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Alterations in maternal-fetal gut and amniotic 2
fluid microbiota associated with fetal growth
restriction
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Abstract

Background Fetal growth restriction (FGR) is typically characterised as the fetus'inability to reach its inherent
growth potential. A growing body of evidence points to the important role of the maternal gut microbiota in FGR
development. However, comprehensive research on changes in maternal—fetal gut and intrauterine microbiota
related to FGR is lacking.

Methods In this case—control study, we sequenced bacterial 16S rRNA from 35 maternal faecal, 35 meconium, and
31 amniotic fluid samples collected from 19 pregnant women diagnosed with FGR and 16 healthy controls. We
identified putative bacterial taxonomic and functional characteristics associated with FGR by comparing these to
control samples.

Results We identified 34 differential operational taxonomic units (OTUs) in amniotic fluid, seven differential OTUs
in maternal faecal matter, and two differential OTUs in meconium. Compared to controls, FGR subjects exhibited
enriched bacterial OTUs of the genus Bacteroides in the maternal gut. They also had depleted OTUs of the order
Enterobacterales and genus Pseudomonas in the amniotic fluid and genus Stenotrophomonas in the fetal gut. These
altered bacterial OTUs showed a significant correlation with neonatal weight and fetal ultrasonographic indexes.
Additionally, we identified differential microbial functional pathways related to glycan and lipid metabolism in the
maternal gut. We developed diagnostic biomarkers for FGR based on the maternal—fetal gut and amniotic fluid
microbiota.

Conclusions This study offers a comprehensive overview of the shifts in microbial composition and functional
pathways in the maternal-fetal gut and amniotic fluid microbiota related to FGR, and present novel insights into the
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development and screening of FGR. However, the assessment of contamination’s impact on meconium and amniotic
fluid remains inconclusive, necessitating further rigorous experimentation to address this scientific inquiry in future

studies.
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Introduction

Fetal growth restriction (FGR) is defined as the failure
of the fetus to reach its genetic growth potential, often
evaluated as an estimated fetal weight or abdominal cir-
cumference that falls below the 10th percentile for the
gestational age, as determined by ultrasound [1]. Glob-
ally, the incidence rate of FGR ranges from 3 to 9%, with
20~50% of stillbirths associated with FGR [2, 3]. This
condition increases the risk of perinatal morbidity and
mortality, and also heightens the risk of cardiovascu-
lar and metabolic diseases such as obesity and impaired
glucose tolerance in children or adults post birth [4-6].
Given the adverse effects of FGR on perinatal and long-
term postnatal outcomes, there is an urgent need for
additional studies to explore novel molecular mecha-
nisms of FGR and identify potential biomarkers for its
diagnosis.

Microbial colonisation plays a vital role in immunologi-
cal and physiological development [7]. The human gut
microbiota significantly influences various diseases and is
crucial for immunity, metabolism, and nutrient absorp-
tion. A growing body of research suggests that dysbiosis
in maternal gut microbiota could contribute to maternal
and fetal complications, such as gestational diabetes mel-
litus (GDM), preeclampsia, and preterm birth [8-12].
Recent studies suggest that FGR may be associated with
distinct characteristics of maternal gut, placental and
intrauterine microbiota [13-16]. Disorders in maternal
intestinal flora can incite systemic and placental inflam-
matory responses and insulin resistance, leading to pla-
cental chorioamnionitis, which in turn damages placental
vascular endothelial cells and impairs placental function,
thereby affecting fetal development and resulting in low
fetal weight [17]. Experiments with pregnant mice trans-
planted with microbiota from FGR mothers have resulted
in FGR and placental dysfunction [13]. However, con-
siderable knowledge gaps persist regarding the differ-
ences in maternal-fetal gut and amniotic fluid microbiota
composition between FGR and normal pregnancies,
and concrete data on the relationship between fetal gut
microbiota and FGR remain scarce.

In this study, we conducted a case—control study using
16S rRNA gene sequencing to identify changes in mater-
nal—fetal gut and amniotic fluid microbiota in pregnant
women with FGR compared with those in healthy preg-
nancies. Our aim was to explore the role of these altera-
tions in the development of FGR.

