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Abstract: The gut microbiome plays a significant role in human health and disease 

pathogenesis. In preterm infants, gut dysbiosis often results in early dominance of 

opportunistic pathogens, particularly members of the Enterobacteriaceae family. 

Enterobacteriaceae can serve as potential reservoirs of opportunistic pathogens, antibiotic-

resistance determinants and may contribute to major neonatal morbidities, including 

necrotizing enterocolitis (NEC) and late-onset sepsis (LOS). This study aims to isolate and 

identify Enterobacteriaceae, as well as to explore the diversity of isolated Klebsiella 

pneumoniae from meconium/early stool samples of preterm infants collected from a 

neonatal intensive care unit (NICU) in Johor Bahru, Malaysia. A combination of culture-

based isolation technique, phenotypic and genotypic identification methods was used to 

identify the culturable Enterobacteriaceae in the gut of preterm infants. Three main 

bacterial families were successfully isolated and identified from the stool samples of 

preterm infants, which include Enterobacteriaceae, 46% (76/166 isolates), 

Staphylococcaceae, 22% (37/166), Enterococcaceae, 22% (37/166) and others, 10% 

(16/166). It was clear that Enterobacteriaceae was one of the predominant bacterial groups 

during the early gut colonization in preterm infants, making up to 46% of all isolates. Within 

the Enterobacteriaceae family, K. pneumoniae, 74% (56/76 isolates) dominates, followed 

by Escherichia coli, 15% (11/76), Klebsiella aerogenes, 9% (7/76), Citrobacter europaeus, 

1% (1/76), and Citrobacter freundii, 1% (1/76). The high number of Enterobacteriaceae 

isolates, particularly K. pneumoniae, followed by E. coli are concerning as these bacterial 

species are often associated with hospital-acquired infections in the NICU. Our findings 

provide insight into the early gut colonization patterns of culturable gut bacteria in preterm 

infants. It highlights the importance of continuous microbiological monitoring and infection 

control measures within the NICU to mitigate potential Enterobacteriaceae-associated 

infections.  

Keywords: Enterobacteriaceae, Preterm infants, Stool, Klebsiella pneumoniae, Gut 

microbiome  

 

1. Introduction 

The gut microbiome is a complex microbial ecosystem expressing 100 times more 

genes than the human host and plays a significant role in human health and disease 

pathogenesis [1–3]. The gut microbiota have various functions including, metabolism and 

energy regulation [2, 4, 5], fermentation of polysaccharides to short-chain fatty acids [2, 4, 5], 

maturation and regulation of the immune system [6, 7], absorption of minerals and nutrients [8, 

9], synthesis of vitamins [10–12], and potential to breakdown of toxic components [13–15].  

Hence, they are important contributors to human health. Dysbiosis of the gut microbiota 

composition is associated with various diseases, including cancers [16–18], cardiovascular 

diseases [19–21], immunity-related diseases [22–24], neurodevelopmental disorders [23, 25], obesity 

and diabetes [26–32].  
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The gut microbiota of an infant is formed in the early life, right after birth (first 1,000 

days) [33, 34]. Preterm infants are those born prematurely at < 37 completed weeks of gestation 

and are often of low birth weight (< 2.5kg), whereas term infants are born at 40 weeks 

gestational age [35, 36]. Compared to term infants, preterm infants are highly vulnerable and 

exhibit distinct gut microbiome colonization patterns [37–39]. Interestingly, Khan et al. [40] 

found that the colonization of fecal microbiota in preterm infants is very dynamic across 

different time points after birth. According to Sim et al. [41], at 6 weeks of age, the gut 

microbiome of term infants shows a significant increase in Bacteroides, Bifidobacterium, and 

Lachnospiraceae, while preterm infants show a significant increase in Enterobacteriaceae 

and Enterobacter. Factors such as the mode of delivery [42], immature gut [39, 43, 44], exposure 

to antibiotics [39, 44–50], extended hospital stay [39, 51], and limited feeding of breastmilk [39, 47, 

52] contribute to a microbiome characterized by low diversity, delayed establishment of 

beneficial bacteria (Bifidobacterium), and early dominance of Proteobacteria, particularly the 

family Enterobacteriaceae [38, 39, 41, 43, 48, 49]. Although factors such as mode of delivery [42, 53–

57] and gestational age [44, 51] are commonly associated with gut dysbiosis in infants, these 

effects may be temporary; for instance, the microbiota of infants born via caesarean section 

may eventually resemble that of infants born vaginally [53, 57]. Additionally, the effects of 

gestational age may be influenced by other factors such as gut immaturity, longer 

hospitalization, and increased antibiotic exposure, which are more pronounced in preterm 

infants with lower gestational age than in those with higher gestational age [44]. Gut dysbiosis 

during the early life has been associated with the development of metabolic and 

immunological diseases, for instance, asthma [58, 59], allergies [60, 61], and type I diabetes [62–

65]. In preterm infants, necrotizing enterocolitis (NEC) and late-onset sepsis (LOS) are two 

lethal complications closely linked with gut dysbiosis [66, 67]. 

Enterobacteriaceae have a major impact on clinical and public health, such as causing 

foodborne disease and outbreaks, and healthcare-associated infections [68]. Importantly, it is 

one of the bacterial family that dominates the gut of preterm infants during their first months 

of life [69]. Members of the Enterobacteriaceae, including Citrobacter, Enterobacter. 

Escherichia, and Klebsiella are among the first colonizers of the preterm infant gut [35, 40, 69]. 

