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Dysbiosis of the initial stool
microbiota increases the risk

of developing necrotizing
enterocolitis or feeding intolerance
In newborns

Hyojin Chae?, Sae Yun Kim?, Hyun Mi Kang?, Soo-Ah Im? & Young-Ah Youn?**

Several perinatal factors influence the intestinal microbiome of newborns during the first days of

life, whether during delivery or even in utero. These factors may increase the risk of developing
necrotizing enterocolitis (NEC) by causing dysbiosis linked to a NEC-associated microbiota, which may
also be associated with other gastrointestinal problems. The objective of our study was to evaluate
the potential risks associated with microbial shifts in newborns with gastrointestinal symptoms and
identify the intestinal microbiota of neonates at risk for NEC.During the study period, 310 preterm
and term newborns’ first passed meconium occurring within 72 h of birth were collected, and the
microbiome was analyzed. We identified the risk factors in the NEC/FI group. Regarding microbiota,
we compared the bacterial abundance between the NEC/FI group at the phylum and genus levels and
explored the differences in the microbial composition of the 1st stool samples. A total of 14.8% (n = 46)
of the infants were diagnosed with NEC or Fl. In univariate analysis, the mean gestational age and
birth weight were significantly lower in the NEC/FI group (p < 0.001). Prolonged rupture of membranes
(PROM) > 18 h, chorioamnionitis, and histology were significantly higher in the NEC/FI group

(p <0.001). Multivariate analysis showed that gestational age (GA), prolonged membrane rupture
(>18 h), and early onset sepsis were consistently associated with an increased risk of NEC/FI. Infants
diagnosed with NEC/FI exhibited a significantly lower abundance of Actinobacteria at the phylum level
than the control group (p < 0.001). At the genus level, a significantly lower abundance of Streptococcus
and Bifidobacterium which belong to the Actinobacteria phylum, was observed in the NEC/FI group

(p <0.001). Furthermore, the NEC/FI had significantly lower alpha diversities (Shannon Index,3.39 vs.
3.12; P=0.044, respectively). Our study revealed that newborns with lower diversity and dysbiosis

in their initial gut microbiota had an increased risk of developing NEC, with microbiota differences
appearing to be associated with NEC/FI. Dysbiosis could potentially serve as a predictive marker for
NEC- or Gl-related symptoms.
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Several perinatal and postnatal factors influence the intestinal microbiome of newborns. Microorganisms found
in the meconium are the initial colonizers of the newborn gut and originate from the mother’s skin, vagina, and
gut'. The gut microbiota inhabits intestinal mucosal surfaces and plays a crucial role in epithelial homeostasis and
immune development?. In particular, preterm infants are at increased risk of developing severe bowel disorders
characterized by inflammation and infection. Kindinger et al. reported a significant correlation between
maternal vaginal microbiota and the risk of preterm or full-term birth?. Similarly, certain neonatal and maternal
risk factors contribute to sepsis development in newborns. Factors such as low birth weight, chorioamnionitis,
premature birth, and premature rupture of membranes may disrupt the balance of gut microbiota, increasing
susceptibility to necrotizing enterocolitis (NEC) and infections®. The intestinal microbiota plays a crucial role in
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immune system maturation, immune response regulation, protection against opportunistic pathogen invasion,
and hormonal regulation®. As maternal microbiota is the primary source for the initial colonization of newborn
infants, dysbiosis of the neonatal microbiota in the first stool may be closely associated with the prediction
of neonatal diseases such as NEC, feeding intolerance (FI), and sepsis during hospitalization. The potential
risks associated with microbial shifts in neonates may predict the risk of disease development. A wide variety
of reports have demonstrated that the microbiota in the meconium can be affected by factors at the time of
delivery. Accordingly, the bacterial diversity observed in NEC patients appears distinct from that of controls,
characterized by a lower presence of beneficial microorganisms even before the onset of NEC®. Low diversity of
intestinal microbial flora was found without any differences between NEC patients and controls’. As a result, the
intestinal microbiome may play an important role in the pathogenesis of NEC which can lead to death, serious
infection, and long-term disability and developmental problems®’. The objective of our study is to investigate
whether dysbiosis in the initial gut microbiota increases the risk of developing NEC, with microbiota differences
appearing to be associated with NEC/FI in newborns admitted to NICU. Further, significant clinical risk factors
associated with NEC or FI that may contribute to dysbiosis were investigated. Additionally, we assessed the
diversity of microbiota to identify potential dysbiosis that may predict NEC/FL