Methods

Study design and participants

This study received approval from the Internal Ethics
Committee of Zhujiang Hospital, Southern Medical Uni-
versity, Guangzhou, China (No. 2022-KY-186-01). All
participants provided written informed consent before
enrolment. Samples were collected from singleton preg-
nant women who underwent elective caesarean sections
at Zhujiang Hospital of Southern Medical University, the
Seventh Affiliated Hospital of Southern Medical Uni-
versity, and the Second People’s Hospital of Qingyuan
City. The caesarean section indications were restricted
to advanced maternal age, abnormal presentation,
repeat caesarean section, and social factors. For the FGR
group, indications also included fetal abnormalities such
as abnormal fetal heart rate and umbilical blood flow
abnormalities.

Exclusion criteria encompassed pregnant women who
were carrying twins or multiple pregnancies; had preg-
nancy complications; had fetal or neonatal abnormalities;
were exposed to tobacco or alcohol during pregnancy;
had premature rupture of membranes; or had taken
antibiotics or other drugs that could affect microbiome
diversity before sample collection. The FGR group inclu-
sion criteria, referencing expert consensus and Chinese
birth weight references [4, 18], were as follows: (1) birth
weight<10th percentile for gestational age, with pre-
natal evidence of uterine placental insufficiency defined
as an umbilical or uterine artery pulsatility index>95th
percentile or absent end-diastolic flow in the umbili-
cal artery (<32 weeks gestation) or cerebroplacental
ratio<5th percentile (=32 weeks gestation); and/or with
abdominal circumference (AC)<10th percentile; or (2)
birth weight <3rd percentile. Healthy controls were those
with fetal growth appropriate for the gestational age
(birth weight between the 10th and 90th percentile). A
total of 35 mother—infant pairs (19 FGR and 16 controls)
were included for the final analysis.

Sample collection and DNA extraction

Maternal faecal samples were collected within 24 h before
delivery. Amniotic fluid samples (~ 10 mL) were collected
using sterile syringes before the complete rupture of
the amniotic cavity during caesarean section. First-pass
meconium samples (~20 g) were collected by doctors
from nappies (diapers) within the first few hours to 24 h
of birth. All samples were immediately stored at —80°C
until DNA extraction. DNA from maternal and neonatal
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faecal samples was extracted using the MagaBio Soil and
Feces Genomic DNA Purification Kit (Bioer Technology,
Huangzhou, China), and from amniotic fluid samples
using the Bacterial DNA Extraction Mini Kit (Mabio
Biotechnology Co., Ltd., Guangzhou, China). DNA qual-
ity and quantity were assessed using a NanoDrop™ One
spectrophotometer (Thermo Fisher Scientific, MA,
USA), according to the manufacturer’s instructions.

16S rRNA amplification sequencing

The hypervariable region V4 of the bacterial 16S rRNA
gene was amplified using specific primers (forward
primer 515F: 5'-GTGCCAGCMGCCGCGGTAA-3" and
reverse primer 806R: 5-GGACTACHVGGGTWTC-
TAAT-3’) with unique 12-bp barcodes. Amplification
was performed with TaKaRa Premix Taq® Version 2.0
(TaKaRa Biotechnology Co. Ltd., Dalian, China) on a
BioRad S1000 PCR thermocycler (Bio-Rad Laboratory,
Hercules, CA, USA) according to the manufacturer’s
instructions. The PCR product’s length and concentra-
tion were assessed using 1% agarose gel electrophoresis.
The PCR products were mixed equidensity-wise using
GeneTools Analysis Software (ver. 4.03.05.0; SynGene,
Bengaluru, India) and purified with E.Z.N.A. Gel Extrac-
tion Kit (Omega Bio-tek, Norcross, GA, USA). Sequenc-
ing libraries were generated using the NEBNext® Ultra™
II DNA Library Prep Kit for Illumina (New England Bio-
labs, Ipswich, MA, USA) and sequenced on an Nova 6000
platform (Illumina, San Diego, CA, USA). The blank con-
trols underwent the same operational procedures as the
experimental group, including sample acquisition, use
of sterile container, DNA extraction, and PCR amplifica-
tion, to detect possible contaminating microorganisms.

