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Objective: To investigate the features and functions of the intestinal microbiota in neonates with necrotizing enterocolitis (NEC) in a single center in China.



Methods: We collected clinical information and stool samples from 19 participants in our center, including 9 infants with necrotizing enterocolitis and 10 control infants. DNA was extracted from the samples, and 16S rRNA gene sequencing was used to analyse the participants' gut microbiota. Functional prediction was achieved using PICRUSt2.



Results: Alpha diversity analysis found that similar levels of bacterial richness and diversity were found in the gut microbiota of infants with NEC and control infants (P = 0.1800), whereas beta diversity analysis suggested that the overall structures of the gut microbiota were significantly different (P = 0.0020). The Mann–Whitney U test of bacterial composition and abundance analysis revealed that the abundance levels of Proteobacteria (P = 0.03049) and Firmicutes (P = 0.01011) significantly differed between the two groups at the phylum level. Proteobacteria was the most abundant phylum in the NEC group. At the genus level, the abundance levels of Enterococcus (P = 0.0003), Streptococcaceae (P = 0.0109) and Lactobacillales (P = 0.0171) were significantly decreased in infants with NEC. Furthermore, the linear discriminant analysis effect size (LEfSe) method showed 12 bacterial taxa with significant differences in relative abundances in the two groups. Interestingly, members of Proteobacteria were enriched in NEC samples. In addition, functional prediction suggested that the microbial changes observed in infants with NEC resulted in a decline in galactose metabolism, the pentose phosphate pathway, fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, glycolysis/gluconeogenesis, starch and sucrose metabolism, and phosphotransferase system (PTS) pathways (P < 0.05).



Conclusions: Our study shows the compositional and functional alterations of the intestinal microbiota in NEC, which will help demonstrate the relationship between the gut microbiota and NEC pathogenesis.
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Introduction

Necrotizing enterocolitis (NEC) is one of the most common gastrointestinal emergencies in neonatal intensive care units (1). The main clinical manifestations are abdominal distension, vomiting, diarrhoea, and blood in the stool (2). Despite many efforts by researchers, current clinical predictors of NEC remain unclear and lack sufficient specificity, and we need better diagnostic tools to diagnose NEC early and improve its associated morbidity. NEC is considered a disease with multifactorial aetiology, and preterm birth, feeding patterns, gut dysbiosis, and antibiotic use play important roles in the development of NEC (3–6). Despite accumulating evidence that gut microbiota dysregulation plays an important role in the pathogenesis of NEC, the underlying mechanisms remain unclear.

With the application and development of high-throughput sequencing technology, we have obtained a deeper understanding of the relationship between NEC and the gut microbiome. Current research not only focuses on the impact of individual microbes on the disease but also looks at the microbial community as a whole. Due to individual differences and diverse sequencing platforms, no specific species or uniform microbial signatures have been demonstrated to be causally related to NEC.

Neonates, especially premature infants, have intestinal local immune systems that are not yet fully matured and thus are susceptible to the influence of intestinal flora; intestinal flora imbalance may be an important factor in the pathogenesis of NEC (7, 8). Most studies reporting on the pathogenesis of NEC have primarily studied extremely preterm infants. However, in developing countries, compared to developed countries, only 10% of infants with NEC born before 28 weeks survive, and most infants with NEC are born beyond 28 weeks (9). In addition, existing related studies mainly focused on 16S rRNA gene sequencing, but further studies on microbial functions are still lacking.

Given the possible role of the gut microbiota in infants with NEC, we conducted a prospective observational study of 19 individuals, including 11 control infants and 9 infants with NEC, and we used 16S rRNA sequencing and PICRUSt2 functional prediction to investigate the role of gut microbial composition and function in infants with NEC.



Materials and methods


Ethics statement

This study was conducted from December 2018 to October 2020 and was approved by the Ethics Committee of The Third Affiliated Hospital of Zunyi Medical University (The First People’s Hospital of Zunyi) (Ethics No. 2018-058). All parents of participants were informed of the nature of the study before sample collection and were asked to provide written informed consent.



Inclusion criteria


	1.Diagnosis of necrotizing enterocolitis (NEC) made by a neonatologist based on the modified Bell staging criteria (10).

	2.Control neonates who matched the infants with NEC in gestational age, sex, birth method, etc.

	3.Approval obtained from participants’ parents or legal representative.





Exclusion criteria


	1.Infants with known congenital malformations of the digestive tract, such as gastroschisis and intestinal atresia.

	2.Spontaneous intestinal perforation, which was confirmed by a combined radiological and surgical diagnosis.

	3.Use of probiotics before the first stool specimen collection.

	4.Incomplete clinical data or failure to follow the procedures to store samples.





