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ABSTRACT
Objective  Fetal growth restriction (FGR) is a 
devastating pregnancy complication that increases the 
risk of perinatal mortality and morbidity. This study aims 
to determine the combined and relative effects of genetic 
and intrauterine environments on neonatal microbial 
communities and to explore selective FGR-induced gut 
microbiota disruption, metabolic profile disturbances and 
possible outcomes.
Design  We profiled and compared the gut microbial 
colonisation of 150 pairs of twin neonates who were 
classified into four groups based on their chorionicity 
and discordance of fetal birth weight. Gut microbiota 
dysbiosis and faecal metabolic alterations were 
determined by 16S ribosomal RNA and metagenomic 
sequencing and metabolomics, and the long-term effects 
were explored by surveys of physical and neurocognitive 
development conducted after 2~3 years of follow-up.
Results  Adverse intrauterine environmental factors 
related to selective FGR dominate genetics in their 
effects of elevating bacterial diversity and altering 
the composition of early-life gut microbiota, and this 
effect is positively related to the severity of selective 
FGR in twins. The influence of genetic factors on gut 
microbes diminishes in the context of selective FGR. Gut 
microbiota dysbiosis in twin neonates with selective 
FGR and faecal metabolic alterations features decreased 
abundances of Enterococcus and Acinetobacter 
and downregulated methionine and cysteine levels. 
Correlation analysis indicates that the faecal cysteine 
level in early life is positively correlated with the physical 
and neurocognitive development of infants.
Conclusion  Dysbiotic microbiota profiles and 
pronounced metabolic alterations are associated 
with selective FGR affected by adverse intrauterine 
environments, emphasising the possible effects of 
dysbiosis on long-term neurobehavioural development.

INTRODUCTION
Fetal growth restriction (FGR) generally refers 
to the restricted growth potential of individuals 
subjected to a variety of maternal, fetal and placental 
conditions.1 FGR occurs in up to 10% of pregnan-
cies and is a leading cause of infant morbidity and 
mortality.2 3 Moreover, FGR may have adverse 
consequences on lifelong health, including long-
term neurological impairment,4 5 cognitive and 

learning disabilities,6 increased risk of future devel-
opment of metabolic syndrome and consequent 
cardiovascular and endocrine diseases.7 8

Recently, emerging studies have documented that 
gut bacteria and metabolites play non-negligible 
roles in the gut-systemic metabolic interplay, which 
may influence immune and metabolic develop-
ment in early life9 10 and alter offspring cognitive 
development and behaviour through the micro-
biota–gut–brain axis.11 12 An increasing number of 
studies have indicated that host genetics, prenatal 

Significance of this study

What is already known on this topic?
	⇒ Fetal growth restriction (FGR) is associated with 
adverse perinatal and neonatal mortality and 
worse neurocognitive outcomes.

	⇒ The selective FGR model in twins is excellent 
for studying placental-related growth disorders 
in view of the identical fetal genetic factor and 
the maternal factor within twin pairs.

	⇒ A few studies of FGR piglets have shown 
significantly unbalanced gut microbiota 
colonisation and disturbed metabolic profiles 
mediated by FGR.

What are the new findings?
	⇒ We established a twin birth cohort including 
73 monochorionic (MC) twin pairs and 77 
dichorionic-diamniotic (DC) twin pairs, which 
was the largest number of DC twins and MC 
twins with intertwin birth weight discordance 
worldwide.

	⇒ Both the intrauterine environment and genetics 
shaped the neonatal microbial communities, 
and an adverse intrauterine environment 
reduced the colonisation of heritable taxa.

	⇒ Gut microbiota dysbiosis and faecal metabolic 
alterations in twin neonates with selective FGR 
were characterised by a decreased abundance 
of Enterococcus and downregulated methionine 
and cysteine levels.

	⇒ Adverse intrauterine environmental factors 
related to selective FGR have a long-term 
effect on the neurobehavioural development of 
infants.
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environment and delivery mode can shape the microbiome at 
birth.13 Twins, with their high genetic and environmental resem-
blance, are excellent model for disentangling the effect of genetic 
and environmental factors on shaping the gut microbiota. For 
example, a few twin studies have investigated the genetic deter-
minants of the gut microbiota.14 15 However, knowledge on the 
impact of intrauterine environment on early-life gut microbiota 
remains largely unknown to date.

Twins can be classified as dichorionic-diamniotic (DCDA) 
and monochorionic-diamniotic (MCDA) twins, occasionally 
suffering from adverse perinatal outcomes, which are mainly 
involved in chorionicity, birth weight discordance and at least one 
fetus with FGR.16 17 Discordant birth weight in dichorionic (DC) 
twin pregnancies can be attributed to various genetic or envi-
ronmental factors, including differences in placental mass and 
placental insufficiency.18 19 Compared with DC twin pregnancies, 
monochorionic (MC) twin pregnancies with birth weight discor-
dance, that is, selective FGR, sharing more genetic resemblance, 
are primarily due to differential intrauterine environments influ-
enced by peripheral cord insertion, uneven placental sharing 
and characteristics of placental vascular anatomy,20 21 which may 
lead to increased perinatal mortality rate in MC twins than that 
in DC twins.22 Selective FGR model is ideal for investigating 
placental-related growth disorders and how genetic and envi-
ronmental factors shape the gut microbiome. Therefore, well-
designed twin studies with birth weight discordance are urgently 
needed to elucidate the genetic and intrauterine environmental 
influences on gut microbiota.

Here, we collected faecal samples from the first intestinal 
discharge to the discharge several days after birth and then 
used them for 16S ribosomal RNA (rRNA) sequencing, meta-
bonomics and metagenome sequencing. 16S rRNA sequencing 
of the 428 faecal samples was performed to identify early-life 
microbiota perturbations. An untargeted gas metabonomic study 
was performed on 218 faecal samples immediately after birth 
to investigate the effects of genetic and environmental factors 
on intestinal microbial metabolism in neonates. Combined with 
these results, data on gut microbiota dysbiosis and faecal meta-
bolic alterations related to unfavourable intrauterine environ-
ment were obtained. Furthermore, metagenome analysis was 
performed in 12 pairs of selective FGR twins and 10 pairs of 
MC twins with birth weight concordance to identify selective 
FGR-associated microbial species and their effects on metabolic 
profiles. By conducting a follow-up survey of 94 twin pairs at a 
mean age of 2.5 years, we further evaluated the effects of early-
life gut microbes and metabolites on long-term physical and 
neurobehavioural development.

MATERIALS AND METHODS
Subject recruitment
This study was conducted based on an ongoing twin cohort study 
(Clinical Trials ID: NCT03220750). Mothers were approached 
for informed consent between February 2017 and December 
2018 at Peking University Third Hospital in China. The inclu-
sion criteria included two live neonates from MCDA and DCDA 
twin pregnancies, caesarean delivery and agreement to undergo 
follow-up after birth. The exclusion criteria included maternal 
factors including antibiotic usage in the third trimester of preg-
nancy, medical complications and severe pregnancy complica-
tions; fetal factors including major congenital anomalies or 
aneuploidy in at least one fetus (online supplemental figure S1); 
and complicated MC twin pregnancy including twin-to-twin 
transfusion syndrome (TTTS), TTTS superimposed on selec-
tive FGR, selective FGR following laser treatment for TTTS, 
selective FGR complications with twin anaemia polythaemia 
sequence and twin reversed arterial perfusion (online supple-
mental figure S2).

This study recruited twin neonates, who were grouped by 
their chorionicity and discordance of fetal birth weight. Birth 
weight discordance was calculated as 100 × (larger birth 
weight—smaller birth weight)/larger birth weight.23 A discor-
dant twin was defined as a twin having birth weight discordance 
exceeding 25% and birth weight of one twin <10th centile in 
DCDA twins based on the following reasons: consensus-based 
diagnostic criteria24 and consistent standards of birth weight 
discordance in DCDA and MCDA twins. A discordant twin in 
MCDA twins was defined as the same two parameters above in 
the absence of TTTS.24 Twin neonates were classified into four 
groups, MCDA-D (MCDA twins with birth weight discordance, 
that is, selective FGR), MCDA-C (MCDA twins with birth 
weight concordance), DCDA-D (DCDA twins with birth weight 
discordance) and DCDA-C (DCDA twins with birth weight 
concordance), according to chorionicity and intertwin weight 
discordance (online supplemental figure S3 and online supple-
mental tables S1-S3).