Sequencing data processing analysis

Fastp (ver. 0.14.1; https://github.com/OpenGene/fastp)
was used for raw data quality control, and Cutadapt soft-
ware (https://github.com/marcelm/cutadapt/) was used
to remove primers to obtain paired-end clean reads.
The USEARCH fastq_mergepairs command (ver. 10; htt
p://www.drive5.com/usearch/) was employed to obtain
the original spliced sequence (raw tags). Fastp was then
used again for raw data quality control to yield paired-
end clean tags. Operational taxonomic units (OTUs)
were clustered using UPARSE (ver. 7.1; http://drive5.
com/uparse/), and chimeric sequences and singleton
OTUs were removed. The taxonomy of each 16S rRNA
gene sequence was analysed with the USEARCH sintax
command against the 16S rRNA database (SILVA 16S)
using a confidence threshold of 0.8. OTUs annotated as
chloroplasts or mitochondria (16S amplicons), or those
that could not be annotated to the kingdom level, were
removed.
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Microbiome source tracking

We conducted microbial source prediction at the OTU
level using the FEAST package [19]. Amniotic fluid and
maternal gut samples served as bacterial sources, and
neonatal gut samples as sinks. We finally selected 15 FGR
groups and 16 control groups for analysis, as four amni-
otic fluid samples were missing from the initial 19 FGR
samples. We used the default parameters for the analy-
sis to study transfer relationships at the microbial level.
The source tracking results were visualised using the R
‘ggplot2’ package.

Statistical analysis

Continuous variables for participant characteristics in
this study were reported as the mean (standard deviation)
or median (interquartile range), and categorical variables
were expressed as the count (%). Comparisons of par-
ticipants’ characteristics were conducted using Student’s
t-test or the Mann—Whitney U test for continuous vari-
ables, and the Chi-squared test for categorical variables.

The a-diversity was assessed using the Shannon diver-
sity index and Chaol richness estimator to estimate the
microbial diversity within individual samples. Signifi-
cant differences in a-diversities were analysed with the
Wilcoxon test using R software (ver. 4.0.2). We also per-
formed p-diversity distance measurements based on the
Bray—Curtis distance to investigate the structural varia-
tion of microbial communities (between-subject diver-
sity), visualised via principal coordinate analysis (PCoA)
using the R ‘vegan’ package. ANOSIM and ADONIS
analyses were further applied to reveal the significance of
the B-diversity between the groups.

Analysis of the differences in taxa between two
groups was conducted based on OTUs with an abun-
dance>0.01% using the Wilcoxon test with the ‘ggsignif’
package for statistical testing, and the ‘ggplot2’ package
for graphic visualisation. A p-value<0.05 was considered
significant. Spearman’s correlation analysis was con-
ducted on significantly differential OTUs and FGR clini-
cal characteristics to assess their putative correlations
(significance threshold: p-value<0.05, r=0.3). The poten-
tial Kyoto Encyclopedia of Genes and Genomes (KEGG)
Orthology functional categories of microbial communi-
ties were predicted using the Phylogenetic Investiga-
tion of Communities by Reconstruction of Unobserved
States (PICRUSt) method. The disease prediction model
was trained using the ‘random Forest’ package, with a 7:3
ratio of training and testing sets, optimising the model
according to the importance of each species’ accuracy,
thereby maximising the accuracy rate of the three types
of samples. Results were evaluated using the 10-fold
cross-validation method, and model performance was
assessed based on the area under the curve (AUC).
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Results

participant characteristics

The final analysis included 19 maternal—fetal pairs with
FGR and 16 normal controls. The clinical characteris-
tics of these maternal—fetal pairs are detailed in Table 1.
Of the 19 FGR cases, four amniotic fluid samples were
missing, so the analysis of the amniotic fluid micro-
biota encompassed 15 FGR cases and 16 normal con-
trols. Table S1 in Additional file 1 illustrates the clinical
features of the cohort. There were no significant differ-
ences in maternal age, height, maternal pre-pregnancy
body mass index (BMI), maternal weight gain and mater-
nal pre-delivery BMI. However, parity was not balanced
between the two groups. As anticipated, the gestational
age at birth, neonatal weight, neonatal length, neona-
tal BMI, and various pre-birth ultrasound measurement
indicators, including biparietal diameter (BPD), head cir-
cumference (HC), AC, and femur length (FL), were sig-
nificantly decreased in the FGR group.

