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Objective: Very low birth weight (VLBW) infants, which experience significant postnatal

growth restriction at the time of discharge, are at high risk of later growth failure and

long-term consequences. This study aims to characterize the structure of intestinal

microbiome community in VLBW infants with extrauterine growth restriction (EUGR).

Methods: Twenty-three VLBW infants appropriate for gestational age (GA) hospitalized

at the neonatal intensive care unit of the BaoAn Maternal and Child Care Hospital

(Shenzhen, China) were enrolled in this study, which were divided into the growth

restriction group (EUGR; n= 12) and the normal growth group (AGA; n= 11). Meconium

and fecal samples at postnatal day 28 were collected respectively during hospitalization.

Total bacterial DNA was extracted and sequenced using the Illumina MiSeq Sequencing

System based on the V3–V4 hyper-variable regions of the 16S rRNA gene.

Results: The intestinal bacterial communities of preterm infants were dominated by

the phylum Proteobacteria. Compared with the AGA group, the relative abundances of

the genera Aeromicrobium and Serratia in meconium samples significantly decreased,

whereas genera Parabacteroides, Ruminococcus, Blautia, and Aeromonas were more

prevalent in the EUGR group. On postnatal day 28, the relative abundances of the

genera Parabacteroides, Bacteroides, Eubacterium, Granulicatella, and Salinivibrio were

significantly different between the two groups, where genus Salinivibrio decreased

significantly in the EUGR samples. Among them, genus Parabacteroides was more

abundant on both postnatal day 1 and 28. Further KEGG prediction analysis showed that

there were many differences in functional genes and pathways between the two groups

on postnatal day 28, but not on day 1, the majority of which were related to energy

metabolism. And no statistical differences were observed in the clinical characteristics

of infants.

Conclusions: Overall, these findings showed that a distinct gut microbiota

profile presented in preterm infants with EUGR. The role of intestinal microbiome

in the extrauterine growth of preterm infants during hospitalization should be

further investigated.

Keywords: extrauterine growth restriction, very low birth weight, gut microbiome, 16S rRNA sequencing, preterm

infants, neonatal intensive care unit
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INTRODUCTION

Failure to achieve adequate extrauterine growth is common in
very low birth weight (VLBW) preterm infants (<1,500 g at
birth), which known as extrauterine growth restriction (EUGR)
(1). EUGR is most frequently defined as preterm infants
below the 10th percentile for weight increases between birth
and hospital discharge (2–4). That secondary to suboptimal
nutritional status during a critical third trimester of the ex-utero
preterm infant, would result in later morbidity and risk of
adult onset diseases (5). Accumulating evidence has shown that
EUGR not only affects physical development during infancy
and childhood (6), but also increases the risk of hypertension
(7), metabolic syndrome (8), such as diabetes and obesity,
and impaired neurodevelopment (9), including neurological and
sensory impairment, delayed cognitive development, and poor
school performance.

The extrauterine growth is influenced by a complex
interaction of multiple factors (10). And one of the most
important factors is the difficulty to establish adequate nutrition
in preterm newborns (11). In order to minimize the interruption
of growth and development of preterm infants, aggressive
nutritional approach has been proposed, with nutrient supply
given more rapidly than suggested (12, 13). Despite of the
continuing improvements in preterm infant care and great efforts
made to improve neonatal nutrition, many infants failed to
receive adequate nutrient intake and thus develop EUGR (14, 15).

Metagenomic analysis of the infant microbiome suggests
that intestinal microbiome may play essential roles in the
nutrition absorption, which is known to participate in energy
harvest from the diet and to modulate host energy storage and
metabolism (16, 17). Impaired composition of the intestinal
microbiome is associated with weight gain and metabolic disease
in children (18), and this effect can persist in adulthood (19).
However, the associations between gut microbiota composition
and extrauterine growth in preterm infants remains poorly
understood. The aim of this study was to investigate whether
gut microbiota composition of VLBW infants with EUGR
exhibits a distinct profile at birth, and whether the differences
persist post-natally.

Here, we performed a nested case-control study using fecal
samples collected fromVLBW infants on day 1 and 28 after birth.
High-throughput 16S rRNA gene sequencing and bioinformatics
analysis were used to determine genomic differences relate
to EUGR.

MATERIALS AND METHODS

Study Participants
In this cohort, VLBW preterm infants who admitted to the
neonatal intensive care unit (NICU) of BaoAn Maternal and
Child Care Hospital from January to December 2016 were
enrolled. Selection criteria were as follows: gestational age
(GA) <32 weeks, and birth weight (BW) < 1500 g. Infants
with congenital malformation, intrauterine growth retardation,
immune dysfunction, or severe infectious diseases; those who
underwent fasting for more than 3 days during hospitalization;

those with mothers who used immunosuppressive agents during
pregnancy; those with guardians disagreeing with or withdrawing
from the study; or infants who were abandoned or died within
2 weeks were excluded. The following maternal and neonatal
information was obtained from medical records: maternal age,
duration of ruptured membranes, clinical chorioamnionitis,
maternal hypertension, and diabetes; antenatal treatment with
dexamethasone and magnesium sulfate; mode of delivery, GA,
BW, postnatal age, gender, small for gestational age (SGA),
singleton/multiple gestation, early-onset and late-onset sepsis,
respiratory distress syndrome (RDS), patency of the ductus
arteriosus (PDA), postnatal treatment with steroids, days of
antibiotic treatment during the entire hospital stay, red blood
cell transfusions, feeding type (exclusive maternal/donor breast
milk, exclusive formula, and mixed), NEC (Bell stages II or III),
feeding intolerance which defined as gastric residual volume
more than 50% and abdominal distention or emesis of both, and
the length of hospital stay. The body weight at discharge of each
infant was compared with the 10th percentile of expected values.
Infants with measured growth values at discharge of ≤10th
percentile of the predicted value were assigned to the EUGR
group (EUGR) and others were assigned to the normal growth
group (AGA). The study protocol was approved by the medical
ethics committee of BaoAn Maternal and Child Care Hospital.
Written informed consent was obtained from the parents or
guardians of the infants.