Collection of samples

All faecal samples were collected within 48 h of infant admission to the NICU. Weekly stool samples were obtained from all infants who met the inclusion criteria until they were discharged from the hospital. When infants presented with NEC symptoms and were diagnosed with NEC (Bell stage II and III), they were considered the NEC group, and their stool samples were collected within 48 h and again 1–2 weeks after treatment. To exclude confounding factors, control infants who matched the infants with NEC in gestational age, sex, birth method, etc. All infants who died or for whom treatment was stopped were withdrawn the study. Samples were stored at −20°C within 24 h of collection and then transferred to the laboratory and stored at −80°C until they were sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd. for 16S rRNA analysis.



DNA extraction, PCR ampliﬁcation, and illumina MiSeq sequencing

According to the instructions of the QIAamp Stool Mini Kit (QIAGEN, Germany), total bacterial genomic DNA in stool samples was extracted, and PCR ampliﬁcation was performed on the V3–V4 region of the bacterial 16S rRNA gene. The sequence of the forwarding primers used was 338F (5′ACTCCTACGGGAGGCAGCA-3′), and the reverse primer used sequence was 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The Illumina MiSeq Sequencing PE300 platform was selected for sequencing analysis, and the raw sequencing data were saved in FastQ format (the raw data have been uploaded to NCBI, PRJNA843530).



Bioinformatic processing

The data were analysed on the Majorbio Cloud Platform (www.majorbio.com). Alpha diversity analysis was used to show the richness and diversity of the community. Beta diversity analysis was performed mainly by using principal coordinate analysis (PCoA) to show the differences in microbial community composition of each sample and combined with ANOSIM to reflect the community differences between groups and within each group. A Circos circle diagram (Circos-0.67–7 software, http://circos.ca/) was used to visualize the composition ratio of species in each group of samples. Linear discriminant analysis effect size (LEfSe) analysis was used to detect differences in species abundance between groups, and LDA was combined to estimate the impact of these different species on group discrimination. Using the PICRUSt2 method, the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/) was used to compare the different metabolic pathways between groups and to predict the function of the microbial community.



Statistical analysis

SPSS 22.0 software was used to analyse the clinical data of the participants. Quantitative variables with a nonnormal distribution are presented as the median/interquartile range and were compared with the Mann–Whitney test. Qualitative variables are presented as frequencies/percentiles and were compared with Fisher’s exact test. A P–value <0.05 indicated that a difference was statistically significant.




Results


Participant characteristics

At the onset of NEC symptoms, seven samples from infants were collected. Two samples of infants were taken after NEC treatment. The control group faecal samples were collected within 48 h, which was close to the time of diagnosis in the NEC group. The specific screening process is shown in the flowchart (Figure 1). All infants with NEC were treated with antibiotics according to the severity of the disease, and 2 infants underwent surgery. Although breastfeeding is a priority, formula feeding had to be used for the control of confounding factors. For some infants with feeding intolerance, probiotics, commonly Bifidobacterium, are used in our center. The participant characteristics of the two groups are shown in Table 1.


[image: Figure 1]
FIGURE 1
Flowchart for screening samples.



TABLE 1 Participant characteristics.
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Comparison of alpha diversity and beta diversity in the NEC and control groups

To study the differences in the gut microbiota between NEC patients and controls, we performed beta diversity analysis to assess the overall differences and similarities in microbial population structure. PCoA demonstrated that the microbial composition in the two groups was significantly different based on Bray‒Curtis distances at the OTU level (R = 0.3564, P = 0.0020, Figure 2A). In addition, as measured using alpha diversity, we found that the Shannon index was not significantly different between the NEC and control groups; however, a declining trend was observed in the NEC group (P = 0.1800, Figure 2B). In summary, the above results showed that compared with the control group, similar levels of bacterial richness and diversity were found in the gut microbiota of infants with NEC, whereas the overall structures of the gut microbiota of infants with NEC and control infants were significantly different, indicating that infants with NEC show gut microecology dysbiosis.


[image: Figure 2]
FIGURE 2
(A) principal component analysis (PCoA) of the gut microbiota; (B) shannon diversity index of the gut microbiota, Mann‒Whitney U test.




Different bacterial composition and abundance in the NEC and control groups

To investigate the specific changes in the microbiota in samples from infants with NEC, we assessed the relative abundance of the microbial composition in all samples. At the phylum level, we observed 4 phyla in the NEC and control groups. Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria were the most dominant phyla in each group (Figures 3A,C). Additionally, significant differences in the relative abundance of Proteobacteria (P = 0.03049) and Firmicutes (P = 0.01011) were observed between the two groups (Figure 4A, Mann–Whitney test). These findings indicate that infants with NEC have a relatively higher abundance of Proteobacteria in the gut.