Overall microbiota diversity in each group

A total of 8,751 different OTUs were identified from
70 faecal samples and 31 amniotic fluid samples using
UPARSE. The Shannon diversity and Chaol richness
curves both plateaued, indicating that the sequenc-
ing data volume was ample to represent the majority of
microbial diversity (see Figure S1 in Additional file 2).

Table 1 Maternal and fetal clinical characteristics

Page 4 of 13

The Shannon diversity index and Chaol richness index
were used to measure the a-diversity of each sample’s
microbial community. Comparison of the Shannon diver-
sity index showed that the microbial diversity of amniotic
fluid in the FGR group was significantly lower than that
in the control group (p=0.046, Wilcoxon test). However,
there were no significant differences between the mater-
nal faecal samples from the control group and FGR group
(p=0.066), or between the meconium samples from the
control group and FGR group (p=0.328) (Fig. 1a). The
Chaol richness index showed no significant difference
between the FGR and control groups, irrespective of the
sample type (Fig. 1b). Additionally, there were significant
differences in the Shannon diversity index and Chaol
richness index among different sample types in both
the control group and the FGR group (p<0.001, except
between maternal faeces and amniotic fluid in the con-
trol group; p=0.955 for the Shannon index; p=0.895 for
Chaol index) (Table S2 in Additional file 1).

PCoA based on the Bray—Curtis distance was per-
formed to assess the overall microbial composition diver-
sity in each group. In the PCoA plots, the maternal faecal
samples, amniotic fluid, and meconium samples formed
distinct clusters, implying significant differences in
microbial community structures among the three sample
types (Figure S1 in Additional file 2). There was a signifi-
cant difference in the microbial composition of amniotic

Features Control (n=16) FGR (n=19) P values
Maternal features
Maternal age (years) 30.13+5.21 2784+6.70 0.276
Maternal pre-pregnancy BMI (kg/m?) 20.61+1.87 20.01+2.80 0.123
Maternal BMI before delivery (kg/mz) 26.24+359 2468+3.65 0.959
Maternal weight gain 1403+7.11 11.18+£4.86 0171
Maternal height (m) 1.57+0.05 1.55+0.07 0.273
Parity (n (%)) <0.001
Primigravida 1(6.25) 12 (63.16)
Multigravida 15 (93.75) 7 (36.84)
Gestational age (weeks) 38.88 (38.36-39.14) 38.14 (37.43-38.43) <0.01
Fetal features
Gender (n (%)) 0.641
Female 8(50.00) 11(57.89)
Male 8 (50.00) 8(42.11)
Neonatal weight (kg) 3.23(3.07-3.73) 2.38(2.07-2.46) <0.0001
Neonatal BMI (kg/m?) 13.18 (12.28-14.50) 10.33 (9.38-10.68) <0.0001
Neonatal length (m) 0.50 (0.50-0.51) 0.48 (047-0.48) <0.0001
BPD (mm) 92.00 (89.50-93.75) 86.00 (84.00-87.00) <0.0001
HC (mm) 329.50 (320.00-334.80) 309.00 (302.00-314.00) <0.0001
AC (mm) 343.00 (332.30-359.80) 304.00 (291.00-312.00) <0.0001
FL (mm) 70.00 (68.00-71.00) 65.00 (64.00-68.00) <0.0001
AFl (mm) 133.8+41.80 108.7£38.77 0.10

Data were assessed for normality using the Shapiro-Wilk test and expressed as the meantstandard deviation, median (interquartile range), frequency, and
percentage. FGR: fetal growth restriction; BMI: body mass index; F: female; M: male; m: metre; mm: millimetre; kg: kilogram; BPD: biparietal diameter; HC: head
circumference; AC: abdominal circumference; FL: femur length; AFI: amniotic fluid index. BMI is defined as weight/height? (kg/m?)
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fluid between the control and FGR groups (p<0.05), even
though the FGR group’s clustering was not completely
separate from the control group (Fig. 1c). No significant
differences were observed in the microbial composition
of maternal faeces and meconium between the control
and FGR groups (Table S3 in Additional file 1).