Faecal sampling, DNA extraction and high-throughput 
sequencing
Faecal samples were collected from the first intestinal discharge 
(meconium) and daily until the infants were discharged from 
the neonatology or maternity ward. Each infant had faecal 
samples from at least 3 days after birth. Sampling was conducted 
following a previously published protocol.14 Approximately 
1–1.5 g faecal samples were sampled using a sterile plastic spoon 
and then placed in sterile tubes under strict aseptic conditions. 
All specimens were immediately frozen at −20°C on collection 
and then transported and stored at −80°C until the extraction 
of DNA and metagenomic and metabolomic profiling. DNA 
extraction, PCR amplification, library construction and 
sequencing operations were conducted using sterile tools and 
containers with a uniform protocol in a strictly controlled, sepa-
rate and sterile workplace. To rule out possible contaminations 
of environmental or reagent sources, we first used DNA-free 
water as negative controls in DNA extraction and PCR ampli-
fication to ensure no amplification products in this process. 
DNA extraction was performed on all faecal samples as previ-
ously described.25 26 We amplified the V3–V4 region of the 
16S rRNA gene using 515F (5’-GTGCCAGCCGGTAA-3’) and 
806R (5’-GGACTACHVGGTWTCTAAT-3’) primers and then 
performed PE250 sequencing on the Illumina HiSeq 2500 plat-
form. Three negative controls of DNA-free water were included 

Significance of this study

How might it impact on clinical practice in the foreseeable 
future?

	⇒ Decreased abundance of Enterococcus and Acinetobacter and 
associated downregulated methionine and cysteine levels in 
neonates with selective FGR may trigger oxidative stress and 
lower levels of 1-C (one carbon) metabolism, which might be 
related to the pathogenesis of selective FGR.

	⇒ FGR-induced longitudinal microbial shift and 
neurobehavioural impairments correlated with metabolic 
profile disturbances may provide a non-invasive monitoring 
and intervention strategy to improve adverse prognoses.
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in each batch of DNA extraction and PCR amplification. Only 
if there was no amplification product in the negative controls, 
samples of this batch were used for the following sequencing and 
analysis. Metagenomic DNA of meconium samples from 12 type 
II/III selective FGR and 10 MCDA-C twin pairs (~0.5 µg per 
sample) were sheared into ~300 bp fragments using a focused 
ultrasonicator (Covaris, Woburn, Massachusetts, USA). Metag-
enomic libraries were constructed with 0.2 µg DNA following 
the instructions of the NEBNext Ultra DNA Library Prep Kit for 
Illumina. Metagenomic sequencing was performed with PE150 
on the HiSeq 2500 platform.

16S rRNA data processing and microbial community analysis
The raw 16S rRNA sequencing data were processed by 
QIIME2.27 Corresponding taxonomy assignments were obtained 
by comparing amplicon sequence variants (ASVs) with the refer-
ence sequences (gg-13-8-99-nb-classifier) acquired from the 
Greengenes database using the q2-feature classifier.28 Raw ASV 
data counts were transformed into relative abundances. Alpha 
diversity (Shannon diversity index) was calculated to indicate 
intrasample diversity. Bray-Curtis (BC) distance matrices were 
used to represent inter-sample diversity. Principal coordinates 
analysis (PCoA) was performed using BC distance. Taxonomic 
diversity was represented by genus-level relative abundance that 
was obtained by normalising the total reads of every sample 
by sum. Zero values were disposed of by plus one before log-
transformation. We used linear models allowing for Tukey’s 
honestly significant difference (HSD) comparisons to identify 
microbial species that were differentially abundant between 
the DCDA-D and DCDA-C groups and between the MCDA-C 
and MCDA-D groups with maternal factors including mother’s 
age, body mass index (BMI) and other abnormalities as covari-
ates. Differential genus features with a Spearman correlation 
threshold of r>0.5 were clustered using the Pheatmap package 
in R.

Heritability calculation
To determine the amount of variation due to genetic and environ-
mental effects on the composition and function of the gut micro-
biota, the twin-based ACE model29 was employed to measure the 
heritability of specific taxa shaped by genetic factors. The ACE 
model estimates the variation in a trait of interest that is related 
to additive genetic (A) and common/shared (C) or unique (E) 
environmental factors by comparing trait variability in mono-
zygotic (MZ) twin pairs versus dizygotic (DZ) twin pairs. The 
similarity (or difference) between twin pairs presumed by the 
ACE model can be explained by genes or heredity, their common 
environment (prenatal environment, family environment 
and socio-economic status, which makes twins resemble one 
another) and their specific (non-shared) environmental factors 
(some special experiences or diseases like differential placental 
and umbilical cord in our study, which makes twins different 
from one another). Before calculating the microbial heritability, 
raw count tables were filtered and transformed as follows: (1) 
Data in the ACE model were collected from MZ twins (all twins 
in the MCDA group) and DZ twins (twins in the DCDA group 
with opposite sex). (2) Only genus-level taxa present in >10% 
of faecal samples from the first day after delivery were used, 
and raw microbial counts were normalised by sum, log trans-
formed and scaled. The heritability estimation of each taxon was 
calculated using R’s mets package, which was implemented by 
controlling for maternal and neonatal factors in the calculation 
of A, C and E.

Metagenomic analysis
A subset of samples within the first day after delivery were 
selected for metagenomic sequencing with more than 0.2 µg 
DNA amount for each of twin neonates, which included 12 pairs 
in the MCDA-D-II/III group, and randomly selected 10 pairs 
from the MCDA-C group. Adaptor and low-quality reads were 
discarded from raw metagenomic reads, and the remaining reads 
were filtered to eliminate human host DNA based on the human 
genome reference. The obtained reads were subjected to taxo-
nomic profiling with MetaPhlAn2 (V.2.5.0) with default param-
eters.30 HUMAnN2 was used to determine metabolic pathways 
in the microbial community with default parameters.31

Untargeted metabolomics analysis of faecal samples
Faecal samples within the first day after delivery were used for 
untargeted metabolomics including the same 10 pairs in the 
MCDA-D-II/III group and 9 pairs from the MCDA-C group 
for metagenomic sequencing. Faecal samples were dried in 
a SpeedVac (LabconcoTM), 10 mg  ±1 mg of samples were 
weighed, and then 600 µl of 100% methanol was added with 
an internal standard mix (10 mM 2,3,3,3-d4-alanine; 10 mM 
2,3,4,5,6-d5-phenylalanine; 2 mM 3,3-d2-tyrosine). Each stool-
solvent mixture was homogenised using a Qiagen Tissuelyser-II 
(Qiagen, Hilden, Germany) at 30 Hz for 30 s. After centrifuga-
tion at 17 000 g for 15 min, the supernatants were isolated and 
dried using a SpeedVac (Labconco, USA). The dried metabolites 
were chemically derivatised via a methyl chloroformate (MCF) 
approach based on the protocol published by Smart et al.32 The 
derivatised samples were analysed by an Agilent GC7890 system 
coupled to an MSD5975 with electron impact ionisation (70 eV) 
(Agilent, California, USA). The gas column was a ZB-1701 (30 
m×250 µm id ×0.15 µm with 5 m guard column, Phenomenex). 
The GC oven programme and mass spectrometry parameters 
were set according to Han et al.33 The derivatised samples were 
injected with the pulsed splitless mode into the GC inlet at 
290°C, and helium gas was set at 1 mL/min. The temperatures of 
the auxiliary, MS quadrupole, and MS source were set at 250°C, 
230°C and 150°C, respectively. The detected mass range was 
from 38 µm to 550 µm. The scan speed was 1.562 μs−1, and the 
solvent delay was 5.5 min.

Automated mass spectral deconvolution and identification 
system software was applied for compound deconvolution and 
identification using the in-house MCF mass spectral library built 
by chemical standards. The relative abundance of the metabo-
lites was extracted by an in-house MassOmics R package. The 
faecal metabolite levels were normalised to the relative level 
of the internal standards and weight of dried stool. Relative 
abundance differences of metabolites and PCoA analyses were 
performed. Samples with both 16S rRNA taxonomy and metab-
olite data were adopted for association analysis using SPARCC in 
R’s SpiecEasi package (V.1.0.7) with 200 bootstrap replicates to 
estimate p values. Correlations are displayed using the Pheatmap 
package in R with statistical significance (*p<0.05, **p<0.01, 
***p<0.001).

Follow-up surveys of physical and neurocognitive 
development
Infants in our cohort participated in a follow-up survey 2 or 3 
years after birth. Physical assessment of each infant was conducted 
by trained professional physicians, and the assessments included 
height and weight, which were measured according to the 
WHO’s specifications. Information on the timing of first walking 
and speaking was obtained through interviews with parents. The 
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infant’s neurobehavioural development was evaluated using the 
infant Ages and Stages Questionnaires, third edition (ASQ-3) 
containing five developmental domains: communication, gross 
motor, fine motor, problem solving and personal social with 60 
points possible in the combined evaluation for each infant.34 35 All 
follow-up surveys were carried out via oral answers by telephone 
or online questionnaire. The height and weight measurements 
were standardised by using Z score, and two different z-scores, 
height-for-age and weight-for-age were obtained according to 
the WHO Anthro program (V.3.2.2) for children 5 years of 
age or younger. Spearman’s correlation was used to analyse the 
correlation between cysteine relative abundance and the timing 
of first walking and speaking. Spearman’s correlation and partial 
correlation with actual age included in covariates were used to 
determine the correlation between cysteine relative abundance 
and the indices of physical development and five developmental 
domains of ASQ-3.