[image: Figure 3]
FIGURE 3
Community composition analysis showing the species composition of each group of samples: (A) phylum level, (B) genus level; composition and distribution of dominant species in the sample: (C) circos diagram of phylum level, (D) circos diagram of genus level.The abundance levels of certain bacteria are associated with NEC
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FIGURE 4
Analysis of significant species differences: (A) Species with significant differences at the phylum level; (B) Species with significant differences at the genus level; (C) LDA scores for gut microbiota.


At the genus level, a total of 8 genera were identified. In Circos analysis, Klebsiella was found to be the most abundant genus in the NEC group, whereas Enterococcus was the dominant genus in the control infants. In addition, a higher abundance of Staphylococcus, Streptococcus, Escherichia-Shigella, and Bacteroides and a lower abundance of Enterobacter and Bifidobacterium were observed in the NEC group than in the control group (Figures 3B,D). Of note, the abundance levels of Enterococcus (P = 0.0003), Streptococcaceae (P = 0.0109) and Lactobacillales (P = 0.0171) were significantly decreased in infants with NEC (Figure 4B, Mann–Whitney test). Some phyla/genera, whose relative abundance was lower than 0.01, were clustered into a separate group named others.

To identify the specific bacteria associated with NEC, we performed LFfSe analysis to compare the compositions of the gut microbiota of infants with NEC and control infants from the phylum to the genus level. In total, there were 12 bacterial taxa for which significant differences in relative abundances in the two groups at the phylum (n = 2), class (n = 2), order (n = 2), family (n = 3), and genus (n = 3) levels were observed (LDA >  2, Figure 4C). Members of Firmicutes were prevalent in the control infants, whereas members of Proteobacteria were enriched in the NEC samples. Therefore, these taxa may be used as biomarkers to discriminate NEC patients.



Microbial functional dysbiosis in NEC

To study the functional alterations of the microbial communities in NEC, we determined the functional potential of the gut microbiota from the 16S rRNA data by PICRUSt2. The analysis identiﬁed 8 PICRUSt2 KEGG (level 3) categories that signiﬁcantly differed between the two groups. Of note, we found that the majority were related to metabolism, and pathways involving glyoxylate and dicarboxylate metabolism were signiﬁcantly increased in the microbiome of infants with NEC, whereas galactose metabolism, the pentose phosphate pathway, fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, glycolysis/gluconeogenesis, and starch and sucrose metabolism pathways were signiﬁcantly decreased (P < 0.05). In addition, the phosphotransferase system (PTS) was significantly decreased in infants with NEC (P < 0.05, Figure 5).


[image: Figure 5]
FIGURE 5
PICRUSt2 analysis of the abundance of the top 30 KEGG pathways.





Discussion

Necrotizing enterocolitis is a gastrointestinal disease of unknown aetiology whose pathogenesis is currently unclear. Multiple studies have shown that necrotizing enterocolitis (NEC) mainly affects low birth weight infants, and the reported death rate is between 15% and 30% (11–15). Stoll et al (16). performed a retrospective analysis of 10,877 very low birth weight, very low gestational age neonates, and they found an incidence of NEC of 8.9% in this population. Our study found that the birth weight of infants with NEC was mainly low (P < 0.05), which was similar to the findings reported in these studies to a certain extent (12, 17, 18).

Many studies have confirmed that the microbiome of infants with NEC differs in number and diversity compared to that of healthy infants. However, to date, studies on the diversity or composition of the microbiome associated with the disease have not been conducted. Early studies based on culture techniques showed that compared to infants without NEC, infants with NEC had changes in faecal bacteria, including an increase in Escherichia coli and a decrease in Streptococcus faecalis and Staphylococcus (19). A large multicentre study found an increased abundance of Gammaproteobacteria prior to a diagnosis of NEC (20). In addition, Morrow et al. reported that the majority of preterm infants with NEC had lower microbial diversity than other infants of the same gestational age and an increased abundance of Proteobacteria and Firmicutes before further development of NEC (21, 22). In contrast, Norman et al. (23) did not find that the microbial diversity index decreased in their research, and the authors argued that a lack of bacterial diversity is not necessarily associated with the development of NEC. In this study, we found no differences in overall diversity between infants with NEC and control infants, but we found a decreasing trend in the overall diversity in infants with NEC, although the difference was not statistically significant.