Microbial composition in each group at the phylum and
genus levels

A statistical taxonomic analysis was conducted at the
phylum and genus levels. At the phylum level, Proteo-
bacteria, Firmicutes, Bacteroidota, and Actinobacteria
constituted the most prevalent taxonomic groups across
the samples, representing over 95% of the taxonomy.
Firmicutes predominated in maternal faecal samples,
whereas Proteobacteria predominated in amniotic fluid
and meconium samples. Compared to the control group,
Bacteroidota was more abundant in all three sample
types in the FGR group, whereas the proportion of Pro-
teobacteria decreased (Fig. 1d).

At the genus level, the top 20 most abundant genera
were distinguished, while the remainder were grouped
as “Others” (Fig. 1e). In maternal faeces, the dominant
genus Bacteroides was significantly abundant in the FGR
group, while Escherichia-Shigella and Bifidobacterium
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were less abundant. In amniotic fluid, the dominant gen-
era Acinetobacter and Lactobacillus were more abundant
in the FGR group, while the abundance of Pseudomonas
decreased. In meconium, the dominant genus Pseudomo-
nas decreased in the FGR group, whereas Enterococcus
and Escherichia-Shigella increased.

Source tracking of meconium microbiota communities

FEAST data can provide valuable insights for tracking the
formation of microbial communities, and distinguishing
and characterising health conditions related to bacteria.
By source tracking the meconium microbial community,
we can better understand the origins of its microbiota
and their similarities to the maternal microbiota. In this
study, FEAST was used at the OTU level to predict the
probable source of the meconium microbiota and fur-
ther discern potential differences between the FGR and
control groups, using maternal faeces and amniotic fluid
microbiota as potential sources. The analysis revealed
that meconium and maternal faeces samples shared a
higher level of common OTUs (FGR: 31.53%; control:
23.85%) compared to the meconium—amniotic fluid sam-
ple pair (FGR: 3.68%; control: 2.06%) (Fig. 2). When com-
pared with the control group, the proportion of OTUs

Normal.lIF (OTU) [ AF
M

I Unknown

i 2.06%

FGR.IF (OTU) [ AF

MF

Unknown

Fig. 2 Source tracking of meconium microbiota communities. The percentage of shared OTUs between the meconium microbiota and the microbiota
of maternal faeces and amniotic fluid in the (a) control and (b) FGR groups. The notations MF, IF, and AF are the same as in Fig. 1
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shared by meconium and maternal faeces, and amniotic
fluid samples in the FGR group significantly increased.

Differences in microbiota between the FGR and control
groups

We used the Wilcoxon test on the microbiota composi-
tion at the OTU level for various sample types to identify
differentially abundant taxa between the FGR and con-
trol groups. In total, we identified 34 differential OTUs
in amniotic fluid samples, 11 OTUs in maternal faecal
samples, and two OTUs in meconium samples. A heat-
map composed of these differential OTUs revealed dis-
tinct clustering patterns between the FGR and control
groups (Fig. 3). Compared to the control group, FGR sub-
jects were characterised by 11 enriched OTUs primarily
belonging to Bacteroidota (six OTUs from genus Bac-
teroides: OTU_62, 70, 85, 88, 181, and 229) in maternal
faecal samples (Fig. 3a); 31 depleted OTUs mainly from
Proteobacteria (11 OTUs from order Enterobacterales:
OTU_3, 4,9, 68, 96, 121, 136, 163, 176, 193, and 195; and
five OTUs from genus Pseudomonas: OTU_15, 116, 146,
253, and 280) and three enriched OTUs from Firmicutes
(OTU_107, 138, and 185) in amniotic fluid (Fig. 3b);
and two depleted OTUs of Proteobacteria in meconium
(Fig. 3c). Table S4 in Additional file 1 provides detailed
information on the differential OTUs. These results indi-
cated that there were more differentially abundant taxa in
amniotic fluid between the FGR and control groups.