Statistical analysis
Intergroup comparisons, including for microbial alpha and beta 
diversity, relative abundance differences for specific taxa, and 
follow-up indicators of physical development such as height and 
weight, were conducted using Wilcoxon’s rank-sum test with 
multiple testing correction. Permutational multivariate analysis 
of variance for microbes and metabolites was carried out to test 
the significance of community dissimilarity using the ‘Adonis’ 
function within R’s vegan package. Effect sizes of relative abun-
dance differences of faecal microbes and metabolites adopted 
Tukey’s test with p values adjusted according to a false discovery 
rate of 0.05 using the Benjamini-Hochberg method. Correla-
tion between bacteria and metabolites generated by 16S rRNA 
sequencing, metagenomic sequencing and untargeted metabolo-
mics was further calculated using MIMOSA and mmvec.36 37

RESULTS
We included 150 twin pregnancy cases, including 73 MC twins 
and 77 DC twins. According to the discordance of fetal birth 
weight, 73 MC twin pairs were divided into the MCDA-D group 
(30 cases) and the MCDA-C group (43 cases) and 77 DC twin 
pairs were divided into the DCDA-D group (26 cases) and the 
DCDA-C group (51 cases) (figure 1A and online supplemental 
table S4). The DCDA-C group included 34 cases of DCDA-C-SS 
(DCDA-C with same sex) and 17 cases of DCDA-C-OS (DCDA-C 
with opposite sex). Based on the severity of growth restriction 
and the involvement of umbilical cord blood in the growth-
restricted fetus, the MCDA-D group was further divided into 
the MCDA-D-I group (MCDA-D with type I selective FGR, 10 
cases) and the MCDA-D-II/III group (MCDA-D with type II/III 
selective FGR, 20 cases) (online supplemental figure S3, online 
supplemental tables S1, S5). According to birth weight discor-
dance, the larger of each twin pair in the MCDA-D group was 
referred to as MCDA-D-L, and the smaller was called MCDA-
D-S. Similarly, twins in the DCDA-D group were also classified 
as DCDA-D-L (larger) and DCDA-D-S (smaller) (online supple-
mental tables S5, S6).

Intrauterine environment outweighs genetics in shaping 
newborn gut microbiota
We first examined whether chorionicity and FGR caused 
by adverse intrauterine environments could affect microbial 
communities in early life, and observed that the alpha diversity 
of gut microbiota in the DCDA-C group was significantly higher 
than that in the MCDA-C group (p=0.04, Wilcoxon’s rank-sum 

test) (figure 1B). The higher alpha diversity in the DC twins, espe-
cially the DZ twins (online supplemental figure S4A), suggests 
the effect of chorionicity in shaping the gut microbiota and the 
existence of possible microbial-genetic associations. However, 
the alpha diversity of the gut microbiota in the MCDA-D group 
was slightly higher than that in the MCDA-C group (p=0.069, 
Wilcoxon’s rank-sum test) and DCDA-C group (figure 1B), and 
the MCDA-D-II/III group exhibited significantly higher alpha 
diversities than those of the MCDA-C group (p=0.000102, 
Wilcoxon’s rank-sum test) and MCDA-D-I group (p=0.000165, 
Wilcoxon’s rank-sum test) (online supplemental figure S4B). 
These results suggested that adverse intrauterine environmental 
factors outweighed genetics in shaping the early-life gut micro-
biota by contributing to a more diverse composition of neonatal 
microbiota at birth. Notably, this effect was positively related to 
the severity of FGR.

Next, we calculated the BC distance of the microbial commu-
nity between individuals of each group at the ASVs level 
(figure 1C). The BC distances between samples in the MCDA-C 
group were significantly smaller than those in the DCDA-C 
group (p=0.038, Wilcoxon’s rank-sum test) (figure  1C and 
online supplemental figure S4C). We further found that the BC 
distance of the microbial community in twins with birth weight 
discordance (MCDA-D and DCDA-D) was significantly larger 
than that in twins with no discordance (MCDA-C and DCDA-C) 
(p<0.01, Wilcoxon’s rank-sum test) (figure  1C). In addition, 
there were more significant dissimilarities in the interindividual 
community in the MCDA-D-I group and MCDA-D-II/III group 
than in the MCDA-C group (p<0.01, Wilcoxon’s rank-sum test) 
(online supplemental figure S4D). These results indicated that 
both genetic and intrauterine environments can affect interindi-
vidual community variability and that the latter exhibits a more 
obvious and positive effect.

To further explore the clustering effect of microbial communities 
among the four groups, PCoA was carried out. The samples were 
clustered within each group and separated between different groups 
(p=0.001, Adonis test), with the distribution of DCDA-C and 
MCDA-C samples relatively more dispersed than that of DCDA-D 
and MCDA-D samples (figure  1D). Notably, the distribution of 
MCDA-C samples was more dispersed than that of DCDA-C-SS and 
DCDA-C-OS samples (p=0.001, Adonis test) (online supplemental 
figure S4E). Inversely, the sample distribution of the MCDA-D-II/III 
groups was more compact than that of the MCDA-D-I group and the 
MCDA-C group (p=0.001, Adonis test) (online supplemental figure 
S4F), revealing that an adverse intrauterine environment related to 
FGR may shape the gut microbial communities of different neonates 
in the same direction.

To discern the extent to which genetic and adverse intrauterine 
environmental factors influenced the bacterial taxa, the ratio of 
the average relative abundance of each taxon was calculated sepa-
rately between the DCDA-D and DCDA-C groups and between the 
MCDA-D and MCDA-C groups (figure 1E). The number of taxa 
with a ratio below one was obviously larger than that of taxa with 
a ratio above one between the DCDA-D and DCDA-C groups, but 
was almost the same between the MCDA-D and MCDA-C groups. 
Compared with the respective control groups (MCDA-C or DCDA-
C), there was a more significant effect on the abundance of specific 
bacterial taxa in the MCDA-D group than in the DCDA-D group, 
which may be related to the severity of the adverse intrauterine 
environment. Most of the low-frequency bacteria were found in the 
MCDA-D and DCDA-D groups, indicating gut microbiota dysbiosis 
due to an adverse intrauterine environment. In the high-frequency 
region, the area of the MCDA-D group was larger than that of the 
DCDA-D group, indicating a higher frequency of differential bacteria 
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in the MCDA-D group than in the DCDA-D group (figure 1F). These 
results further confirmed that the intrauterine environment plays a 
significant role in shaping the neonatal gut microbiota.

By conducting clustering analysis of microbial classification 
and abundance in each group, we identified 21 genera in four 
groups with differential relative abundance and a Spearman 
correlation threshold of r>0.5 (figure 1G). Compared with the 
other three groups having dozens of enriched or depleted genera, 
only Actinobacillus was slightly enriched in the MCDA-C group, 

which were consistent with the result of the lowest alpha diver-
sity in the MCDA-C group in view of the limited influences of 
genetics and the intrauterine environment.

Specific taxa correspond to adverse intrauterine 
environmental or genetic factors
To assess how the intrauterine environment and genetic factors 
impact specific bacterial taxa, the twin data were separated into 

Figure 1  Overview of the twin cohort and the influence of the intrauterine environment on the colonisation of the gut microbiota. DCDA-C and 
DCDA-D represent DC twins with birth weight concordance and birth weight discordance, respectively. MCDA-C and MCD represent MC twins with 
birth weight concordance and birth weight discordance, respectively. (A) The cohort of 150 twin pregnancies was divided into four groups based on 
chorionicity and discordance of fetal birth weight. The number of samples in each twin group is listed in the right table for gut microbiome profiling, 
metabonomics and follow-up survey. (B) The comparison of alpha diversities of gut microbiota among DCDA-C, DCDA-D, MCDA-D and MCDA-C 
groups. (C) Bray-Curtis distances were calculated and compared among the four groups. Statistical significance was determined by Wilcoxon’s rank-
sum test. (D) Principal component analysis plot of neonatal gut microbiota in the DCDA-C, DCDA-D, MCDA-D and MCDA-C groups. Ellipses represent 
a 95% CI. (E) The ratio of the average relative abundance of each taxon in discordance and concordance of fetal birth weight in DC twins (red nodes) 
and MC twins (blue nodes). The x-axis represents different bacteria. (F) The cumulative frequency of discriminatory taxa in four group. The x-axis refers 
to discriminatory taxa among four groups. The y-axis represents the cumulative sample frequency of each taxon in the corresponding group. (G) The 
clustering of discriminatory taxa in the four groups, which is shown using the Pheatmap package in R. DC, dichorionic; MC, monochorionic.
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two groups (figure 2A), twins with birth weight concordance and 
twins with birth weight discordance. We observed an obvious 
effect of selective FGR on the specific taxa by increased propor-
tion of environmental effects (blue dots) and decreased propor-
tion of genetic effects (red dots). To evaluate the fluctuation in 
the three component sources, we compared the effects of A, C 
(common environment) and E factors on the microbial commu-
nities in these two groups of twins. The number of specific taxa 
influenced by E was significantly higher than that influenced 
by A or C (online supplemental figure S5), and the relative 
abundances of highly heritable bacteria with heritability >0.2, 
such as Bilophila and Eubacterium, were significantly different 
among the MCDA-C, DCDA-C-SS and DCDA-C-OS groups 
(p<0.05, Tukey’s test) (online supplemental figure S6). These 
results demonstrated that the influence of genetic and common 

environmental factors on the microbiota was weakened when 
adverse intrauterine factors appeared.