Materials and methods
Population under study and data collection
This was a prospective study carried out at a neonatal intensive care unit (NICU) of level IV referral university
hospital located in Seoul, Korea. Preterm and term infants admitted to the NICU between May 2021 and
September 2023 were included as study participants upon the collection of their first meconium stool sample
within 72 h of birth, regardless of whether NEC-related symptoms or signs appeared. The inclusion criteria
were as follows: (1) the first meconium stool sample obtained within 72 h of birth during the study period, (2)
admission to the NICU regardless of gestational age at birth, (3) immediate NICU admission after birth for any
symptoms requiring intensive care, and (4) informed consent obtained from the legal guardians. The control
group consisted of infants who met these criteria but did not develop NEC or FI and were considered healthier.
Immediately upon passage, a volume of 1-2 mL (maximum 3 mL) of the infant’s meconium was promptly
gathered and preserved at —20 °C. Within 48 h after collection, the specimens were transferred to a deep freezer
set at —80 oC until DNA was extracted for microbiome analyses. We excluded infants who died before NICU
discharge. Patients with major congenital abnormalities, syndromes, or metabolic diseases were excluded from
the study. The specimens were then subjected to DNA extraction for microbiome analyses.

The clinical course and disease progression of the infants included in the study were surveyed until discharge.
In addition to collecting perinatal data, we gathered postnatal and clinical information of infants admitted to our
level IV NICU. This encompassed details, such as gestational age, birth weight, birth-related history, and major
hospital outcomes. Furthermore, we analyzed the rates of feeding advancement, duration of total parenteral
nutrition (TPN), and the choice between formula and breast milk. This study was funded by the National
Research Foundation of Korea (NRF) under the auspices of the Korean Ministry of Science (grant number:
2022R1A2C100399611). This study was approved by the Human Research Ethics Boards at Seoul St. Mary’s
Hospital (KC22TNSI0297), and all methods were performed in accordance with the relevant guidelines and
regulations. The written informed consent was obtained from the parents upon admission.

Fecal microbiome analysis

Our previous pilot study examined the relationship between NEC and gestational age in a smaller group setting.
The protocols used are described in detail in the methods section of our previous microbiota study®. DNA
was extracted from the meconium samples, and, for the target region (V3-V4), specific amplification PCR
was conducted. Subsequently, dual index PCR was performed with an Illumina sequencing platform using the
PCRBIO VeriFi Mix (PCR Biosystemsw, London, UK) and Nextera ~Index Kit V2 Set A (Illumina’, San Diego,
CA, USA). After indexing, the final pooled library concentration and size were checked. DNA was pooled and
sequenced on an Illumina MiSeq platform, and the sequencing data of bacterial variability sites (V3-V4) were
analyzed with a 16 S metagenomics application. Then, the sequencing and data analysis were performed using
Quantitative Insights into Microbial Ecology 2 (QIIMEZ2; version 2020.2 and 2020.6). The detailed sampling,
preprocessing, and analysis methods used for the meconium samples have been published elsewhere?.