Association between altered microbiota and clinical
parameters

Subsequently, we conducted Spearman’s correlation anal-
ysis between differential OTUs and FGR-associated clini-
cal measures, including neonatal weight, neonatal length,
neonatal BMI, BPD, HC, AC, FL, and amniotic fluid
index (AFI). In maternal faeces, the six enriched OTUs of
the genus Bacteroides (OTU_62, 70, 85, 88, 181, and 229)
in the FGR group were negatively correlated with neona-
tal weight, and two enriched OTUs (OTU_76 and 229)
were negatively correlated with neonatal weight, neo-
natal length, neonatal BMI, HC, AC, and FL (Figure S2a
in Additional file 2). In the amniotic fluid, 29 depleted
OTUs were positively correlated with neonatal weight,
among which were ten OTUs belonging to the order
Enterobacterales (OTU_3, 4, 9, 68, 96, 121, 136, 163, 193,
and 195) and five OTUs belonging to the genus Pseudo-
monas (OTU_15, 116, 146, 253, and 280). Notably, three
depleted OTUs (OTU_4, 136, and 253) were positively
correlated with neonatal weight, neonatal length, neona-
tal BMI, BPD, HC, and AC, while the enriched OTU_138
(g_Agathobacter) was negatively correlated with them
(Figure S2b in Additional file 2). In meconium, the
depleted OTU_69 (g_Stenotrophomonas) was positively
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correlated with neonatal weight, neonatal BMI, and HC
(Figure S2c in Additional file 2).

Differential functions of bacteria between the FGR and
control groups

To gain a deeper understanding of the relationship
between FGR and the maternal-fetal gut microbiome
functions, we mapped the 16s sequences to the genes
and pathways that these bacterial populations may har-
bour using the PICRUSt method. The functional category
enrichment results revealed 16 pathways that differed
significantly in maternal faeces (P<0.05) between the
FGR and control groups; no significant differences were
found in pathways between the two groups of meconium
(Fig. 4).

The functional categories differentially enriched in
maternal faeces between the two groups were mainly
involved in glycan and lipid metabolism, includ-
ing “Galactose metabolism’, “Other glycan degrada-
tion”, “Glycerophospholipid metabolism’, “Sphingolipid
metabolism’, “Linoleic acid metabolism’, and “Steroid
hormone biosynthesis” Table S5 in Additional file 1 pro-
vides detailed information on these functional pathways.
These results suggest that the maternal gut microbiota
may influence the occurrence and development of FGR
by affecting specific metabolic pathways.

Prediction of FGR based on maternal faeces, amniotic fluid,
and meconium microbiota signature

Finally, we used the random forest algorithm to assess
the potential value of maternal faeces, amniotic fluid,
and meconium microbiota as biomarkers to predict FGR
risk. A random forest model based on a 23-OTU com-
bination achieved the highest prediction performance
(AUC: 0.88, 95% CI: 75.67-100.00, accuracy: 83.5%) in
the amniotic fluid (Fig. 5a). Several depleted OTUs in
FGR amniotic fluid, including OTU_4 (o_Enterobactera-
les), OTU_9 (f_Enterobacteriaceae), OTU_193 (g_Pecto-
bacterium), OTU_136 (g_Morganella), all belonging to
Enterobacterales, as well as OTU_253 (g_Pseudomonas),
featured high scores for the discrimination between FGR
and healthy controls (Fig. 5b). Furthermore, FGR could
be differentiated from controls using models based on a
10-OTU combination in maternal faeces (AUC: 86.23%,
95% CI: 0.74-0.98, accuracy: 77.0%) and a 13-OTU com-
bination in meconium (AUC: 84.9%, 95% CI: 0.72-0.98,
accuracy: 74.3%) (Fig. 5¢ and e). Several increased OTUs
in FGR maternal faeces, including OTU_76 (g_Fusobac-
terium), OTU_62 (g_Bacteroides), and OTU_53 (g_Pre-
votella), featured high scores for the discrimination
between FGR and healthy controls (Fig. 5d). The depleted
OTU_69 (g_Stenotrophomonas) in FGR meconium was
also present in the random forest model of meconium,
indicating its importance (Fig. 5f).
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Discussion