Sequencing and Bioinformatics Analysis
Extraction of DNA was carried out as follows: First, fecal samples
were collected using sterile swabs from the diapers of infants.
Swabs were stored in 1 µL cell lysis solution immediately after
collection and subsequently stored in−80◦C freezer until further
processing. DNAwas extracted using a commercially available kit
(QIAamp Fast DNA Stool Mini Kit; Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions.

DNA Sequencing was performed as follows: First, DNA
concentration and quality were determined by Qubit
and verified using agarose gel electrophoresis. Primers
5′-CCTACGGGNGGCWGCAG-3′ (forward) and 5′-
GACTACHVGGGTATCTAATCC-3′ (reverse) were used to
amplify the 16S rRNA V3–V4 variable regions. Equimolar
amounts of purified PCR products were pooled and processed
for sequencing. DNA sequencing was performed on an Illumina
MiSeq instrument with barcoding using a sequence kit (version
3.0) for optimal pair-end sequence reads.

The data was first preprocessed with Trimmomatic (20). The
specific processing rules were as follows: (1) bases with quality
below 25 were removed from the end; (2) 50-bp sliding window,
1-bp step shift, windows with average quality <25 were also
removed; and (3) sequences with a length below 50-bp were
removed. Then FLASH (21) was used to splice high-quality
paired end sequences and to remove sequences with fuzzy bases.
According to the barcode, the sequences of every sample were
split and then aligned to the Homo Sapiens genome to remove
the polluting host sequences using Bowtie2 (22). After removal
of chimeric sequences with UCHIME (23) and clustering of 16S
rRNA gene sequences with UPARSE (24), sequences similarities
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of more than 97% were clustered into the same operational
taxonomic units (OTUs). Substantial taxonomic ranks were
assigned using the Ribosomal Database Project Naïve Bayesian
Classifier (25) against the GreenGenes database (26) with an 80%
value threshold. Pathway prediction was performed using Picrust
(27). And the LDA Effect Size (LEfSe: Linear Discriminant
Analysis Effect Size) algorithm was used to identify taxa with
differentiating relative abundance (28). The threshold for the
logarithmic LDA score was set at 2 for biomarker discovery.

Data Analysis
Characteristics were analyzed using R. Continuous variables were
reported as means ± standard deviations, and categorical data
were presented as ratios or percentages. Unpaired t-tests were
used to study differences in continuous variables and χ

2 tests
were used to analyze categorical variables. Difference with P <

0.05 was considered statistically significant.

RESULTS

Demographic and Clinical Characteristics
of Infants
In this cohort, 40 VLBW infants with a GA of <32 weeks were
treated in the NICU of BaoAnMaternal and Child Care Hospital.
Based on the exclusion criteria, 17 cases were excluded, and the
remaining 23 cases were included in the final analysis. Based on
the discharge weight, the 23 enrolled infants were divided into the
EUGR and AGA group. There were no significant differences in
any of the demographic and clinical characteristics between the
two groups. The demographic and clinical data of the enrolled
subjects were summarized in Table 1.

To profile the gut microbiota community structure, the V3–
V4 regions of the bacterial 16S rRNA gene were sequenced. In
total, 44 fecal samples were collected from the enrolled infants
on postnatal day 1 and 28, and 3,767,747 reads were obtained,
each sample has an average of 85,631 reads. The collected fecal
specimens on day 1 and 28 in the EUGR group were labeled:
EUGRd1 and EUGRd28, respectively, the counterparts in the
AGA group were designated AGAd1 and AGAd28, respectively.

Overall Microbiota Structures of
Intestinal Microbiota
Next, we studied the intestinal microbiota structure of infants
with or without EUGR. The main phyla in the EUGRd1 and
AGAd1 groups were Actinobacteria, Bacteroidetes, Firmicutes,
Fusobacteria, Proteobacteria, Tenericutes, and Verrucomicrobia
(Figure 1B). Compared with the AGAd1 group, the proportions
of Proteobacteria (66.71 vs. 73.57%), Tenericutes (9.33 vs.
20.53%), and Verrucomicrobia (0.21 vs. 1.22%) decreased, and
the proportions of Actinobacteria (3.63 vs. 1.38%), Bacteroidetes
(6.99 vs. 1.69%), Firmicutes (5.47 vs. 1.52%), and Fusobacteria
(7.31 vs. 0.01%) increased in the EUGRd1 group. Furthermore,
the main phyla in the EUGRd28 and AGAd28 groups were
Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria
(Figure 1C). The proportions of Actinobacteria (3.60 vs. 1.58%),
Bacteroidetes (5.35 vs. 2.70%), and Proteobacteria (80.64 vs.
68.30%) increased in the EUGRd28 group, whereas that

of Firmicutes (9.62 vs. 27.20%) decreased compared with
the AGAd28 group. The trends of changes were observed
without significant differences on both postnatal day 1 and 28
(Figures 1D,E). Additionally, at day 28, the phylum Tenericutes
decreased, whereas the phyla Proteobacteria and Firmicutes
increased compared with those on day 1 both in the EUGR
and AGA groups (Figure 1A). And the class Gamaproteobacteria
dominated the phylum Proteobacteria, the average relative
abundance was 70.4% in AGAd1, 67.9% in AGAd28, 60.8% in
EUGRd1, 79.2% in EUGRd28.