Definitions

Meconium is often defined as the first stool passed within 48 h from birth, however, VLBWI with immature
bowel movement with careful advancement of feeding may lead their first meconium pass within 72 h of life.
NEC was defined as stage II or above, according to the modified Bell’s staging classification grade®, which
includes one or more of the following clinical signs: bilious, gastric aspirator emesis, abdominal distention, or
occult or gross blood in the stool. This classification also includes one or more of the following radiographic
findings: pneumatosis intestinalis, hepatobiliary gas, or pneumoperitoneum. Therapeutic decisions were based
on clinical staging. FI was defined as persistent gastric aspirates of >50% of the feed volume more than three
times a day, which did not allow the advancement of feeding>10-20 ml/kg/day with or without increased
abdominal girth in the absence of culture-positive sepsis or radiographic evidence of NEC during 48 h'°.
Respiratory distress syndrome (RDS) was diagnosed on the basis of both clinical and radiographic findings.
Bronchopulmonary dysplasia was defined as the use of oxygen>0.21% at corrected 36 weeks. Sepsis was
diagnosed in patients with symptoms and/or signs of systemic infection. Blood-proven sepsis was defined as
a positive result for one or more bacterial or fungal cultures obtained from the blood of infants with clinical
signs of infection, treated with antibiotics for 5 or more days, or treated for a shorter period if the patient died!!.
Early sepsis was classified as sepsis occurring within a week of life and late-onset sepsis (LOS) as they occurred
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after 7 days of life. Bronchopulmonary dysplasia (BPD) was diagnosed if oxygen use exceeding 0.21% was still
required at a corrected gestational age of 36 weeks. Full feeding was defined as the attainment of enteral feeding
exceeding > 100 ml/kg/day, at which point the peripherally inserted central catheters (PICCs) could be removed.

Statistical analysis

For descriptive statistics of demographic data and concentration, continuous variables were presented as means
and standard deviations (SD), while categorical variables were presented as percentages and frequencies. For
inferential statistics, continuous variables were compared using the ¢ test or Wilcoxon rank-sum test, depending
on the normality of the variable being tested. More specifically, we compared the microbiome concentrations in
the NEC group versus controls using the student’s ¢ test (or Welch-Satterthwaite ¢ test when the variance in the
two groups was unequal). Alpha diversity was calculated using Shannon’s diversity index, and beta diversity was
plotted using principal coordinate analysis of Bray-Curti’s dissimilarity. Differences in categorical variables were
compared using chi-square or Fisher’s exact test. Statistical significance was set at P <0.05.

Results

Comparison of the clinical characteristics of the NEC/FI group versus control group

During the study period, 310 preterm and term infants born between gestational ages 22 weeks and 40 weeks
at the level IV NICU of Seoul St. Mary’s Hospital were included in the study. The patients who did not present
with any GI (gastrointestinal) symptoms during the NICU admission period were divided into two groups: the
NEC/FI group and the control group. A total of 14.8% (1n=46) of the infants were diagnosed with NEC or FI.
Perinatal and postnatal clinical factors associated with an increased risk of NEC/FI were investigated during
hospitalization. In univariate analysis, the mean gestational age and birth weight were significantly lower in the
NEC/FI group (p <0.001). Prolonged rupture of membranes (PROM) > 18 h, chorioamnionitis, and histology
were significantly higher in the NEC/FI group (p < 0.001). Steroid use, IVF conception, and congenital infections
were also significantly higher in the NEC/FI group (p <0.001), along with a higher incidence of resuscitation
requiring intubation, compression, and medication at delivery(p <0.001). Maternal diabetes mellitus (DM),
Maternal antibiotics > 3days, sex, and caesarean section were not significantly different between the two groups
(Table 1).