To explore the alterations in maternal-fetal gut and
amniotic fluid microbiota associated with FGR, we ana-
lysed a total of 101 samples from 19 FGR cases and 16
controls. The results demonstrated significant differences
in maternal and fetal gut and amniotic fluid microbiota
between FGR and normal pregnancies. Compared to the
control group, the FGR subjects were characterised by
an enrichment of bacterial OTUs from the genus Bacte-
roides in the maternal gut, depletion of OTUs from the
order Enterobacterales and genus Pseudomonas in the
amniotic fluid, as well as a depletion of the genus Ste-
notrophomonas in the fetal gut. These characteristic
bacterial OTU alterations significantly correlated with
neonatal weight and fetal ultrasonography indices. Fur-
thermore, the functional pathway disorders of the mater-
nal gut microbiota may be associated with the occurrence
of FGR. These well-defined maternal—fetal gut and amni-
otic fluid microbial biomarkers could contribute to the
early warning of FGR status.

Initially, the maternal, fetal gut, and amniotic fluid
microbiota were analysed using the a- and B-diversity
indices. We discovered that the richness and diversity of
FGR amniotic fluid microbiota were lower than those in
normal pregnancies. Similarly, the structural composition
of FGR amniotic fluid microbiota differed significantly
from normal pregnancies. Concurrently, we observed
higher richness and diversity in the maternal gut micro-
biota of FGR subjects, contrasted by lower richness and
higher diversity in fetal gut microbiota, albeit without
statistical significance. Alterations in the maternal gut

microbiota of FGR subjects align with previous study
[14]. Zheng et al. found significantly lower bacterial rich-
ness and evenness in the placentas of low-birth-weight
newborns compared to normal-weight newborns [20].
Chen et al. similarly highlighted lower richness and
diversity in the intrauterine microbiome of FGR sub-
jects [15]. These findings suggest a potential association
between decreased bacterial richness and diversity in the
intrauterine environment and abnormal fetal develop-
ment. Individuals with lower bacterial richness exhibited
more pronounced obesity, insulin resistance, dyslipidae-
mia, and a more pronounced inflammatory phenotype
compared to those with higher bacterial richness [21].

Existing studies generally consider that the develop-
ment of gut microbiota ecology begins in the fetal stage
and can be influenced by maternal factors during preg-
nancy, even though the fetal gut microbiome differs from
the placental and maternal oral, skin, vaginal, and faecal
microbiome [22, 23]. Our study aligns with these find-
ings, supporting the unique characteristics of the fetal
gut microbiome. Source tracking results indicated that
the fetal gut microbiota shared more common OTUs
with the maternal gut microbiota, and the proportion of
unique fetal gut microbiota in the FGR group decreased
compared to normal pregnancies. This variation in
microbiota could potentially contribute to the develop-
ment of FGR.

The OTUs that increased in the maternal gut of the
FGR group predominantly belonged to the genus Bacte-
roides of the phylum Bacteroidota, aligning with previous
research [14]. Bacteroides in pregnant women’s intestines
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is associated with lipid status and maternal dyslipidae-
mia during pregnancy, as it interferes with inflammatory
pathways [24]. Interestingly, we also found that distur-
bances of lipid metabolism functions (e.g. sphingolipid
metabolism, linoleic acid metabolism, and steroid hor-
mone biosynthesis) occurred in the FGR maternal gut.
Prior research has found that maternal dyslipidaemia is
associated with accelerated placental epigenetic aging
[25]. Premature placental aging is linked to adverse
obstetric complications such as preeclampsia, low birth
weight, and preterm birth [26]. Therefore, our findings
suggest that an increase in the abundance of Bacteroid-
ota, especially the genus Bacteroides, in the maternal gut
may contribute to the occurrence and development of
FGR via lipid metabolic pathways. Further metabolomics
research is needed to identify specific microbial metabo-
lites and pathways involved in FGR pathogenesis.