We next explored the taxonomic differences related to fetal 
birth weight discordance. Notably, comparison of gut micro-
biota between the MCDA-D and MCDA-C groups showed more 
pronounced dysbiosis than that between the DCDA-C group 
DCDA-D group, with an increase in Coprococcus, Robinsoniella 
and Oscillospira and a decrease in Acinetobacter, Enterococcus 
and Actinobacillus in the MCDA-D group (figure 2B). A more 
significant difference in the abovementioned genera was also 
observed between the MCDA-D-II/III group and the MCDA-C 
group (online supplemental figure S7). These results indicate a 
positive correlation between the severity of the adverse intra-
uterine environment and gut microbiota dysbiosis. Then, we 
explored the extent of gut microbiota dysbiosis in smaller twin 

Figure 2  Both intrauterine environmental and genetic factors shape gut microbial composition in neonates. DCDA-C and DCDA-D represent 
DC twins with birth weight concordance and birth weight discordance, respectively. MCDA-C and MCDA-D represent MC twins with birth weight 
concordance and birth weight discordance, respectively. MCDA-D-L and MCDA-D-S represent the larger twin and smaller twin, respectively, 
according to birth weight for each MCDA-D twin pair. (A) Quantifying the contribution of various factors to shaping the neonate gut microbiota 
using the ACE model, in which the total variance is partitioned into genetic (A), common environment (C), and unique environment (E) effects. The 
x-axis refers to gut microbes at the genus level, which are ranked based on their A values in the twin with birth weight concordance. The y-axis 
represents the proportion of genetic effects (red), common environment effects (blue), and specific environment effects (grey) for each genus. (B) The 
discriminatory genera identified between the DCDA-D and DCDA-C groups or between the MCDA-D and MCDA-C groups. The x-axis represents the 
relative abundance of discriminatory genera. Blue and red circles denote DCDA-D- or MCDA-D-decreased and DCDA-D- or MCDA-D-enriched genera, 
respectively. (C) Bacterial genera with significant differences among the MCDA-C, MCDA-D-L and MCDA-D-S groups (adjusted p<0.05). Genus 
abundance in each sample was normalised to 104 reads. (D) Relative abundance of four species from metagenomic sequencing data among the 
MCDA-C, MCDA-D-L and MCDA-D-S groups. P values were determined by two-tailed Wilcoxon’s rank-sum test. DC, dichorionic; DCDA, dichorionic-
diamniotic; MC, monochorionic; MCDA, monochorionic-diamniotic.
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pairs in the MCDA-D or DCDA-D groups (online supplemental 
figure S8). Comparisons were performed between larger and 
smaller twin pairs in the MCDA-D or DCDA-D groups, and 
comparisons of larger or smaller twin pairs to their controls were 
also performed. The most obvious dysbiosis was found between 
MCDA-D-S and MCDA-C (figure 2C and online supplemental 
figure S8).

We finally performed whole-genome shotgun sequencing on 
44 samples, including 12 pairs of MCDA-D-II/III and 10 pairs 
of MCDA-C. Discriminatory species were compared among the 
MCDA-C, MCDA-D-L and MCDA-D-S groups. We detected 
two species of Enterococcus (Enterococcus faecium and Entero-
coccus faecalis) that exhibited significant differences among 
the three groups. For example, a significantly higher abun-
dance of E. faecium was found in the MCDA-C group than in 
the MCDA-D-S and MCDA-D-L groups (p<0.05, Wilcoxon 
rank-sum test) (figure 2D). Combining 16S rRNA with metage-
nomic sequencing, we revealed that gut microbiota dysbiosis in 
neonates with selective FGR was characterised by the absence of 
Enterococcus, especially a decreased abundance of E. faecium in 
the smaller twin with selective FGR.

The longitudinal impact of adverse intrauterine environment 
on the gut microbiota
To explore how the intrauterine environment and genetic associa-
tions impacted short-term neonatal gut microbiota development, 
we further investigated dynamic changes in the gut microbiota 
within the initial days after birth. Alpha diversity significantly 

decreased within the first few days after birth in all these groups 
by a linear model of time series analysis (figure 3A–B). A possible 
explanation was that some bacterial taxa at birth disappeared, 
and the community structure of the neonatal microbiota was 
gradually simplified with environmental fluctuations after birth.

We next investigated the effects of genetic relatedness on the 
change in microbiota diversity by comparing the MCDA-C, 
DCDA-C-SS and DCDA-C-OS groups. The differences in alpha 
diversity among the three groups gradually disappeared during 
the first few days after birth (online supplemental figures S9A-B). 
To investigate the potential effect of adverse intrauterine envi-
ronments, we also compared the decreased microbiota diversity 
among the MCDA-D-I, MCDA-D-II/III and MCDA-C groups 
and found that the alpha diversity in the MCDA-D-II/III group 
declined dramatically from the highest at birth to a level similar 
to the other two groups at 3–4 days after birth (online supple-
mental figure S9C). When evaluating the longitudinal microbial 
shift associated with selective FGR, we found that the differ-
ence in abundance of Enterococcus and Acinetobacter gradually 
diminished among the MCDA-D-S, MCDA-D-L and MCDA-C 
groups (figure 3D).

We then calculated and compared the BC distance of the 
microbial community between individuals in the four groups at 
the ASVs level (figure 3C). A gradual dissimilarity was observed 
in the MCDA-D group (p=0.37), MCDA-C group (p=0.35) and 
DCDA-C group (p=0.15) within the first few days after birth, 
whereas the interindividual community dissimilarity markedly 
decreased in the DCDA-D group (p=0.05), similar to that in the 

Figure 3  Longitudinal impact of adverse uterine environment on the gut microbiota in early life. DCDA-C and DCDA-D represent DC twins with birth 
weight concordance and birth weight discordance, respectively. MCDA-C and MCDA-D represent MC twins with birth weight concordance and birth 
weight discordance, respectively. DCDA-D-L and DCDA-D-S represent the larger twin and smaller twin, respectively, according to birth weight for each 
DCDA-D twin pair. MCDA-D-L and MCDA-D-S represent the larger twin and smaller twin, respectively, according to birth weight for each MCDA-D 
twin pair. (A) Microbial diversities of the neonatal gut microbiota in the first few days after birth. The scales 1, 2, 3 and ≥4 on the x-axis represent 
the first day, the second day, the third day and after 4 days, respectively. P values were determined by two-tailed Wilcoxon’s rank-sum test. (B) The 
alpha diversity in the gut microbiota for each group (DCDA-C, DCDA-D, MCDA-C and MCDA-D groups) within a few days after birth. (C) The short-
term change pattern of the BC distance of the microbial communities after birth for each group within a few days after birth. (D) Abundance shifts of 
Enterococcus and Acinetobacter in the DCDA-C, DCDA-D-L, DCDA-D-S, MCDA-C, MCDA-D-L, and MCDA-D-S groups. BC, Bray-Curtis; DC, dichorionic; 
DCDA, dichorionic-diamniotic; MC, monochorionic; MCDA, monochorionic-diamniotic.
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MCDA-D-I group. Conversely, a rapid increase in BC distance 
was observed in MCDA-D-II/III group (online supplemental 
figure S9D), indicating that the severity of adverse intrauterine 
environments may contribute to interindividual community 
dissimilarities after birth. These longitudinal variations demon-
strated that adverse intrauterine environmental factors may play 
more dramatic roles in shaping the gut microbiome than genetics 
and that the effects persist in the first few days after birth.

Metabolic alterations related to dysbiotic gut microbiota in 
selective FGR
To characterise the alterations of metabolic patterns correlated 
with the microbial shifts of meconium, faecal metabolic profiles 

were investigated using gas chromatography-mass spectrom-
etry (GC–MS). The PCoA showed that metabolites of samples 
were clustered within each group and were separated between 
different groups (p=0.001, Adonis test) (figure  4A). When 
comparing the metabolites of the DCDA-C-OS and DCDA-C-SS 
groups to those of the MCDA-C group, a similar alteration was 
observed, reflecting the genetic effect on the metabolic profiles 
(online supplemental figure S10).