In terms of clinical outcomes, prematurity-related morbidities such as respiratory distress syndrome
(RDS), periventricular leukomalacia (PVL), patent ductus arteriosus (PDA), and chronic lung disease (CLD)
were significantly more prevalent in the NEC and FI group (p <0.001). Additionally, the infants in this group
required a longer time to reach full feeding and experienced extended periods of total parenteral nutrition and
mechanical ventilation(p <0.001). Furthermore, both early and late sepsis rates were significantly elevated in
the NEC and FI groups, which was accompanied by a higher incidence of prematurity-associated morbidities,
such as patent ductus arteriosus (PDA), periventricular leukomalacia (PVL), and chronic lung disease (CLD).
The infants in this group also required a longer time to reach full feeding and experienced extended periods of
total parenteral nutrition. Notably, breastfeeding was more commonly achieved among the infants in the NEC/
FI group during their NICU stay (Table 2).

No of cases (%)

Total NEC/FI Control

n=310 | n=46 n=264 P value
GA, weeks (mean + SD) 31.42 (3.96) 35.11 (3.42) <0.001
Birth weight, g (mean +SD) 1666.83 (793.90) | 2411.30 (769.84) | <0.001
Mother DM 8(17.39%) 31 (11.74%) 0.458
PROM > 18 hrs 15 (32.61%) 23 (8.71%) <0.001
Chorioamnionitis, histologic 6 (13.04%) 4 (1.52%) <0.001
Maternal antibiotics > 3days 4 (8.70%) 25(9.47%) 1.000
Placental abruption 3(5.77%) 12 (3.59%) 0.437
Oligohydraminos 6 (12.77%) 17 (5.35%) 0.098
Steroid use 36 (78.26%) 130 (49.24%) <0.001
IVF conception 14 (26.92%) 60 (17.96%) 0.127
Congenital infection 4 (7.69%) 3 (0.90%) 0.008
[UGR 6 (11.54%) 31 (9.28%) 0.613
Male 27 (58.70%) 150 (56.82%) 0.739
Cesarean section 43 (93.48%) 233 (88.26%) 0.296
Need for intubation at birth 14 (30.43%) 28 (10.61%) <0.001
Need for resuscitation at birth™ 3(6.52%) 1(0.38%) 0.011

Table 1. Perinatal characteristics of NEC/FI infants admitted to NICU (n=310). NEC necrotizing
enterocolitis, FI feeding intolerance, GA gestational age, DM diabetes mellitus, IVF in vivo fertilization, PROM
prolonged rupture of membranes. ¥ Resuscitation requiring compression and medication. "P<0.05.
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No of cases (%)

NEC/FI Control

n=46 n=264 P value
Respiratory distress syndrome 25 (54.35%) 78 (29.55%) <0.001*
Massive pulmonary hemorrhage 3 (6.52%) 7 (2.65%) 0.173
Pulmonary air leak 4 (8.70%) 13 (4.92%) 0.294
Sepsis
Early sepsis 21 (45.65%) 80 (30.30%) 0.040*
Late sepsis 5(10.87%) 6(2.27%) 0.013*
Intraventricular hemorrhage > grade II 3(6.52%) 4 (1.52%) 0.078
Periventricular leukomalacia (%) 25 (54.35%) 64 (24.24%) <0.001*
Patent ductus arteriosus’ 7 (15.22%) 12 (4.55%) 0.013*
Chronic lung disease 13 (28.26%) 10 (3.79%) <0.001*
Mechanical ventilation, days (mean +SD) | 10.41 (20.70) 4.05 (18.77) <0.004
ESZZE‘;‘BE"Z reach full feeding 19.50 (16.84) | 7.77 (11.36) <0.001*
Breast milk (>50%) 11 (23.91%) 26 (9.92%) 0.007*
Formula milk (>50%) 20 (43.48%) 162 (61.83%) 0.020*
TPN, days (mean + SD) 24.20 (29.11) 8.64 (23.04) <0.001*
Hospital duration, days (mean + SD) 70.61 (59.25) 27.15 (35.07) <0.001*
GI perforation/surgery 0(0.00%) 2 (1.08%) 1.000
ROP surgery 1(2.17%) 8(3.03%) 1.000
Appropriate weight gain at discharge 3234.17 (867.79) | 2905.31 (624.81) | 0.004*