To compare the overall intestinal microbiota structures
in infants with postnatal growth failure and normal infants,
principal coordinate analysis (PCoA) was implemented based
on the OUT level. On both day 1 and 28, the results of PCoA
showed difference in bacterial structure of gut microbiome
between the EUGR and AGA groups, and many overlap subjects
existed (Figure 2A). The average weight unifrac distance value
of all subjects decreased from d1 (0.37) to d28 (0.26). While
the distance decreased from 0.35 to 0.17 in the EUGR group,
it also decreased from 0.33 to 0.29 in the AGA group. The
microbiome community presented a higher similarity in infants
with EUGR compared to AGA group at d28. Moreover, the
average Shannon and Simpson values were 0.97 ± 0.31, 0.58 ±

0.16 in AGAd1 group (mean± SD), 1.50± 0.78 and 0.44± 0.22
in EUGRd1, 1.25 ± 0.67 and 0.48 ± 0.24 in AGAd28, 1.36 ±

0.55 and 0.43 ± 0.21 in EUGRd28. There was a higher value of
Shannon index presented in EUGRd1 compared to AGAd1 with
P < 0.05 (Figure 2B).

Genus-based Comparisons of Intestinal
Microbiota Between EUGR and
AGA Groups
Next, the LEfSe tool (28) was used to analyze bacterial
communities in fecal samples and to detect potential significant
differences in relative abundances between the EUGR infants
and normal growth infants. Significant variations in the
communities of the intestinal microbiota were observed
at the genus level. Figure 3 included a list of genera that
significantly shifted between the EUGR and AGA groups on
day 1 and 28. There were significant differences in 6 genera
between the EUGRd1 and AGAd1 groups. Parabacteroides,
Ruminococcus2, Blautia, and Aeromonas were relatively
more abundant, whereas Aeromicrobium and Serratia in
the EUGRd1 group exhibited a relatively lower abundance
than that in the AGAd1 group (Figure 3A). In addition,
the results showed that genera Bacteroides, Parabacteroides,
Eubacterium, Granulicatella, and Eggerthella significantly
increased in the EUGRd28 group compared with that in the
AGAd28 group, whereas genus Salinvibrio showed a significant
decrease in abundance (Figure 3B). Among the results, genus
Parabacteroides was the only bacterium that was highly
abundant in the growth retardation group on day 1 and 28 both.
Collectively, these observations suggested that the microbial
composition of the gut significantly differed between infants
with and without EUGR according to the relative abundance
of sequences.
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TABLE 1 | Demographic and clinical characteristics of the two groups.

Characteristic N = 23 EUGR = 12 AGA = 11 P-value

Gestational age, weeks (mean, SD) 28.9 (1.8) 29.2 (1.9) 28.5 (1.7) 0.31

Maternal age, years (mean, SD) 28.7 (5.1) 28.6 (5.7) 28.7 (4.5) 0.95

Birth weight, grams (mean, SD) 1,187 (212) 1,187 (217) 1,188 (216) 0.99

Male 18 (78.3%) 9 (75%) 9 (81.8%) 1

Antenatal medications

Antibiotic

9 (39.1%) 5 (41.7%) 4 (36.4%) 1

Magnesium sulfate 18 (78.3%) 7 (58.3%) 11 (100%) 0.06

Dexamethasone 21 (91.3%) 11 (91.7%) 10 (90.9%) 1

Vaginal birth 12 (52.2%) 7 (58.3%) 5 (45.5%) 0.84

Multiple birth 7 (30.4%) 4 (33.3%) 3 (27.3%) 1

Chorioamnionitis 13 (56.5%) 5 (41.7%) 8 (72.7%) 0.28

Small for gestational age 0 (0%) 0 (0%) 0 (0%) 1

Amino acid supplement 22 (95.7%) 12 (100%) 10 (90.9%) 0.96

Respiratory distress syndrome 10 (43.5%) 4 (33.3%) 6 (54.5%) 0.55

Patent ductus arteriosus 8 (34.8%) 6 (50%) 2 (18.2%) 0.25

Postnatal age, weeks (mean, SD) 37.2 (2.0) 37.6 (2.1) 36.7 (1.9) 0.28

Postnatal treatment with steroids 3 (13.0%) 1 (8.3%) 2 (18.2%) 0.94

Bronchopulmonory dysplasia 13 (56.5%) 6 (50%) 7 (63.6%) 0.81

Treated retinopathy of prematurity 5 (21.7%) 3 (25%) 2 (18.2%) 1

Necrotizing enterocolitis 1 (4.3%) 1 (8.3%) 0 (0%) 1

Surgical necrotizing enterocolitis 1 (4.3%) 1 (8.3%) 0 (0%) 1

Postnatal antibiotics exposure in the first week 18 (78.3%) 10 (83.3%) 8 (72.7%) 0.91