Compared with those between the DCDA-D and DCDA-C 
groups, there were more significantly different metabo-
lites between the MCDA-D and MCDA-C groups. A total 
of 17 differential metabolites were observed in the MCDA-D 
group with lower concentrations of cysteine, methionine and 

Figure 4  Dysbiotic microbiota and metabolic disturbances in individuals with selective fetal growth restriction. DCDA-C and DCDA-D represent 
DC twins with birth weight concordance and birth weight discordance, respectively. MCDA-C and MCDA-D represent MC twins with birth weight 
concordance and birth weight discordance, respectively. (A) Principal coordinates analysis plot of faecal metabolites in the DCDA-C, DCDA-D, 
MCDA-D and MCDA-C groups. Ellipses represent a 95% CI. (B) The discriminatory metabolites were identified and ranked according to the extent of 
the difference by comparing DCDA-C group versus DCDA-D group and MCDA-D group versus MCDA-C group. Blue and red circles denote DCDA-D- 
or MCDA-D-downregulated and DCDA-D- or MCDA-D-upregulated metabolites, respectively. (C) Correlations between the relative abundance of 
discriminatory bacteria at the genus level and faecal metabolites using the Pheatmap package with statistical significance in the DCDA-D and 
DCDA-C groups (*p<0.05, **p<0.01, ***p<0.001). (D) Correlations between the relative abundance of discriminatory genera and faecal metabolites 
using the Pheatmap package with statistical significance in the MCDA-D and MCDA-C groups (*p<0.05, **p<0.01, ***p<0.001). (E) Relative 
abundance and rank of the highly abundant discriminatory microbial genes involved in the methionine and cysteine synthesis pathways by Kruskal 
test. DC, dichorionic; DCDA, dichorionic-diamniotic; MC, monochorionic; MCDA, monochorionic-diamniotic.
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dipicolinic acid (figure  4B). Downregulated levels of cysteine 
and methionine were identified in either the MCDA-D-II/III or 
MCDA-D-I group, particularly in the smaller twin with selec-
tive FGR (online supplemental figure S11, S12). We further 
explored the correlation between altered gut microbiota and 
faecal metabolites. Only Oscillospira was negatively correlated 
with four metabolites, as revealed by the comparison between 
the DCDA-D and DCDA-C groups (figure 4C). In contrast, 13 
genera showed significant correlations with different metabolites 
for MCDA-D and MCDA-C individuals. Notably, gut microbiota 
dysbiosis in selective FGR (figure 2) was significantly correlated 
with these metabolites (figure 4D). Consistent with the dysbiotic 
gut microbiomes, the MCDA-D group showed more pronounced 
metabolic alterations and more significant correlations with 
altered gut bacteria than the DCDA-D group, which was further 
confirmed by the correlation analysis using MIMOSA (ref) and 
mmvec (ref) (online supplemental figure S13A-C).

With metagenome sequencing data, the methionine synthesis 
pathway was closely related to 12 microbial genes, the relative 
abundance of which was lower in the MCDA-D-L and MCDA-
D-S groups than in the MCDA-C group. Of the 12 microbial 
genes, the abundance of LysC, metB and metC was dramati-
cally reduced (p<0.05, Kruskal test). We found that the cysteine 
synthesis pathway was closely related to four microbial genes, 
the relative abundance of which was lower in the MCDA-D-L 
and MCDA-D-S groups than in the MCDA-C group. Of the four 
microbial genes, the abundances of cysK and cysE were dramat-
ically reduced (p<0.05, Kruskal test) (figure 4E). Notably, cysE, 
cysK, lysC, metB and metC genes identified in the metage-
nomic data were significantly correlated with many amino acids 
measured by metabolomics, such as methionine, norvaline, 
cysteine, D-aspartate and beta-alanine (online supplemental 
figure S13D). Interestingly, when measuring the correlation 
between metabolites and bacteria classified by metagenomic data 
(online supplemental figure S13E), we found that most of these 
amino acids were significantly correlated with Acinetobacter 
baumannii, E. faecium and E. faecalis, further highlighting the 
significance of these bacteria.

The above results further confirmed that the depletion of 
genetic abundance was associated with selective FGR by down-
regulating cysteine and methionine metabolism in MCDA-D. 
Combined with a striking reduction in E. faecium and E. faecalis 
in MCDA-D, we speculated that the downregulated amino acid 
metabolism by the gut microbiota may contribute to the patho-
logical impairment in selective FGR. We further performed 
metabolic pathway enrichment analysis of these genes and 
metabolites based on metagenomic data to compare the differ-
ence between MCDA-C and MCDA-D, and found that nitrogen 
metabolism, folate metabolism and biotin metabolism pathway 
were significantly enriched in MCDA-D (online supplemental 
figure S13F).

Neonatal cysteine levels correlated with physical and 
neurocognitive development later in life
To explore the possible effects of metabolic alteration in early 
life on later physical and neurocognitive development, we anal-
ysed the correlation between the level of faecal metabolites and 
evaluation indices of physical and neurocognitive development 
in infants 2–3 years after birth. Both height and weight of infants 
in the MCDA groups and the DCDA-D group were signifi-
cantly lower than those in the DCDA-C group (figure  5A–B). 
Similarly, the first-speaking time for infants in the MCDA-C 
group was also later than that in the DCDA-C group (p=0.035) 

(figure  5C). There was no significant difference in the first-
walking time among the four groups (figure 5D), as well as in 
standardised weight/height among MCDA-C, MCDA-D-I, and 
MCDA-D-II/III groups (online supplemental figure S14) and 
between the smaller twin and the larger co-twin of the DCDA-D 
and MCDA-D groups (online supplemental figure S15).

The ASQ-3 subscale contained five developmental domains: 
communication, gross motor, fine motor, problem solving and 
personal social, with 60 points possible as a complete combined 
score for the ASQ-3. We evenly divided the 60 points into 6 
intervals for each domain of the ASQ-3 and evaluated infants’ 
neurobehavioural development by comparing the occurrence 
of low scores (30 score or less) in each domain between the 
DCDA-D and DCDA-C groups or the MCDA-D and MCDA-C 
groups (figure  5E). The DCDA-D group showed a higher 
frequency of lower scores (<20 score) in the individual-society 
domain, communication and problem-solving domain than the 
DCDA-C group. A similar trend in the individual-society domain 
was also observed between the MCDA-D and MCDA-C groups. 
Notably, for the individual-society domain, the MCDA-D-II/III 
group showed a much higher frequency of lower score intervals 
(10–20 score) than the MCDA-D-I group (online supplemental 
figure S14). There was little difference in the five developmental 
domains between larger and smaller twin pairs in the MCDA-D 
and DCDA-D groups (online supplemental figure S15).

In the DCDA-C and DCDA-D groups, each of the five 
domains had significantly positive correlation with faecal 
cysteine levels. Correlation of weight later in life and cysteine 
level was r=0.45 (p=0.067), although the difference did not 
reach statistical significance. A significant negative association 
was found between faecal cysteine levels and the first speaking 
time (p<0.05) (figure 5F). Such an association did not appear 
in the MCDA-C and MCDA-D groups, which may be attributed 
to more high-quality early education interventions and intensive 
childcare after birth in these groups. These results indicate that 
adverse intrauterine environmental factors have a relatively long-
term impact on physical and neurobehavioural development, 
especially in the individual-society domain, and the low level of 
faecal cysteine in early life may be correlated with physical and 
neurobehavioural development for twin infants with FGR.

DISCUSSION
Epidemiological studies have demonstrated that host genetics, 
prenatal environment including maternal medical disorders38 
and placental abnormalities39 or a combination of these factors 
can shape the neonatal microbiota at birth. Besides fetal and 
genetic factors, most of FGR usually develops in an adverse 
intrauterine environment caused by chronic hypoxia at the feto-
maternal interface. However, no study has focused on how the 
intrauterine environment and genetic factors determine early-
life microbial features, particularly for selective FGR. By investi-
gating gut microbiota dysbiosis and faecal metabolic alterations 
in neonates with selective FGR in a sample of MZ and DZ twins, 
we demonstrated that the intrauterine environment was a more 
crucial driver of neonatal microbial communities than genetics 
and that the dysbiotic microbiota in selective FGR has a long-
term impact on physical and neurocognitive development.