Further investigation into the differential microbi-
ome between FGR and normal pregnancies revealed
that the main distinguishing microbiota in the amniotic
fluid and fetal gut of the FGR group primarily belonged
to the Proteobacteria, whereas in the maternal gut, it
mainly belonged to the Bacteroidota. Out of the 29 dif-
ferential OTUs in amniotic fluid positively correlated
with fetal weight, ten OTUs belonged to the order
Enterobacterales, three of which belonged to the fam-
ily Enterobacteriaceae, and five OTUs belonged to the
genus Pseudomonas in the family Pseudomonadaceae.
The differential OTU in meconium positively corre-
lated with fetal weight belonged to the genus Stenotro-
phomonas. Interestingly, the order Enterobacterales and
the genera Pseudomonas and Stenotrophomonas were all
gram-negative bacteria. The decrease in the abundance
of gram-negative bacteria in amniotic fluid and fetal gut
may be associated with FGR. A previous study by Chen
et al. also found that gram-negative intrauterine bacteria
were linked to a decreased risk of FGR [15]. Kandasamy
et al. reported that selected gram-negative probiotics
proved more effective than gram-positive probiotics in
stimulating protective immunity against pathogens in
human and animal models [27]. Impaired immunity and
infection resistance in newborns with FGR, alongside
the increased risk of infection, may be associated with
immune dysfunction mediated by fetal microbial expo-
sure disorders [28].

We acknowledge that our study has several limita-
tions. Firstly, cross-sectional nature prevents us from
establishing a causal relationship. Secondly, our study
only included maternal feces samples taken before deliv-
ery, thereby failing to reflect the dynamic changes of the
microbiota throughout pregnancy. Thirdly, gestational
age at birth of the FGR group were notably lower than
those of the control group. This uncertainty leaves us
unable to ascertain whether different gestational ages had
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an impact on the baseline level of the microbiota. Addi-
tionally, the limited sample sizes in our study may have
constrained the reliability of predictions made through
machine learning analysis, so more longitudinal stud-
ies with larger samples of pregnant women could lend
further support to our hypothesis. Moreover, several
studies suggest that the identified microbial signals origi-
nating from the fetus and the intrauterine environment
are likely attributed to contamination during clinical
procedures for fetal sample acquisition, DNA extraction
or sequencing processes [29, 30], and our study was also
affected by the same contamination issue, potentially
resulting in contamination-associated findings such as
the presence of genus Pseudomonas and genus Stenotro-
phomonas [31]. To mitigate the impact of contamination,
corresponding blank controls were established for each
type of specimen in our study. The blank controls under-
went the same operational procedures as the experimen-
tal group, including sample acquisition, use of sterile
container, DNA extraction, and PCR amplification. How-
ever, we didn’t use blank control for library construc-
tion and sequencing, which might cause contamination.
The implementation of a corresponding blank control at
each step is essential to mitigate contamination, thereby
enhancing the reliability of the obtained results. In the
end, it is important to note that the meconium samples
were not obtained with anal swabs during caesarean sec-
tion but collected several hours after birth. Consequently,
the results may be influenced by microbiota of maternal
skin, breast milk, or the external environment. Therefore,
it would be more appropriate to consider the microbes of
the meconium as part of the newborn gut microbiome
rather than solely representing the fetal gut microbiome.

Conclusions

In conclusion, we carried out a comprehensive investiga-
tion of changes in microbial composition and functional
pathways in the maternal-fetal gut and amniotic fluid
microbiota associated with FGR in this case—control
study. Our results illustrate the differences between the
maternal gut, amniotic fluid, and fetal gut microbiota in
FGR states and normal pregnancies. We hope to lever-
age larger sample sizes in future studies to investigate
whether microbiota can be used as a biomarker to distin-
guish FGR. Although the assessment of contamination’s
impact on meconium and amniotic fluid remains incon-
clusive, necessitating further rigorous experimentation
to address this scientific inquiry in future studies. These
findings may present novel insights into the development
of FGR and provide valuable cues for its screening.
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