Table 2. Comparison of the clinical outcomes of infants with NEC/FI versus the control group (n=310). SD
standard deviation, GI gastrointestinal, ROP retinopathy of prematurity SD standard deviation. ‘P < 0.05. 'PDA
was defined when pharmacological or surgical treatment was intervened. 2Full feeding was defined as enteral

intake of 100mL/kg/day.
Univariate analysis Multivariate analysis
B OR 95% C.L p-value | B OR | 95%C.I. p-value
GA, weeks —0.2368 | 0.789 |0.727,0.857 <0.0001* | —0.2422 | 0.785 | 0.718, 0.858 | <0.0001*
Birth weight, g —0.00118 | 0.999 | 0.998,0.999 <0.0001*
PROM>18h 1.6234 5.070 |2.394,10.737 | <0.0001* | 1.2917 3.639 | 1.588,8.339 | 0.0023*
Chorioamnionitis, histologic 2.2772 9.750 2.635, 36.070 0.0006*
Steroid use 1.3111 3.710 | 1.768,7.784 0.0005*
IVF conception 0.7054 2.025 | 0.985,4.160 0.0549
Congenital infection 2.1145 8.286 | 1.791,38.341 | 0.0068*

Need for intubation at birth 1.3050 3.688 | 1.759,7.731 0.0005*
Need for resuscitation at birth | 2.9096 18.349 | 1.866, 180.474 | 0.0126*
Respiratory distress syndrome | 1.0434 2.839 | 1.501,5.371 0.0013*

Breast milk (>50%) 1.0483 2.853 | 1.296, 6.282 0.0092*
Early Sepsis 0.6586 1.932 | 1.022, 3.652 0.0427* 1.1016 3.009 | 1.436,6.305 | 0.0035*
Late Sepsis 1.6574 5246 |1.531,17.977 | 0.0084*

Table 3. Increased risk factors associated with NEC/FI in preterm and term infants (n=310). NEC
necrotizing enterocolitis, FI feeding intolerance, CI confidence interval, GA gestational age, PROM preterm
prolonged rupture of Membranes; IVF in vivo fertilization. *Multivariate analysis: adjusted for variables
significant in the univariate analysis.

NEC/FI risk factor in a multivariable logistic regression analysis

NEC/FI risk factors were examined using multivariable logistic regression analysis. Given the significance of GA
and birth weight as contributing factors to sepsis, we further investigated the impact of potential confounding
factors on NEC through significant variables in the univariate analysis. Our analysis included GA, birth weight,
PROM > 18 h, chorioamnionitis, histology, steroid use, IVF conception, congenital infection, intubation,
resuscitation, RDS, Breast milk (>50%), and early and late sepsis, all of which were identified as significant risk
factors for NEC/FI. The analysis results consistently showed that gestational age (GA), prolonged rupture of
membranes (> 18 h), and early onset sepsis were associated with an increased risk of NEC/FI (Table 3).
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Comparison of significant microbiomes between NEC/FI group versus control group

Compared with the control group, infants who had NEC/FI had a significantly lower abundance of Actinobacteria
(p<0.001) at the phylum level (Fig. 1). In the genus level, there were a wide variety of dominant species which
were significantly lower in the NEC/FI group, especially showing a significantly lower abundance of Streptococcus
and Bifidobacterium (p<0.001) (Fig. 2). The comparison between the control group and the NEC/FI group
in a boxplot displaying 18 categories, where the median value exceeded 0.5%, also showed that the relative
abundance and types of bacteria at the genus level in the NEC/FI groups showed a significantly lower abundance
of Streptococcus and Bifidobacterium(Table 4).

Comparison of alpha diversity (Shannon Index) and beta diversity (Bray—Curti’s dissimilarity)
between the NEC/FI and control groups

Compared with the control group, infants who had NEC/FI had significantly lower alpha diversities (Shannon
Index,3.39 vs. 3.12; P=0.044, respectively). However, the number of species identified was not significantly
different between the two groups (Fig. 3).