Regarding the influence of adverse intrauterine environ-
ments on gut microbial composition, our results revealed the 
degree of gut microbiota dysbiosis in selective FGR was highly 
correlated with the severity of selective FGR, which was in line 
with previous studies showing that birth weight is an underlying 
factor in determining infant microbial balance.40 Disorder of the 
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gut microbiota may be involved in inflammatory and metabolic 
disturbances in FGR, which has been demonstrated by increasing 
evidence.41 42 For example, the dysbiosis pattern of depleted 
Acinetobacter and enriched Stenotrophomonas in FGR is consis-
tent with a previous report on intrauterine growth-restricted 
piglets.43 Several recent studies have observed that Oscillospira 
is positively associated with leanness or lower BMI in both chil-
dren and adults.44 45 In our study, Oscillospira was found to be 
enriched in the early-life microbiome of individuals with selec-
tive FGR. In addition, the genus Coprococcus was positively 
correlated with lipid metabolic dysfunction and the proinflam-
matory response in low birth weight pigs.46 Both Oscillospira 
and Coprococcus are butyrate producers,47 and previous studies 
have revealed that butyrate represents a major source of energy 
for the colonic epithelium by regulating glucose metabolism48 
and alleviates ischaemia/reperfusion damage via the upregulation 
of intracellular oxidant stress and inflammation.49 Therefore, we 
speculate that elevated abundance of butyrate producers in selec-
tive FGR may be a mechanism to compensate for intrauterine 
malnutrition by regulating energy metabolism and reducing 
inflammatory responses.

16S rRNA amplicon and metagenome sequencing of 
faecal samples revealed that the genus Enterococcus and its 

representative species (E. faecium) were closely related to selec-
tive FGR. E. faecium can remove excess free radicals in the 
serum and promote the release of various antioxidant enzymes, 
which improves the antioxidant capacity of the serum.50 In this 
study, we found that the abundance of Enterococcus and E. 
faecium was positively correlated with methionine and cysteine 
in faecal samples. In individuals with selective FGR, the abun-
dance of genes involved in methionine and cysteine metabolism 
was significantly reduced. Previous studies51 52 have revealed that 
methionine could counteract oxidative stress by eliminating the 
concentrations of reactive oxygen species (ROS) as an activator 
of nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent antioxidant enzymes such as methionine sulfoxide 
reductase A.53 54 Emerging studies have indicated that common 
pathological abnormalities in individuals with FGR include 
damaged vascular endothelium in maternal-placenta-fetal circu-
lation, including amniotic fluid,55 caused by increased oxidative 
stress.56–58 We thus speculated that dynamic changes in the early-
life microbiome and the reduction in Enterococcus colonisation 
may downregulate methionine and cysteine levels and lead to 
vascular damage in individuals with selective FGR via an exces-
sive oxidative stress response.

Figure 5  Correlation between neonatal faecal metabolites and physical and neurocognitive development later in life. DCDA-C and DCDA-D 
represent DC twins with birth weight concordance and birth weight discordance, respectively. MCDA-C and MCDA-D represent MCDA twins with 
birth weight concordance and birth weight discordance, respectively. (A–D) Comparison of height-for-age, weight-for-age, first speaking time and 
first walking time among the DCDA-C, DCDA-D, MCDA-C and MCDA-D groups. Statistical significance was determined by Wilcoxon’s rank-sum test. 
(E) Comparison of the percentage of score areas in the four groups for each developmental domain of the Ages and Stages Questionnaires third 
edition subscale. (F) The correlation between the faecal cysteine concentration and evaluation indices of physical and neurocognitive development. 
The shadow around the linear regression trendline shows the 95% CI. DC, dichorionic; DCDA, dichorionic-diamniotic; MC, monochorionic; MCDA, 
monochorionic-diamniotic.
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Methionine participates in the biosynthesis of S-adenosyl-
methionine as the main 1 C (one carbon) donor acting as the 
precursor of succinyl-CoA, homocysteine.59 Due to the role of 1 
C in nucleic acid synthesis and protein synthesis,60 methionine 
and cysteine metabolism plays a vital role in fetal nutrition and 
growth.61 Notably, previous studies have showed that methionine 
in amniotic fluid from gestational weeks 13–17 could predict the 
final birth weight and length.62 In addition, several recent studies 
have showed that modified DNA methylation, such as of the 
promoter region of dopamine-specifying factor63–65 caused by 1 
C metabolism (methyltransferase), was associated with abnormal 
neurobehavioural development of individuals with FGR in 
infanthood. Therefore, low levels of methionine and cysteine 
could interfere with 1 C metabolism and inhibit DNA synthesis 
and methylation, which may in turn impede embryonic and fetal 
growth. This may explain why reduced cysteine in individuals 
with FGR was associated with retardation and neurocognitive 
development abnormalities in this study.

In conclusion, we reported gut microbiota dysbiosis and faecal 
metabolic alterations in neonates in an adverse intrauterine envi-
ronment with selective FGR and explored their possible effects 
on short-term microbiome shift and long-term neurobehavioural 
development. The decreased abundance of Enterococcus and 
Acinetobacter may downregulate methionine and cysteine levels 
and thereby cause excessive oxidative stress and low levels of 
1-C metabolism. These findings provide novel insights into gut 
disruption and metabolic profile disturbances in early life associ-
ated with adverse intrauterine environment, which will undoubt-
edly improve our understanding of the underlying mechanism 
of early-life microbial colonisation and contribute to improving 
adverse outcomes and curbing-related metabolic diseases later 
in life by targeting the gut microbiota and related metabolites.

Author affiliations
1Department of Obstetrics and Gynecology, Peking University Third Hospital, Beijing, 
China
2Beijing Institutes of Life Science, Chinese Academy of Sciences, Beijing, China
3University of Chinese Academy of Sciences, Beijing, China
4Center for Reproductive Medicine, The First Affiliated Hospital of Chongqing Medical 
University, Chongqing, China
5China Center of Industrial Culture Collection, China National Research Institute of 
Food and Fermentation Industries Co Ltd, Beijing, China
6Nanjing Maternity and Child Health Care Hospital, Nanjing, China
7Department of Obstetrics and Gynecology, Peking University International Hospital, 
Beijing, China
8Department of Pediatrics, Peking University Third Hospital, Beijing, China
9Department of Obstetrics and Gynecology, Zhengzhou Central Hospital Affiliated to 
Zhengzhou University, Zhengzhou, China
10State Key Laboratory of Integrated Management of Pest Insects and Rodents, 
Institute of Zoology, Chinese Academy of Sciences, Beijing, China
11Key Laboratory of Systems Biology, Hangzhou Institute for Advanced Study, 
University of Chinese Academy of Sciences, Beijing, China

Contributors  FZ is responsible for the overall content as the guarantor. FZ and 
YZ conceived the study. JY, Jinfeng Wang, NY, YW, SY, KC, WZ, ZS, Jing Wang, HJ, 
NH, YY, ML, RS, YW collected the samples and conducted the experiments. JY, LH, 
Jinfeng Wang, LX and JZ analysed the data. JY, LH, Jinfeng Wang and FZ wrote the 
manuscript. All authors approved the final version of the manuscript.

Funding  This work was supported by grants from the National Natural Science 
Foundation of China (32025009, 81971399, 32070122) and National Key R&D 
Project (2021YFA1301000, 2021YFC2300017).

Competing interests  None declared.

Patient consent for publication  Consent obtained from parent(s)/guardian(s).

Ethics approval  This study involves human participants and was approved 
by The Human Research Ethics Committee of Peking University Third Hospital 
(IRB00006761-2016145). Participants gave informed consent to participate in the 
study before taking part.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request. All 
data relevant to the study are included in the article or uploaded as supplementary 
information. Not applicable.

Supplemental material  This content has been supplied by the author(s). 
It has not been vetted by BMJ Publishing Group Limited (BMJ) and may not 
have been peer-reviewed. Any opinions or recommendations discussed are 
solely those of the author(s) and are not endorsed by BMJ. BMJ disclaims all 
liability and responsibility arising from any reliance placed on the content. 
Where the content includes any translated material, BMJ does not warrant the 
accuracy and reliability of the translations (including but not limited to local 
regulations, clinical guidelines, terminology, drug names and drug dosages), and 
is not responsible for any error and/or omissions arising from translation and 
adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Fangqing Zhao http://orcid.org/0000-0002-6216-1235

REFERENCES
	 1	 Gordijn SJ, Beune IM, Thilaganathan B, et al. Consensus definition of fetal growth 

restriction: a Delphi procedure. Ultrasound Obstet Gynecol 2016;48:333–9.
	 2	 Bernstein IM, Horbar JD, Badger GJ, et al. Morbidity and mortality among very-low-

birth-weight neonates with intrauterine growth restriction. The Vermont Oxford 
network. Am J Obstet Gynecol 2000;182:198–206.

	 3	 Unterscheider J, O’Donoghue K, Daly S, et al. Fetal growth restriction and the risk of 
perinatal mortality-case studies from the multicentre Porto study. BMC Pregnancy 
Childbirth 2014;14:63.

