2013) Diversified microbiota 
of meconium is affected by maternal diabetes status. PLoS One 
8(11):e78257. https:// doi. org/ 10. 1371/ journ al. pone. 00782 57

 43. Liu C-J, Liang X, Niu Z-Y et al (2019) Is the delivery mode a 
critical factor for the microbial communities in the meconium? 
eBioMedicine 49:354–363. https:// doi. org/ 10. 1016/j. ebiom. 2019. 
10. 045

 44. Sassin AM, Johnson GJ, Goulding AN, Aagaard KM (2022) 
Crucial nuances in understanding (mis)associations between the 
neonatal microbiome and Cesarean delivery. Trends Mol Med 
28(10):806–822. https:// doi. org/ 10. 1016/j. molmed. 2022. 07. 005

 45. Wang J, Zheng J, Shi W et  al (2018) Dysbiosis of maternal 
and neonatal microbiota associated with gestational diabe-
tes mellitus. Gut 67(9):1614–1625. https:// doi. org/ 10. 1136/ 
gutjnl- 2018- 315988

 46. Dominguez-Bello MG, Costello EK, Contreras M et al (2010) 
Delivery mode shapes the acquisition and structure of the initial 
microbiota across multiple body habitats in newborns. Proc Natl 
Acad Sci U S A 107(26):11971–11975. https:// doi. org/ 10. 1073/ 
pnas. 10026 01107

 47. Sakwinska O, Foata F, Berger B et al (2017) Does the maternal 
vaginal microbiota play a role in seeding the microbiota of neona-
tal gut and nose? Benef Microbes 8(5):763–778. https:// doi. org/ 
10. 3920/ BM2017. 0064

 48. Dwiyanto J, Hussain MH, Reidpath D et al (2021) Ethnicity influ-
ences the gut microbiota of individuals sharing a geographical 
location: a cross-sectional study from a middle-income country. 
Sci Rep 11(1):2618. https:// doi. org/ 10. 1038/ s41598- 021- 82311-3

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.2337/db08-0331
https://doi.org/10.2337/db13-1676
https://doi.org/10.2337/db13-1676
https://doi.org/10.1007/s00125-023-05895-7
https://doi.org/10.1007/s00125-023-05895-7
https://doi.org/10.1007/s11274-019-2737-3
https://doi.org/10.1038/s41598-018-37467-w
https://doi.org/10.1038/s41598-018-37467-w
https://doi.org/10.5603/DK.2021.0001
https://doi.org/10.5603/DK.2021.0001
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.1038/nmeth.1650
https://www.R-project.org
https://www.R-project.org
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.20452/pamw.15671
https://doi.org/10.5603/GP.a2018.0059
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1038/nm.4272
https://doi.org/10.1038/nm.4272
https://doi.org/10.1111/1471-0528.15799
https://doi.org/10.1111/1471-0528.15799
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1080/19490976.2022.2095775
https://doi.org/10.1080/19490976.2022.2095775
https://doi.org/10.1128/JB.00162-20
https://doi.org/10.1016/j.chom.2023.01.018
https://doi.org/10.1371/journal.pone.0078257
https://doi.org/10.1016/j.ebiom.2019.10.045
https://doi.org/10.1016/j.ebiom.2019.10.045
https://doi.org/10.1016/j.molmed.2022.07.005
https://doi.org/10.1136/gutjnl-2018-315988
https://doi.org/10.1136/gutjnl-2018-315988
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.3920/BM2017.0064
https://doi.org/10.3920/BM2017.0064
https://doi.org/10.1038/s41598-021-82311-3


Diabetologia 

1 3

Authors and Affiliations

Marzena Gajecka1,2  · Pawel Gutaj3  · Katarzyna Jaskiewicz2  · Malgorzata Rydzanicz4  · Tomasz Szczapa5  · 
Dorota Kaminska1  · Grzegorz Kosewski6  · Juliusz Przyslawski6  · Rafal Ploski4  · Ewa Wender‑Ozegowska3 

 * Marzena Gajecka 
 gamar@man.poznan.pl

1 Chair and Department of Genetics and Pharmaceutical 
Microbiology, Poznan University of Medical Sciences, 
Poznan, Poland

2 Institute of Human Genetics, Polish Academy of Sciences, 
Poznan, Poland

3 Department of Reproduction, Poznan University of Medical 
Sciences, Poznan, Poland

4 Department of Medical Genetics, Medical University 
of Warsaw, Warsaw, Poland

5 Department of Neonatology, Poznan University of Medical 
Sciences, Poznan, Poland

6 Chair and Department of Bromatology, Poznan University 
of Medical Sciences, Poznan, Poland

http://orcid.org/0000-0001-7468-2604
http://orcid.org/0000-0003-2885-9792
http://orcid.org/0000-0002-6380-5119
http://orcid.org/0000-0002-6969-0535
http://orcid.org/0000-0002-5214-2719
http://orcid.org/0000-0001-5934-1115
http://orcid.org/0000-0002-6380-7704
http://orcid.org/0000-0001-9205-2817
http://orcid.org/0000-0001-6286-5526
http://orcid.org/0000-0002-5492-8651

	Effects of maternal type 1 diabetes and confounding factors on neonatal microbiomes
	Abstract
	Aimshypothesis 
	Methods 
	Results 
	Conclusionsinterpretation 
	Data availability 

	Introduction
	Methods
	Participant ascertainment
	Sample collection, processing and storage
	16S rRNA gene sequencing and data analysis
	Statistical analyses

	Results
	Clinical characteristics of maternal–neonatal dyads
	Maternal microbiome community composition and bacteria associated with type 1 diabetes
	Neonatal microbiome community composition and bacteria associated with type 1 diabetes
	Differences in microbiota composition caused by confounding variables
	Impact of glycaemic control on the maternal and neonatal microbiome communities
	Computed microbiota transfer from maternal to neonatal microbiomes

	Discussion
	Study strengths
	Study weaknesses
	Conclusion

	Anchor 25
	References