Discussion

In our study, we observed significantly higher rates of PROM > 18 h, chorioamnionitis, and histologic changes
in the NEC/FI group, coupled with notably lower mean gestational age and birth weight compared to the non-
NEC/FI group (p<0.001). Similarly, Cekmez et al. reported that certain neonatal and maternal risk factors
such as low birth weight, chorioamnionitis, prematurity, and premature rupture of membranes may disrupt
the balance of gut microbiota, increasing the susceptibility to NEC and infections®*. The prevalence of preterm
infants at risk of inflammatory conditions, such as PROM > 18 h and chorioamnionitis, suggests a pivotal role in
either the acquisition or deficiency of beneficial intestinal microbiota before NEC development.

Meconium is not sterile, and the neonatal meconium microbiota often reflects the intrauterine microbial
communitylz. Meconium is often defined as the first stool passed within 48 h of birth; however, VLBWI with
immature bowel movements and careful advancement of feeding may lead their first meconium pass within 72 h
oflife. Neonatal microbiotas start to diversify quickly after birth, and compared to adults or older children, infant
microbiota is known to have lower diversity as well as an unstable and highly dynamic microbiota structure!. In
healthy full-term neonates, the gut and the immune system regulate the microbial community to ensure proper
functioning. However, this balance can be quickly disrupted, especially in situations common in prematurity,
such as preterm rupture of membranes and chorioamnionitis'*. Generally, maternal pregnancy-related health
issues and newborn-related outcomes are associated with altered meconium microbiota and are influenced
mainly by delivery'>!¢. Although the initial microbiota of newborns and their maternal contributions remain
unclear, immediate perinatal factors influence the microbial composition of the first-pass meconium more than
prenatal factors!®. Heida et al. emphasized that a NEC-associated gut microbiota was present within days after
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Fig. 1. Comparison between the control group versus NEC/FI group in the phylum level.
NEC/FI groups showed a significantly lower abundance of Actinobacteria in the phylum level. NEC
necrotizing enterocolitis, FI feeding intolerance.
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Fig. 2. Comparison between the control versus NEC/FI group in the genus level; NEC/FI groups showing a
significantly lower abundance of Streptococcus, Bifidobacterium and Escherichia/Shigella.

Relative Abundance (%)

Genus (med.>0.5%) | Control (n=264) NEC/FI (n=46) p value
Bacteroides 14.806 (3.578-16.23) | 14.172 (4.689-15.305) | 0.252
Prevotella 8.142 (1.512-20.358) | 10.109 (1.588-21.028) | 0.208
Sutterella 3.647 (0.772-5.086) | 3.788 (0.414-5.53) 0.746
Streptococcus 3.941 (0.254-21.716) | 0.284 (0.212-5.002) 0.003
Faecalibacterium 2.277 (0.658-2.772) | 2.006 (0.577-2.755) 0.476
Parabacteroides 1.752 (0.408-1.966) | 1.781 (0.35-1.952) 0.806
Lachnospiracea_ 1.509 (0.262-1.853) | 1.45(0.294-1.725) | 0.277
incertae_sedis

Veillonella 1.523 (0.852-3.131) | 1.203 (0.684-1.573) 0.104
Bifidobacterium 1.542 (1.161-8.551) | 1.348 (0.732-2.019) 0.003
Alistipes 1.018 (0.25-2.318) | 1.125 (0.203-3.019) | 0.471
Roseburia 1.005 (0.202-2.997) | 1.907 (0.321-3.342) 0.078
Staphylococcus 0.939 (0.009-2.042) | 0.159 (0.004-1.575) 0.119
Dialister 0.762 (0.204-2.494) | 1.095 (0.088-4.245) 0.373
Megamonas 0.759 (0.163-3.143) | 1.281 (0.165-6.562) 0.269
Escherichia/Shigella | 0.766 (0.411-1.257) | 0.499 (0.353-0.824) 0.051
Clostridium_XIVa 0.67 (0.178-0.786) 0.583 (0.121-0.712) 0.146
Alloprevotella 0.525(0.183-2.303) | 0.872 (0.168-4.712) 0.298
Barnesiella 0.515 (0.065-1.819) | 0.693 (0.014-4.019) | 0.295