	 4	 Lees CC, Marlow N, van Wassenaer-Leemhuis A, et al. 2 year neurodevelopmental and 
intermediate perinatal outcomes in infants with very preterm fetal growth restriction 
(TRUFFLE): a randomised trial. Lancet 2015;385:2162–72.

	 5	 Sanz-Cortes M, Egaña-Ugrinovic G, Zupan R, et al. Brainstem and cerebellar 
differences and their association with neurobehavior in term small-for-gestational-age 
fetuses assessed by fetal MRI. Am J Obstet Gynecol 2014;210:452.e1-8.

	 6	 Leitner Y, Fattal-Valevski A, Geva R, et al. Neurodevelopmental outcome of children 
with intrauterine growth retardation: a longitudinal, 10-year prospective study. J Child 
Neurol 2007;22:580–7.

	 7	 Crispi F, Miranda J, Gratacós E. Long-term cardiovascular consequences of fetal 
growth restriction: biology, clinical implications, and opportunities for prevention of 
adult disease. Am J Obstet Gynecol 2018;218:S869–79.

	 8	 Mameli C, Mazzantini S, Zuccotti GV. Nutrition in the first 1000 days: the origin 
of childhood obesity. Int J Environ Res Public Health 2016;13. doi:10.3390/
ijerph13090838. [Epub ahead of print: 23 08 2016].

	 9	 McDonald B, McCoy KD. Maternal microbiota in pregnancy and early life. Science 
2019;365:984–5.

	10	 Tun HM, Bridgman SL, Chari R, et al. Roles of birth mode and infant gut microbiota 
in intergenerational transmission of overweight and obesity from mother to offspring. 
JAMA Pediatr 2018;172:368–77.

	11	 Francis AP, Dominguez-Bello MG. Early-Life microbiota perturbations and behavioral 
effects. Trends Microbiol 2019;27:567–9.

	12	 Cong X, Xu W, Romisher R, et al. Gut microbiome and infant health: Brain-Gut-
Microbiota axis and host genetic factors. Yale J Biol Med 2016;89:299–308.

	13	 Tamburini S, Shen N, Wu HC, et al. The microbiome in early life: implications for health 
outcomes. Nat Med 2016;22:713–22.

	14	 Yang J, Yao S, Cheng K, et al. Comparison of meconium microbiome in dizygotic and 
monozygotic twins born by caesarean section (CS). Front Microbiol 2020;11:1139.

	15	 Goodrich JK, Davenport ER, Beaumont M, et al. Genetic determinants of the gut 
microbiome in UK twins. Cell Host Microbe 2016;19:731–43.

	16	 D’Antonio F, Odibo AO, Prefumo F, et al. Weight discordance and perinatal mortality 
in twin pregnancy: systematic review and meta-analysis. Ultrasound Obstet Gynecol 
2018;52:11–23.

	17	 Amaru RC, Bush MC, Berkowitz RL, et al. Is discordant growth in twins an 
independent risk factor for adverse neonatal outcome? Obstet Gynecol 
2004;103:71–6.

	18	 Rizzo G, Arduini D, Romanini C. Cardiac and extracardiac flows in discordant twins. 
Am J Obstet Gynecol 1994;170:1321–7.

	19	 Victoria A, Mora G, Arias F. Perinatal outcome, placental pathology, and severity of 
discordance in monochorionic and dichorionic twins. Obstet Gynecol 2001;97:310–5.

	20	 De Paepe ME, Shapiro S, Young L, et al. Placental characteristics of selective 
birth weight discordance in diamniotic-monochorionic twin gestations. Placenta 
2010;31:380–6.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-6216-1235
http://dx.doi.org/10.1002/uog.15884
http://dx.doi.org/10.1016/S0002-9378(00)70513-8
http://dx.doi.org/10.1186/1471-2393-14-63
http://dx.doi.org/10.1186/1471-2393-14-63
http://dx.doi.org/10.1016/S0140-6736(14)62049-3
http://dx.doi.org/10.1016/j.ajog.2013.12.008
http://dx.doi.org/10.1177/0883073807302605
http://dx.doi.org/10.1177/0883073807302605
http://dx.doi.org/10.1016/j.ajog.2017.12.012
http://dx.doi.org/10.3390/ijerph13090838
http://dx.doi.org/10.1126/science.aay0618
http://dx.doi.org/10.1001/jamapediatrics.2017.5535
http://dx.doi.org/10.1016/j.tim.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27698614
http://dx.doi.org/10.1038/nm.4142
http://dx.doi.org/10.3389/fmicb.2020.01139
http://dx.doi.org/10.1016/j.chom.2016.04.017
http://dx.doi.org/10.1002/uog.18966
http://dx.doi.org/10.1097/01.AOG.0000104060.37475.29
http://dx.doi.org/10.1016/s0002-9378(94)70150-4
http://dx.doi.org/10.1016/s0029-7844(00)01111-x
http://dx.doi.org/10.1016/j.placenta.2010.02.018


2462 Yang J, et al. Gut 2022;71:2451–2462. doi:10.1136/gutjnl-2021-326482

Gut microbiome

	21	 Li M, Wang C, Yang Y, et al. Characteristics of vascular anastomoses in monochorionic 
twin 587 placentas with selective intrauterine growth restriction via 89 three-
dimensional computed tomography angiography. Prenat Diagn 2020;40:715–23.

	22	 Parra-Cordero M, Bennasar M, Martínez JM, et al. Cord occlusion in monochorionic 
twins with early selective intrauterine growth restriction and abnormal umbilical 
artery Doppler: a consecutive series of 90 cases. Fetal Diagn Ther 2016;39:186–91.

	23	 Khalil A, Rodgers M, Baschat A, et al. ISUOG practice guidelines: role of ultrasound in 
twin pregnancy. Ultrasound Obstet Gynecol 2016;47:247–63.

	24	 Khalil A, Beune I, Hecher K, et al. Consensus definition and essential reporting 
parameters of selective fetal growth restriction in twin pregnancy: a Delphi procedure. 
Ultrasound Obstet Gynecol 2019;53:47–54.

	25	 Wang J, Jia Z, Zhang B, et al. Tracing the accumulation of in vivo human oral 
microbiota elucidates microbial community dynamics at the gateway to the GI tract. 
Gut 2020;69:1355–6.

	26	 Wang J, Zheng J, Shi W, et al. Dysbiosis of maternal and neonatal microbiota 
associated with gestational diabetes mellitus. Gut 2018;67:1614–25.

	27	 Callahan BJ, McMurdie PJ, Rosen MJ, et al. DADA2: high-resolution sample inference 
from illumina amplicon data. Nat Methods 2016;13:581–3.

	28	 Bokulich NA, Kaehler BD, Rideout JR, et al. Optimizing taxonomic classification 
of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. 
Microbiome 2018;6:90.

	29	 Eaves LJ, Last KA, Young PA, et al. Model-fitting approaches to the analysis of human 
behaviour. Heredity 1978;41:249–320.

	30	 Truong DT, Franzosa EA, Tickle TL, et al. MetaPhlAn2 for enhanced metagenomic 
taxonomic profiling. Nat Methods 2015;12:902–3.

	31	 Franzosa EA, McIver LJ, Rahnavard G, et al. Species-level functional profiling of 
metagenomes and metatranscriptomes. Nat Methods 2018;15:962–8.

	32	 Smart KF, Aggio RBM, Van Houtte JR, et al. Analytical platform for metabolome 
analysis of microbial cells using methyl chloroformate derivatization followed by gas 
chromatography-mass spectrometry. Nat Protoc 2010;5:1709–29.

	33	 Han T-L, Cannon RD, Villas-Bôas SG. The metabolic response of Candida albicans to 
farnesol under hyphae-inducing conditions. FEMS Yeast Res 2012;12:879–89.

	34	 Squires J, Potter LW, Bricker D. The ASQ user’s guide for the Ages & Stages 
Questionnaires: A parent-completed. child-monitoring system 1999.

	35	 Filgueiras A, Pires P, Landeira-Fernandez J. Screening measures used in child daycare 
centers: a 15-Years systematic review. Psychology 2014;5:2109–19.

	36	 Noecker C, Eng A, Srinivasan S, et al. Metabolic model-based integration of 
microbiome taxonomic and metabolomic profiles elucidates mechanistic links 
between ecological and metabolic variation. mSystems 2016;1:e00013–15.

	37	 Morton JT, Aksenov AA, Nothias LF, et al. Learning representations of microbe-
metabolite interactions. Nat Methods 2019;16:1306–14.

	38	 Feng J, Xiang Y, Xia S, et al. CircView: a visualization and exploration tool for circular 
RNAs. Brief Bioinform 2018;19:1310–6.

	39	 Tomlinson MS, Lu K, Stewart JR, et al. Microorganisms in the placenta: links to early-
life inflammation and neurodevelopment in children. Clin Microbiol Rev 2019;32. 
doi:10.1128/CMR.00103-18. [Epub ahead of print: 19 06 2019].