Postnatal antibiotics exposure after the first week 14 (60.9%) 7 (58.3%) 7 (63.6%) 1

Days on antibiotics during hospitalization (mean, SD) 14.5 (10.5) 16.3 (13.5) 12.4 (6.0) 0.44

Early onset infection 14 (60.9%) 8 (66.7%) 6 (54.5%) 0.87

Late onset infection 10 (43.5%) 6 (50%) 4 (36.4%) 0.81

Packed red blood cell transfusion 20 (87.0%) 9 (75%) 11 (100%) 0.25

Feeding type 0.24

Maternal breast milk only 5 (21.7%) 1 (8.3%) 4 (36.4%)

Formula only 8 (34.8%) 5 (41.7%) 3 (27.3%)

Mixed feeding types 10 (43.5%) 6 (50%) 4 (36.4%)

Feeding intolerance in post-natal 2 weeks 11 (47.8%) 7 (58.3%) 4 (36.4%) 0.52

Length of stay, days (mean, SD) 58.4 (21.6) 58.9 (24.1) 57.7 (19.7) 0.90

Postmentrual age, weeks (mean, SD) 37.3 (1.8) 37.8 (1.9) 36.7 (1.6) 0.16

z-score for weight at discharge −1.5 (0.65) −2.0 (0.5) −1.0 (0.1) <0.01

Functional of Metabolism in the
Gut Microbiome
To investigate the changes in microbiome metabolites induced
by changes in the microbiome abundance, functional prediction
and pathway analyses of bacterial DNA in the two groups
were performed using gene sets of the Kyoto Encyclopedia of
Genes and Genomes (KEGG). There were no differences in
functional genes or pathways between the EUGRd1 and AGAd1
groups. In contrast, significant differences in several functional
genes and pathways were found between the EUGRd28 and
AGAd28 groups (Figure 4A). The gut microbiome of infants
with EUGR exhibited more abundant involvement of the
secretion system, citrate cycle, nitrogen metabolism, glyoxylate
and dicarboxylate metabolism, phenylalanine tyrosine and
tryptophan biosynthesis, porphyrin and chlorophyll metabolism,
and riboflavin metabolism. In order to elucidate the relationships

between the different taxa, functional genes, and pathways, a
network diagram was designed (Figure 4B).

DISCUSSION

Achieving good postnatal growth in preterm infants is still
a major clinical challenge (1). Recent studies on metabolism
and metabolic diseases suggest that gut microbiome directly
impacts growth and development of preterm infants (29, 30).
And maturation of the gut microbiota in early life is linked to
physiological development with long-term influences on infant
health (31). In this study, 16S rRNA sequencing was used to
detect differences in the gut microbiome between VLBW infants
with EUGR and normal growth. PCoA was applied to visualize
the dissimilarity of bacterial populations between EUGR and
AGA group, and differences were presented both on postnatal
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FIGURE 1 | Overall structures of intestinal microbiota at the phylum level. (A) Average microbiome community of group EUGR and AGA. (B) Microbiome community

structure of each sample at d1. (C) Microbiome community structure of each sample at d28. (D) Differences of phylum between EUGRd1 and AGAd1 group. (E)

Differences of phylum between EUGRd28 and AGAd28 group.

day 1 and 28, indicating that the differences persist partly after
birth. In accordance with the previous study (32), similarity of
the microbiome community in preterm infants increased over
time in this study. And smaller average weight unifrac distance
value was observed in the EUGRd28 compared to AGAd28,
indicating infants with EUGR during hospitalization were less
dissimilar. The main phyla in VLBW infants wereActinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria. Among them,
Proteobacteira was found to be the most abundant phylum,
accounting for more than 68% of total reads, regardless of the
presence of EUGR. The abundance of phylum Proteobacteria
increased over time, and the class Gammaproteobacteria
dominated the Proteobacteria, comprising more than 60% of

total sequences. This result was consistent with a previous
study (33). Class Gammaproteobacteria contained families
Enterobacteriaceae, Vibrionaceae, and Pseudomonadaceae that
might be associated with adverse outcomes, including necrotizing
enterocolitis, late-onset sepsis, and development delay (34–
36). As recent study demonstrated that infections, subclinical
pathogen carriage of gut microbial communities underlies
malnutrition in children (17). Lower taxonomic levels, larger
cohort, and experimental studies should be taken into account
in further study to confirm the identified contributors and to
elucidate the mechanism.

Furthermore, LDA analysis demonstrated that distinct profile
of intestinal microbiome existed in the preterm infants with
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FIGURE 2 | Principal coordinate analysis and alpha diversity plots in intestinal microbiota. (A) Weighted UniFrac PCoA plot based on OTU abundance. Each point

represents the intestinal microbiota of a newborn in the EUGR group (red) and AGA group (green). (B) Comparison of the microbiome biodiversity between infants with

EUGR and normal growth, the Shannon index, Simpson index were shown as estimators.

failure growth and normal growth at postnatal day 1 and
28. Notably, the genus Parabacteroides was the only taxa
highly abundant in the EUGR group at both time points.
Genus Parabacteroides is a gram-negative, anaerobic, non-spore-
forming genus, some species of which produce high quantities of
acetic acid and propionic acid (37). Additionally, acetic acid and
propionic acid are short-chain fatty acids that can be absorbed by
intestinal epithelial cells (IECs) and eventually enter the blood
circulation, affecting the storage of sugar in muscle, liver, and
fat. Moreover, acetic acid also can reach the brain, causing loss
of appetite, and resulting in reduced food intake (38). Thus,
excessive colonization of genus Parabacteroides in the intestinal
tract of VLBW infants might relate to weight gain. But it was
still unclear the mechanism and effect of genus Parabacteroides
on weight gain. Larger cohort and experimental studies toward

a better understanding of its effect should be conducted in the
next stage.