Table 4. Comparison between the control versus NEC/FI group in a boxplot displaying 18 categories where
the median value exceeded 0.5%; relative abundance and types of bacteria at the genus level between the
control and NEC/FI groups showing a significantly lower abundance of Streptococcus, Bifidobacterium and
Escherichia/Shigella.
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Fig. 3. Comparison of alpha diversity (Shannon Index) (p=0.044) and beta diversity (Bray-Curtis
dissimilarity) (p=0.914) between Control versus NEC /FI group; NEC/FI had significantly lower alpha
diversities, but the number of species identified was not significantly different between the two groups.

birth and affects the formation of a NEC-associated microbiota!”. Further, Dobbler et al. similarly manifested
that decreased diversity and differential abundance of Enterobacteriaceae, as well as an altered community
structure, during the first four days of life, correlated with increased risk for developing NEC!8. Our study
also revealed that NEC/FI had significantly lower abundance of Actinobacteria (p <0.001) in the phylum level
and significantly lower abundance of Streptococcus and Bifidobacterium in the genus level (p <0.001). Further,
the dysbiosis in the initial microbiota of newborns, characterized by lower alpha diversity, was significantly
associated with the NEC/FI group in the later days of life.

With respect to morbidities, we also noted a significantly higher incidence of early and late sepsis in the
NEC/FI group, along with a greater prevalence of RDS (p < 0.001), potentially attributable to prematurity-related
factors. Since RDS is strongly related to prematurity, infants born before 30 weeks of gestational age (GA) often
exhibit lower diversity and dysbiosis in their initial gut microbiota®. However, in our multivariate analysis,
gestational age (GA), prolonged rupture of membranes (> 18 h), and early onset sepsis consistently exhibited
associations with an increased risk of NEC/FI. Our findings support the notion that the microbiota composition
of the initial stool is primarily influenced by the presence of inflammatory conditions at the time of delivery,
suggesting an early perturbation of the preterm gut microbiome before bacterial maturation®-. Building upon
our previous research, the current study adds valuable insights into the complex interplay between inflammatory
factors, microbiota dynamics, and NEC pathogenesis in preterm infants, as the first stool is mainly influenced by
the possibility of inflammatory conditions and reflects dysbiosis, which can be a risk factor for early disruption
of the gut before achieving bacterial maturation. According to our previous study examining the relationship
between NEC and gestational age®, events occurring at or soon after birth were found to be important in
the development of NEC. Therefore, changes in the gut microbiome during the immediate perinatal period
may be a key driver of NEC or feeding intolerance. Our findings are also consistent with a study that found
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a clear difference in the meconium microbiota between preterm infants with and without sepsis, noting that
chorioamnionitis is one of the major risk factors for sepsis!®.