	40	 Groer MW, Luciano AA, Dishaw LJ, et al. Development of the preterm infant gut 
microbiome: a research priority. Microbiome 2014;2:38.

	41	 Hu L, Peng X, Chen H, et al. Effects of intrauterine growth retardation and Bacillus 
subtilis PB6 supplementation on growth performance, intestinal development and 
immune function of piglets during the suckling period. Eur J Nutr 2017;56:1753–65.

	42	 Zhang L-L, Zhang H, Li Y, et al. Effects of medium-chain triglycerides on intestinal 
morphology and energy metabolism of intrauterine growth retarded weanling piglets. 
Arch Anim Nutr 2017;71:231–45.

	43	 Huang S, Li N, Liu C, et al. Characteristics of the gut microbiota colonization, 
inflammatory profile, and plasma metabolome in intrauterine growth restricted piglets 
during the first 12 hours after birth. J Microbiol 2019;57:748–58.

	44	 Tims S, Derom C, Jonkers DM, et al. Microbiota conservation and BMI signatures in 
adult monozygotic twins. Isme J 2013;7:707–17.

	45	 Goodrich JK, Waters JL, Poole AC, et al. Human genetics shape the gut microbiome. 
Cell 2014;159:789–99.

	46	 Huang S-M, Wu Z-H, Li T-T, et al. Perturbation of the lipid metabolism and intestinal 
inflammation in growing pigs with low birth weight is associated with the alterations 
of gut microbiota. Sci Total Environ 2020;719:137382.

	47	 Altemani F, Barrett HL, Gomez-Arango L, et al. Pregnant women who develop 
preeclampsia have lower abundance of the butyrate-producer Coprococcus in their 
gut microbiota. Pregnancy Hypertens 2021;23:211–9.

	48	 Khan S, Jena G. The role of butyrate, a histone deacetylase inhibitor in diabetes 
mellitus: experimental evidence for therapeutic intervention. Epigenomics 
2015;7:669–80.

	49	 Sun Y, Zhou C, Chen Y, et al. Quantitative increase in short-chain fatty acids, especially 
butyrate protects kidney from ischemia/reperfusion injury. J Investig Med 2022;70:29-
35.

	50	 Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function and 
immune homeostasis. Nat Rev Immunol 2014;14:141–53.

	51	 El-Wahed MA, El-Farghali OG, Elabd H. Metabolic derangements in IUGR neonates 
detected at birth using UPLC-MS. Egyptian Journal of Medical Human Genetics 
2016:S1110863016300817.

	52	 Wang L, Han TL, Luo X. Metabolic biomarkers of monochorionic twins complicated 
with selective intrauterine growth restriction in cord plasma and placental tissue. 
Scientific reports 2018;8:15914.

	53	 Wang Z, Liang M, Li H, et al. L-Methionine activates Nrf2-ARE pathway to induce 
endogenous antioxidant activity for depressing ROS-derived oxidative stress in 
growing rats. J Sci Food Agric 2019;99:4849–62.

	54	 Métayer S, Seiliez I, Collin A, et al. Mechanisms through which sulfur amino acids 
control protein metabolism and oxidative status. J Nutr Biochem 2008;19:207–15.

	55	 Park HJ, Cho HY, Cha DH. The amniotic fluid cell-free transcriptome provides novel 
information about fetal development and placental cellular dynamics. Int J Mol Sci 
2021;22. doi:10.3390/ijms22052612. [Epub ahead of print: 05 Mar 2021].

	56	 Zhang G-L, He Z-M, Shi X-M, et al. Discordant HIF1A mRNA levels and oxidative 
stress in placental shares of monochorionic twins with selective intra-uterine growth 
restriction. Placenta 2015;36:297–303.

	57	 Wu J, He Z, Gao Y, et al. Placental NFE2L2 is discordantly activated in monochorionic 
twins with selective intrauterine growth restriction and possibly regulated by hypoxia. 
Free Radic Res 2017;51:351–9.

	58	 Lane SL, Dodson RB, Doyle AS. Pharmacological activation of peroxisome proliferator-
activated receptor γ (PPAR-γ) protects against hypoxia-associated fetal growth 
restriction. FASEB journal : official publication of the Federation of American Societies 
for Experimental Biology 2019;33:8999–9007.

	59	 Martínez Y, Li X, Liu G. The role of methionine on metabolism, oxidative stress, and 
diseases. Amino acids 2017;49:2091–8.

	60	 Sanderson SM, Gao X, Dai Z. Methionine metabolism in health and cancer: a nexus of 
diet and precision medicine. Nature reviews Cancer 2019;19:625–37.

	61	 Malinow MR, Rajkovic A, Duell PB. The relationship between maternal and neonatal 
umbilical cord plasma homocyst(e)ine suggests a potential role for maternal 
homocyst(e)ine in fetal metabolism. Am J Obstet Gynecol 1998;178:228–33.

	62	 Monsen AL, Schneede J, Ueland PM. Mid-trimester amniotic fluid methionine 
concentrations: a predictor of birth weight and length. Metabolism: clinical and 
experimental 2006;55:1186–91.

	63	 Bordoni L, Nasuti C, Di Stefano A. Epigenetic memory of early-life parental 
perturbation: dopamine decrease and DNA methylation changes in offspring. 
Oxidative medicine and cellular longevity 2019;2019:1472623.

	64	 Weber-Stadlbauer U, Richetto J, Zwamborn RAJ, et al. Transgenerational 
modification of dopaminergic dysfunctions induced by maternal immune activation. 
Neuropsychopharmacology 2021;46:404–12.

	65	 Hodyl NA, Roberts CT, Bianco-Miotto T. Cord blood DNA methylation biomarkers 
for predicting neurodevelopmental outcomes. Genes 2016;7. doi:10.3390/
genes7120117. [Epub ahead of print: 03 12 2016].

http://dx.doi.org/10.1002/pd.5672
http://dx.doi.org/10.1159/000439023
http://dx.doi.org/10.1002/uog.15821
http://dx.doi.org/10.1002/uog.19013
http://dx.doi.org/10.1136/gutjnl-2019-318977
http://dx.doi.org/10.1136/gutjnl-2018-315988
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1186/s40168-018-0470-z
http://dx.doi.org/10.1038/hdy.1978.101
http://dx.doi.org/10.1038/nmeth.3589
http://dx.doi.org/10.1038/s41592-018-0176-y
http://dx.doi.org/10.1038/nprot.2010.108
http://dx.doi.org/10.1111/j.1567-1364.2012.00837.x
http://dx.doi.org/10.1128/mSystems.00013-15
http://dx.doi.org/10.1038/s41592-019-0616-3
http://dx.doi.org/10.1093/bib/bbx070
http://dx.doi.org/10.1128/CMR.00103-18
http://dx.doi.org/10.1186/2049-2618-2-38
http://dx.doi.org/10.1007/s00394-016-1223-z
http://dx.doi.org/10.1080/1745039X.2017.1312812
http://dx.doi.org/10.1007/s12275-019-8690-x
http://dx.doi.org/10.1038/ismej.2012.146
http://dx.doi.org/10.1016/j.cell.2014.09.053
http://dx.doi.org/10.1016/j.scitotenv.2020.137382
http://dx.doi.org/10.1016/j.preghy.2021.01.002
http://dx.doi.org/10.2217/epi.15.20
http://dx.doi.org/10.1136/jim-2020-001715
http://dx.doi.org/10.1038/nri3608
http://dx.doi.org/10.1002/jsfa.9757
http://dx.doi.org/10.1016/j.jnutbio.2007.05.006
http://dx.doi.org/10.3390/ijms22052612
http://dx.doi.org/10.1016/j.placenta.2014.12.019
http://dx.doi.org/10.1080/10715762.2017.1315113
http://dx.doi.org/10.1038/s41386-020-00855-w
http://dx.doi.org/10.3390/genes7120117

	Unfavourable intrauterine environment contributes to abnormal gut microbiome and metabolome in twins
	Abstract
	Introduction﻿﻿﻿﻿
	Materials and methods
	Subject recruitment
	Faecal sampling, DNA extraction and high-throughput sequencing
	16S rRNA data processing and microbial community analysis
	Heritability calculation
	Metagenomic analysis
	Untargeted metabolomics analysis of faecal samples
	Follow-up surveys of physical and neurocognitive development
	Statistical analysis

	Results
	Intrauterine environment outweighs genetics in shaping newborn gut microbiota
	Specific taxa correspond to adverse intrauterine environmental or genetic factors
	The longitudinal impact of adverse intrauterine environment on the gut microbiota
	Metabolic alterations related to dysbiotic gut microbiota in selective FGR
	Neonatal cysteine levels correlated with physical and neurocognitive development later in life

	Discussion
	References