Some studies have demonstrated that genus Serratia
can secrete hemolysin, a pore-forming toxin that causes
transformation of the intestinal epithelium in insects and
mammals (39, 40). In response to hemolysin, enterocytes extrude
most of their apical cytoplasm, including damaged organelles,
such as mitochondria, resulting in an apparent thinning of the
epithelium without gut leakage or cell lysis. Surprisingly, the
affected IECs grow back to their initial thickness after a few
hours (41). In our study, although the relative abundance of
genus Serratia was higher in the AGAd1 group than that in
the EUGRd1 group, its influences on IECs renewal and enteral
nutrition absorption should be investigated and validated in
further studies.
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FIGURE 3 | Histogram of the LDA scored for differentially abundant genera between EUGR and AGA groups (red: AGA; green: EUGR). LDA scores were calculated

by LDA effect size using linear discriminant analysis. (A) was d1, and (B) was d28.

FIGURE 4 | Differently abundant pathways between EUGR and AGA groups and its relationship with varying abundances of genera. (A) Functional properties that

differed significantly between EUGRd28 and AGAd28 groups. (B) Relationships among bacteria, functional genes, and metabolic pathways.

Undernutrition was certainly influenced by metabolic impact
of dysbiotic commensal of gut microbiota (42). Functional
analysis with KEGG database showed that samples from the
EUGRd28 and AGAd28 groups contained many different
functional genes, whereas those from the EUGRd1 and AGAd1
groups did not. In addition, metabolic pathway analysis
revealed that genes related to the bacterial secretion system

and environmental information processing-related metabolic
pathways, including riboflavin metabolism, citrate cycle, carbon
fixation in photosynthetic organisms, phenylalanine tyrosine
and tryptophan biosynthesis metabolism, glyoxylate and
dicarboxylate metabolism, nitrogen metabolism, and porphyrin
and chlorophyll metabolism, increased in EUGRd28. Notably,
most of these pathways were linked to energy metabolism.
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EUGR remains a frequent and universal problem in preterm
infants with VLBW in neonatal intensive care units, and it
caused by multi-factors. Previous study suggested that multiple
clinical variables, maternal hypertension, SGA, PDA, RDS and
hospitalization time, and so on, influenced growth restriction
(43). Such SGA infants were discharged with greater growth
restriction (44). Moreover, evidences in premature infants
suggested that gut microbiota development was associated with
GA, but was also shaped by the restricted environment in the
neonatal intensive care unit, infant nutrition, and common
clinical practices in neonatal care (45–47). In this study, the
perinatal and neonatal clinical characteristics presented no
significant differences between the EUGR and AGA group.

The meconium was previously thought to be sterile, yet
numerous studies have since reported a complex meconium
microbiota signature (48, 49). The same phenomenon was
observed in this study, but also there were many significant
differences in the meconium samples between EUGRd1 and
AGAd1 group. Fetal microbiome in the meconium was similar
to the placental and amniotic microbiota (50), and in utero
ingestion of microbes present in the amniotic fluid partly leaded
to the bacterial colonization of the fetal gut. The difference in
the meconium microbiome suggested that some signatures may
exist in the maternal status during pregnancy. On the other side,
the acquisition of first gut microbial colonizers was affected by
multiple maternal factors, such as mode of delivery, maternal
intrapartum antibiotic use, clinical chorioamnionitis, and so
on (17). The differences noted on meconium samples might
reasonably be attributed to differences of these factors between
the two groups. However, the small sample size was insufficient to
either validate or reject these possible explanations in this study.
A large sample size must be taken into account in further studies.

However, several potential limitations should be taken into
consideration. First, the sample size was small and sampling
time was limited. In addition, due to that all the participants
included in this study were all recruited in the same hospital,
hence potential regional differences in placental microbiota was

not assessed. A multicenter clinical study to fully investigate and
compare the intestinal microbiota of subjects with EUGR among
different regions should be designed. Further, since there were
no data on the feeds differences between the two groups, the
effect of different feeds on the difference in microbiome was
not comprehensively understood. Moreover, BW is a continuous
variable but treated as a dichotomous one in this study, which
presented a little arbitrariness. As z-score for weight is one way
of quantifying extent of EUGR, the relationships between the gut
microbiome community and z-score need to be investigated in
the next study.

In conclusion, we found that infants with EUGR showed
distinct intestinal microbiota profiles at postnatal day 1
and 28. These findings provided insights into the potential
relationship between intestinal microbiota and EUGR, but it
was yet unclear whether this microbial presence is a cause
or effect of impaired growth. As the high prevalence of
infants with EUGR, a better understanding of the connections
between the intestinal microbiome and the development of
EUGR is important for improving infant health. Thus, high-
quality, large-scale clinical studies and further animal and
preclinical experiments are needed to clarify the underlying
mechanisms and establish methods for the prevention and
treatment of EUGR.