Regarding to microbiota, NEC/FI had significantly lower abundance of Actinobacteria in the phylum level
and, in the genus level, there were a wide variety of dominant species which were significantly lower in the
NEC/FI group, especially showing a significantly lower abundance of Streptococcus and Bifidobacterium. Our
study also showed significantly lower alpha diversity of the meconium microbiota in the NEC/FI group, which
is more prone to infection?’, suggesting that a lack of diverse colonization and predominance of pathogenic
bacteria may increase the risk of infection and bacterial translocation?'. Lower diversity of gut microbiota is also
known to be a driver of many diseases, such as inflammatory bowel disease, acute diarrheal disease, C. difficile
infection, as well as in cancer patients®*~2%. The genus Bifidobacterium belongs to the Actinobacteria phylum.
Bifidobacteria are among the dominant bacterial populations in the gastrointestinal tract of humans and mostly
found in breast-fed infants because of the variety of oligosaccharides present in human milk?. Bifidobacterium-
mediated health benefits are the result of a complex dynamic interplay established between bifidobacteria, other
members of the gut microbiota, and the human host, and further studies are warranted in the future?. Recent
studies have shown that the predominant early colonizers of the infant gut are maternal fecal bacteria, mainly
Bifidobacterium and Bacteroides, and Clostridium®-?°. Bifidobacterium has been found more frequently in
breast-fed infants, which harbor a more complex and numerous Bifidobacterium microbiota than formula-fed
infants?. Bifidobacteria are well known for their ability to utilize human milk oligosaccharides and reduce the
overrepresentation of enteropathogenesis, thereby increasing disease risk>>*!. Among the proposed benefits of
bifidobacteria, inhibition of enteropathogenesis and reduction of rotavirus infection stand out®>. Most recently,
Koleva et al. reported that the depletion of CD71 + erythroid cells (CECs) results in an inflammatory response
to microbial communities in newborn mice. In this study, intestinal CECs are highly abundant in the early
stages of life and possess a unique phenotype characterized by elevated expression levels. However, disturbances
in mucosal homeostasis can allow unrestrained access of normal gut residents, leading to an inflammatory
response. Ultimately, Koleva et al. emphasized that changes in microbial communities are directly linked to the
reduction of CECs which can be a contributing factor to NEC??. On the other hand, breast milk, which serves
as an exclusive source of nutrition for newborns alongside formula, stimulates beneficial bacteria that directly
influence the development of host defenses*!. Several studies have suggested that probiotics administered to
preterm infants may protect against developing NEC?>. Gregory et. reported profound effects of breast milk
on the composition and diversity of colonizing intestinal populations. Infants who were fed breast milk had a
greater initial bacterial diversity and a more gradual acquisition of diversity than infants who were fed infant
formula’®. Further randomized controlled trials (RCTs) are warranted to explore the significant association with
dysbiosis.

In summary, our primary focus was on investigating the initial composition of the gut microbiota reflecting
the perinatal gut microbiome of the infant and its association with NEC/FI. We aimed to identify significant
microbial changes during the immediate perinatal period, which could later be a driving factor for NEC or
FI. Our study provides valuable insights into the complex interplay between inflammatory factors, microbiota
dynamics, and NEC pathogenesis in preterm infants.

Strengths and limitations

This study is unique in its prospective enrollment of all newborns admitted to the level IV NICU and assessment
of their first meconium within the first 3 days of admission. However, this study had a few limitations. First,
the study lacked a longitudinal analysis of the changes in the gut microbiota of neonates after birth. Second,
the sample size is relatively small for making distinctive comparisons between groups. Nevertheless, our study
involves the largest prospective cohort of neonates in South Korea to date, ensuring a representative sample
across racial demographics.

Conclusion

In summary, this study revealed that newborns with lower diversity and dysbiosis in their initial gut microbiota
had an increased risk of developing NEC, and microbiota differences were associated with NEC/FI. Additionally,
infants with NEC/FI presented significantly lower alpha diversity. GA, PROM (> 18 hours), and early-onset
sepsis were consistently associated with an increased risk of infants with NEC/FL These findings suggest that the
gut microbiome of NEC infants is vulnerable, and that the initiation of NEC-associated microbiota formation
may even occur before birth. Further studies are warranted to better understand the role and impact of the
microbiota in disease pathogenesis in vulnerable newborns.

Data availability

The datasets generated and analyzed during the current study are not publicly available due to the information
contained in the data must be protected as confidential and will only become available to those who have ob-
tained permission from the data review board and the IRB of Seoul St. Mary’s Hospital. However, the data are
available from the corresponding author on reasonable request.
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