Close interactions among the gut microbiota, epithelial cells, and immune cells are critical for maintaining gut homeostasis (24). Lu et al. (25) suggested that LPS produced by Proteobacteria may be recognized by TLR4 receptors in the gut, leading to the transcription of various proinflammatory and anti-inflammatory cytokines and chemokines and triggering intestinal inflammation and intestinal cell damage, resulting in the development of NEC in infants. In this study, we also found an increase in Proteobacteria and a decrease in Firmicutes in infants with NEC at the phylum level (P < 0.05). This suggests that the increase in Proteobacteria and the decrease in Firmicutes in faeces may serve as biomarker signals for the dysbiosis typical of NEC. In addition, we found that the abundance of Enterococcus (P < 0.0005), Streptococcaceae (P < 0.05), and Lactobacillales (P < 0.05) was significantly reduced in infants with NEC at the genus level. Enterococcus, a type of bacteria in the gut, is an important part of the healthy human gut microbiome, and Enterococcus can cause histopathological changes only under certain conditions, leading to infection (26). As mentioned by many authors, Enterococcus is classified as a source of infection in hospitalized patients, and these infections can sometimes be life-threatening (27). Intriguingly, several studies reported that Enterococcus faecalis, an important species of Enterococcus, was reduced in NEC (28). Enterococcus faecalis can inhibit the damage to intestinal villi and crypt atrophy caused by Salmonella Enteritidis colonization in the intestine, regulate intestinal microbial function, and improve intestinal mucosal barrier damage (29). In addition, Enterococcus is considered a probiotic to treat antibiotic-associated diarrhoea and irritable bowel syndrome and to improve host immunity (30).

Lactobacillus has been accepted as a probiotic (31–33) that can inhibit proinflammatory factors, increasing the ratio of regulatory to pathogenic T cells, leading to anti-inflammatory effects and repairing the damaged intestinal barrier (34). According to reports, probiotic treatment of very low birth weight infants increased the relative abundance of Streptococcus and Lactobacillus and decreased the relative abundance of Enterobacteriaceae, which improved the survival rate of these infants (35). Overall, we support the idea that a single microbial species is not the cause of NEC and that NEC may be caused by a combination of multiple species.

Through functional analysis, we found that infants with NEC exhibited an enrichment of the glyoxylate and dicarboxylate metabolism KEGG pathways, and galactose metabolism, the pentose phosphate pathway, fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, glycolysis/gluconeogenesis, starch and sucrose metabolism, and phosphotransferase system (PTS) KEGG pathways were significantly impaired (P < 0.05). By comparing the difference in metabolomics in serum before and after intestinal infection, Pan Lei's team found that the local innate immune response caused by intestinal infection can cause the activation of the polyol metabolic pathway (the polyol metabolic pathway is often elevated in bacterial infections, hepatitis C or diabetes), resulting in the decline of glucose and galactose metabolism levels (36). Furthermore, some studies have found that glucose-6-phosphate is produced through gluconeogenesis, glycogenolysis, and glycolysis pathways (37, 38) and further produces abundant nicotinamide adenine dinucleotide phosphate through the pentose phosphate pathway. High levels of glutathione promote inflammatory macrophages to mediate inflammatory responses. On the other hand, glycogen metabolism also increases UDP-glucose levels and P2Y14 receptors in macrophages, and the UDPG/P2Y14 signalling pathway not only upregulates STAT1 expression by activating RARβ but also promotes STAT1 phosphorylation by downregulating phosphatase TC45, thereby regulating inflammatory responses (39). Therefore, alterations in the function of the gut microbiota may play an important role in the pathogenesis of NEC.


Limitations

Infants with NEC require short-term fasting, which increases the difficulty of sample collection. Therefore, our study population was small, and we included only 9 infants with NEC. Another limitation is that our study was a single-centre study, and the local geographic region may also influence the composition of the microbiota. Therefore, an independent multicentre study is needed to validate the findings of this study. Our data may provide some guidance for the therapy of NEC to alleviate the further development of NEC.




Conclusion

Infants with NEC are susceptible to low birth weight. A single microbial species is not the cause of NEC, and NEC may be caused by a combination of multiple species. Abnormal gut microbiota composition and function may be important factors in the pathogenesis of NEC. Targeting the characteristics and functions of the gut microbiota may help us to further study the pathogenesis of NEC.
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Variables, description NEC group (n=9) Control group (n=10) P-value (Fisher’s Exact Test)

Birth weight (kg), median, IQ 1,750 (1,575-2,875) 2,800 (1,363-3,350) 0.01*
Gestational age (weeks), median, IQ 316 (28.35-37.45) 37.75 (32.03-39.05) Ns
Sex (males/females), number (%) 4 (44.4%)/5 (55.6%) 6 (60%)/4 (40%) ns
Caesarean section, number (%) 6 (66.7%) 7 (70%) ns
Apgar Score (1 min), median, 1Q 9 (75-95) 9(9-10) ns
Antibiotics, number (%) 9 (100%) 6 (60%) ns
Probiotics, number (%) 5 (55.6%) 3 (30%) ns
NEC treatment (surgical), number (%) 2 (222%) - ns

Mortality associated with NEC = - =

ns, not significant (P >0.05); NEC, necrotizing enterocolitis; IQ interquartile range.
*means significant (P<0.05).
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