AUTHOR CONTRIBUTIONS

WH and HL conceived of the presented idea and planned the
experiments. ZH, DG, YL, and QZ carried out the experiments.
HL and BX designed the computational framework and analyzed
the data. HL and ZH wrote the manuscript. All authors discussed
the results and contributed to the final manuscript.

FUNDING

This work was funded by the Baoan District Science and
Technology of Shenzhen (2017JD091).

REFERENCES

1. Clark RH, Wagner CL, Merritt RJ, Bloom BT, Neu J, Young TE, et al.

Nutrition in the neonatal intensive care unit: how do we reduce the

incidence of extrauterine growth restriction? J Perinatol. (2003) 23:337–44.

doi: 10.1038/sj.jp.7210937

2. Astbury J, Orgill AA, Bajuk B, Yu VY. Sequelae of growth failure in

appropriate for gestational age, very low-birth weight infants. Dev Med Child

Neurol. (1986) 28:472–9. doi: 10.1111/j.1469-8749.1986.tb14285.x

3. Ruth VA. Extrauterine growth restriction: a review of the literature. Neonatal

Netw. (2008) 27:177–84. doi: 10.1891/0730-0832.27.3.177

4. Clark RH, Thomas P, Peabody J. Extruterine growth restriction remains a

serious problem in prematurely born neonates. Pediatrics. (2003) 111:986–90.

doi: 10.1542/peds.111.5.986

5. Yu VY. Extrauterine growth restriction in preterm infants: importance

of optimizing nutrition in neonatal intensive care units. Croat Med J.

(2005) 46:737–43.

6. Sutton PS, Darmstadt GL. Preterm birth and neurodevelopment: a review

of outcomes and recommendations for early identification and cost-effective

interventions. J Trop Pediatr. (2013) 59:258–65. doi: 10.1093/tropej/fmt012

7. de Jong F, Monuteaux MC, van Elburg RM, Gillman MW, Belfort

MB. Systematic review and meta-analysis of preterm birth and

later systolic blood pressure. Hypertension. (2012) 59:226–34.

doi: 10.1161/HYPERTENSIONAHA.111.181784

8. Parkinson JR, Hyde MJ, Gale C, Santhakumaran S, Modi N. Preterm

birth and the metabolic syndrome in adult life: a systematic review

and meta-analysis. Pediatrics. (2013) 131:e1240–63. doi: 10.1542/peds.201

2-2177

9. Chien HC, Chen CH, Wang TM, Hsu YC, Lin MC. Neurodevelopmental

outcomes of infants with very low birth weights are associated with the

severity of their extra-uterine growth retardation. Pediatr Neonatol. (2018)

59:168–75. doi: 10.1016/j.pedneo.2017.08.003

10. Cooke RJ, Ainsworth SB, Fenton AC. Postnatal growth retardation: a universal

problem in preterm infants.Arch Dis Child Fetal Neonatal Ed. (2004) 89:F248–

30. doi: 10.1136/adc.2001.004044

11. Embleton NE, Pang N, Cooke RJ. Postnatal malnutrition and growth

retardation: an inevitable consequence of current recommendations in

preterm infants? Pediatrics. (2001) 107:207–3. doi: 10.1542/peds.107.2.270

12. Wilson DC, Cairns P, Halliday HL, Reid M, McClure C, Dodge JA.

Randomised controlled trial of an aggressive nutritional regimen in

Frontiers in Pediatrics | www.frontiersin.org 8 March 2019 | Volume 7 | Article 99

https://doi.org/10.1038/sj.jp.7210937
https://doi.org/10.1111/j.1469-8749.1986.tb14285.x
https://doi.org/10.1891/0730-0832.27.3.177
https://doi.org/10.1542/peds.111.5.986
https://doi.org/10.1093/tropej/fmt012
https://doi.org/10.1161/HYPERTENSIONAHA.111.181784
https://doi.org/10.1542/peds.2012-2177
https://doi.org/10.1016/j.pedneo.2017.08.003
https://doi.org/10.1136/adc.2001.004044
https://doi.org/10.1542/peds.107.2.270
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Li et al. Gut Microbiome of VLBW With EUGR

sick very low birth-weight infants. Arch Dis Child. (1997) 77:F4–F11.

doi: 10.1136/fn.77.1.F4

13. Ziegler EE, Thureen PJ, Carlson SJ. Aggressive nutrition of

very low birth weight infant. Clin Perinatol. (2002) 29:225–44.

doi: 10.1016/S0095-5108(02)00007-6

14. De Curtis M, Rigo J. The nutrition of preterm infants. Early Hum Dev. (2012)

88:S5–S7. doi: 10.1016/j.earlhumdev.2011.12.020

15. Horbar JD, Ehrenkranz RA, Badger GJ, Edwards EM, Morrow KA,

Soll RF, et al. Weight growth velocity and postnatal growth failure

in infants 501 to 1500 grams:2000–2013. Pediatrics. (2015) 136:e84–e92.

doi: 10.1542/peds.2015-0129

16. Kumar M, Ji B, Babael P, Das P, Lappa D, Ramakrishnan G, et al. Gut

microbiota dysbiosis is associated with malnutrition and reduced plasma

amino acid levels: lessons from genome-scale metabolic modeling.Metab Eng.

(2018) 49:128–42. doi: 10.1016/j.ymben.2018.07.018

17. Robertson RC, Manges AR, Finlay BB, Prendergast AJ. The human

microbiome and child growth - first 1000 days and beyond. Trends Microbiol.

(2018) 27:131–47. doi: 10.1016/j.tim.2018.09.008

18. Shreiner AB, Kao JY, Young VB. The gut microbiome in

health and in disease. Curr Opin Gastroenterol. (2015) 31:69–75.

doi: 10.1097/MOG.0000000000000139

19. Goulet O. Potential role of the intestinal microbiota in programming health

and disease. Nutr Rev. (2015) 73(Suppl. 1):32–40. doi: 10.1093/nutrit/nuv039

20. Bolger AM, Lohse M, Usadel B. Trimmonmatic: a flexible trimmer

for Illumina sequence data. Bioinformatics. (2014) 30:2114–20.

doi: 10.1093/bioinformatics/btu170

21. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads

to improve genome assemblies. Bioinformatics. (2011) 27:2957–63.

doi: 10.1093/bioinformatics/btr507

22. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat

Methods. (2012) 9:357–9. doi: 10.1038/nmeth.1923

23. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves

sensitivity and speed of chimera detection. Bioinformatics. (2011) 27:2194–

200. doi: 10.1093/bioinformatics/btr381

24. Edgar RC. UPARSE: highly accurate OTU sequences frommicrobial amplicon

reads. Nat Methods. (2013) 10:996–8. doi: 10.1038/nmeth.2604

25. Wang Q, Garrity GM, Tiedje TM, Cole JR. Naïve Bayesian classifier for rapid

assignment of rRNA sequences into the new bacterial taxonomy.Appl Environ

Microbiol. (2007) 73:5261–7. doi: 10.1128/AEM.00062-07

26. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller

K, et al. Greengenes, a chimera-checked 16S rRNA gene database and

workbench compatible with ARB.Appl EnvironMicrobiol. (2006) 72:5069–72.

doi: 10.1128/AEM.03006-05

27. Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes

JA, et al. Predictive functional profiling of microbial communities using

16S rRNA marker gene sequences. Nat Biotechnol. (2013) 31:814–21.

doi: 10.1038/nbt.2676

28. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.

Metagenomic biomarker discovery and explanation. Genome Biol. (2011)

12:R60. doi: 10.1186/gb-2011-12-6-r60

29. Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O,

et al. Microbiome gut bacteria that prevent growth impairments transmitted

by microbiota from malnourished children. Science. (2016) 351:830–U857.

doi: 10.1126/science.aad3311

30. La Rosa PS, Warner BB, Zhou Y, Weinstock GM, Sodergren E, Hall-

Moore CM, et al. Patterned progression of bacterial populations in the

premature infant gut. Proc Natl Acad Sci USA. (2014) 111:12522–7.

doi: 10.1073/pnas.1409497111

31. Renz H, Brandtzaeg P, Hornef M. The impact of perinatal immune

development on mucosal homeostasis and chronic inflammation. Nat Rev

Immunol. (2012) 21:9–23. doi: 10.1038/nri3112

32. Cong X, Xu W, Janton S, Henderson WA, Matson A, McGrath JM,

et al. Gut microbiome development patterns in early life of preterm

infants: impacts of feeding and gender. PLoS ONE. (2016) 11:e0152751.

doi: 10.1371/journal.pone.0152751

33. Ho TTB, Groer MW, Kane B, Yee AL, Torres BA, Gilbert JA, et al.

Dichotomous development of the gut microbiome in preterm infants.

Microbiome. (2018) 6:157. doi: 10.1186/s40168-018-0547-8

34. Stewart CJ, Embleton ND, Marrs ECL, Smith DP, Fofanova T, Nelson A, et al.

Longitudinal development of the gut microbiome andmetabolome in preterm

neonates with late onset sepsis and healthy controls.Microbiome. (2017) 5:75.

doi: 10.1186/s40168-017-0295-1

35. Warner BB, Deych E, Zhou Y, Hall-Moore C, Weinstock GM, Sodergren

E, et al. Gut bacteria dysbiosis and necrotising enterocolitis in very

low birthweight infants: a prospective case-control study. Lancet. (2016)

387:1928–36. doi: 10.1016/S0140-6736(16)00081-7

36. Goyal MS, Venkatesh S, Milbrandt J, Gordon JI, Raichle ME. Feeding the

brain and nurturing the mind: linking nutrition and the gut microbiota

to brain development. Proc Natl Acad Sci USA. (2015) 112:14105–12.

doi: 10.1073/pnas.1511465112

37. Grotoh A, Nara M, Sugiyama Y, Sakanaka M, Yachi H, Kitakata A,

et al. Use of Gifu anaerobic medium for culturing 32 dominant species

of human gut microbes and its evaluation based on short-chain fatty

acids fermentation profiles. Biosci Biotechnol Biochem. (2017) 81:2009–17.

doi: 10.1080/09168451.2017.1359486

38. Kim CH. Microbiota or short-chain fatty acids: which regulated diabetes? Cell

Mol Immunol. (2017) 15:88–91. doi: 10.1038/cmi.2017.57

39. Braun V, Gunther H, Neuss B, Tautz C. Hemolytic activity of Serratia

marcescens. Arch Microbiol. (1985) 141:371–7. doi: 10.1007/BF00428852

40. Ruan Y, Braun V. Hemolysin as a marker for Serratia. Arch Microbiol. (1990)

154:221–5. doi: 10.1007/BF00248958

41. Bonfini A, Buchon N. Pore-forming toxins trigger the purge. Cell Host

Microbe. (2016) 20:693–4. doi: 10.1016/j.chom.2016.11.006

42. Grier A, Qiu X, Bandyopadhyay S, Holden-Wiltse J, Kessler HA, Gill

AL, et al. Impact of prematurity and nutrition on the developing

gut microbiome and preterm infant growth. Microbiome. (2017) 5:158.

doi: 10.1186/s40168-017-0377-0

43. Lima PA, Carvalho Md, Costa AC, Moreira ME. Variables associated with

extra uterine growth restriction in very low birth weight infants. J Pediatr.

(2014) 90:22–7. doi: 10.1016/j.jped.2013.05.007

44. Kurtoglu S, Hatipoglu N, Mazicioglu MM, Akin MA, Coban D, Gokoglu

S, et al. Body weight, length and head circumference at birth in a

cohort of Turkish newborns. J Clin Res Pediatr Endocrinol. (2012) 4:132–9.

doi: 10.4274/Jcrpe.693

45. Arboleya S, Sanchez B, Milani C, Duranti S, Solis G, Fernadez N, et al.

Intestinal microbiota development in preterm neonates and effect of perinatal

antibiotics. J Pediatr. (2015) 166:538–44. doi: 10.1016/j.jpeds.2014.09.041

46. Brooks B, Firek BA, Miller CS, Sharon I, Thomas BC, Baker R, et al. Microbes

in the neonatal intensive care unit resemble those found in the gut of

premature infants.Microbiome. (2014) 2:1 doi: 10.1186/2049-2618-2-1

47. O’Sullivan A, Farver M, Smilowitz JT. The influence of early infant-feeding

practices on the intestinal microbiome and body composition in infants. Nutr

Metab Insights. (2015) 8(Suppl. 1):1–9. doi: 10.4137/NMI.S29530

48. Shi YC, Guo H, Chen J, Sun G, Ren RR, Guo MZ, et al. Initial meconium

microtiome in Chinese neonates delivered naturally or by cesarean section.

Sci Rep. (2018) 8:3255. doi: 10.1038/s41598-018-21657-7

49. Nagpal R, Tsuji H, Takahashi T, Kawashima K, Nagata S, Nomoto K, et al.

Sensitive quantitative analysis of the meconium bacterial microbiota in

healthy term infants born vaginally or by cesareari section. Front Microbiol.

(2016) 7:1997. doi: 10.3389/fmicb.2016.01997

50. Ardissone AN, de la Cruz DM, Davis-Rishardson AG, Rechcigl KT,

Li N, Drew JC, et al. Meconium microbiome analysis identifies

bacteria correlated with premature birth. PLoS ONE. (2014) 9:e90784.

doi: 10.1371/journal.pone.0090784

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Li, He, Gao, Lv, Zhou, Xiao and Huang. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Pediatrics | www.frontiersin.org 9 March 2019 | Volume 7 | Article 99

https://doi.org/10.1136/fn.77.1.F4
https://doi.org/10.1016/S0095-5108(02)00007-6
https://doi.org/10.1016/j.earlhumdev.2011.12.020
https://doi.org/10.1542/peds.2015-0129
https://doi.org/10.1016/j.ymben.2018.07.018
https://doi.org/10.1016/j.tim.2018.09.008
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1093/nutrit/nuv039
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1126/science.aad3311
https://doi.org/10.1073/pnas.1409497111
https://doi.org/10.1038/nri3112
https://doi.org/10.1371/journal.pone.0152751
https://doi.org/10.1186/s40168-018-0547-8
https://doi.org/10.1186/s40168-017-0295-1
https://doi.org/10.1016/S0140-6736(16)00081-7
https://doi.org/10.1073/pnas.1511465112
https://doi.org/10.1080/09168451.2017.1359486
https://doi.org/10.1038/cmi.2017.57
https://doi.org/10.1007/BF00428852
https://doi.org/10.1007/BF00248958
https://doi.org/10.1016/j.chom.2016.11.006
https://doi.org/10.1186/s40168-017-0377-0
https://doi.org/10.1016/j.jped.2013.05.007
https://doi.org/10.4274/Jcrpe.693
https://doi.org/10.1016/j.jpeds.2014.09.041
https://doi.org/10.1186/2049-2618-2-1
https://doi.org/10.4137/NMI.S29530
https://doi.org/10.1038/s41598-018-21657-7
https://doi.org/10.3389/fmicb.2016.01997
https://doi.org/10.1371/journal.pone.0090784
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Characteristics of the Intestinal Microbiota in Very Low Birth Weight Infants With Extrauterine Growth Restriction
	Introduction
	Materials and Methods
	Study Participants
	Sequencing and Bioinformatics Analysis
	Data Analysis

	Results
	Demographic and Clinical Characteristics of Infants
	Overall Microbiota Structures of Intestinal Microbiota
	Genus-based Comparisons of Intestinal Microbiota Between EUGR and AGA Groups
	Functional of Metabolism in the Gut Microbiome

	Discussion
	Author Contributions
	Funding
	References