While some bacteria are commensal, others are opportunistic pathogens capable of 

translocating across the immature intestinal barrier to organs and tissues. In combination with 

preterm infants’ immature immune system, this consequently increases the risk for systemic 

infections [70, 71]. Besides that, Enterobacteriaceae can serve as potential reservoirs of 

opportunistic pathogens, antibiotic-resistance determinants, and may contribute to major 

neonatal morbidities, including NEC and LOS [69, 72–74]. Furthermore, bacteria under the 

Enterobacteriaceae family have high levels of antibiotic-resistant genes and are able to 
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facilitate the transfer of these antibiotic-resistant genes via mobile genetic elements to other 

pathogens [75]. 

With these clinical implications, the aim of this study was to isolate and identify 

Enterobacteriaceae from meconium/early stool samples of preterm infants admitted to the 

neonatal intensive care unit (NICU) in Johor Bahru, Malaysia. The diversity of Klebsiella 

pneumoniae isolated from the stool samples of preterm infants was further explored. A 

combination of culture-based isolation techniques, phenotypic and molecular identification 

methods was used to determine the composition of culturable Enterobacteriaceae in the gut 

of preterm infants.  

2. Materials and Methods  

2.1. Collection and processing of preterm infants’ meconium/early stool sample 

A total of 28 meconium/early stool samples were collected from preterm infants (N= 

28, gestational age < 33 weeks, birth weight < 1500g) admitted to the NICU of Hospital 

Sultanah Aminah Johor Bahru, Malaysia (Research no. NMRR-19-3773-52331 (IIR)). This 

was a non-interventional study conducted with informed consent and no exclusion criteria 

was applied to the preterm infants. The collection of meconium/early stool samples was 

conducted during their stay in the NICU according to approved ethics guidelines. The stool 

samples were placed in sterile containers, transported on dry ice to the laboratory at the 

Jeffrey Cheah School of Medicine and Health Sciences, Monash University Malaysia, and 

immediately stored at -80 °C until further analysis. 

2.2. Isolation and purification of presumptive Enterobacteriaceae isolates 

To isolate the Enterobacteriaceae, the meconium/early stool samples were diluted 

(1:10 w/v) in phosphate-buffered saline (dilution factor: 10-1─10-5) and inoculated onto 

CHROMagar™ Orientation plates based on the existing protocol with slight modification 

[76]. The plates were incubated overnight under aerobic conditions at 37 °C. The presumptive 

isolates were selected according to the colony morphology, with representative colonies 

selected based on the distinct color group presented on CHROMagar™ Orientation plates 

[77]. The presumptive colonies were purified by streaking onto Tryptic Soya Agar (TSA) 

(HiMedia, India) plates and incubated overnight under aerobic conditions at 37 °C. The 

purified colonies were streaked onto sterile TSA slant and stored at 4 °C until further 

genotypic identification. 
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2.3. DNA extraction 

Genomic DNA extraction of the presumptive Enterobacteriaceae clinical isolates 

were carried out via a commercial DNA extraction kit (GF-1 Bacterial DNA Extraction Kit, 

Vivantis, Malaysia; Catalog No. BA-100) according to manufacturer’s protocol. One loopful 

of each isolates was picked from the respective TSA slants and inoculated into Tryptone Soya 

Broth (TSB) (HiMedia, India), and incubated overnight at 37 °C, at 200rpm. Approximately 

1-3ml of overnight culture was centrifuged at 6,000g for 2 minutes, and the supernatant was 

discarded. The pellet was resuspended with 100µl Buffer R1, centrifuged at 10,000g for 3 

minutes, and the supernatant was discarded. The pellet was resuspended in 180µl of Buffer 

R2 and 20µl of Proteinase K, then incubated at 65 °C for 30 minutes in a water bath with 

occasional mixing every 5 minutes. After incubation, 400µl of Buffer BG was added, and the 

tube was inverted several times to achieve a homogenous solution. The tubes were 

subsequently incubated at 65 °C for 10 minutes. Absolute ethanol (200µl) was added with 

immediate mixing to prevent precipitation of DNA and transferred (maximum volume of 

650µl) into a clean column and centrifuged at 10,000g for 1 minute.  The flow through was 

discarded and 650µl of Wash Buffer was added to the column and centrifuged at 10,000g for 

1 minute, in which the flow through was discarded. The column was centrifuged again at 

10,000g for 1 minute to remove residual ethanol. The column was then placed into a clean 

microcentrifuge tube and 100µl of sterile water was added, and the tube was left to stand for 

2 minutes. The DNA was then eluted via centrifugation at 10,000g for 1 minute. The DNA 

was then stored for further analysis at -20 °C. 

2.4. Genotypic identification of Enterobacteriaceae isolates based on 16S rRNA gene 

sequencing 

The 16S rRNA-based PCR assay was performed to identify the presumptive isolates. 

Two primers were used for 16S rRNA-based PCR assay: p27F forward primer (5’-AGA GTT 

TGA TCC TGG CTC AG -3’) and p1492R reverse primer (5’-GGT TAC CTT GTT ACG 

ACT T -3’). The expected amplicon size is 1,500bp. A final volume of 20µl for the reaction 

mixture was prepared with 1µl of DNA template, 10µl of 2X Taq PLUS PCR Smart mix 1 

(SolGentTM, Korea), 7µl of sterile distilled water and 1µl of each primer. PCR amplification 

was performed using thermocycler (Kyratec, Super Cycler Thermal Cycler, Australia) with 

the following conditions: initial denaturation at 95°C for 5 minutes, 35 cycles of 94°C for 50 

seconds, 55°C for 1 minute, and 72°C for 1 minute 30 seconds, and a final elongation at 72°C 

for 8 minutes. The PCR products were then separated in 1.5% agarose gel and visualized 

under a gel documentation system (ChemiDocTM XRS, Bio-Rad, USA) before Sanger 
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sequencing. After that, the retrieved 16S rRNA gene sequences were manually trimmed using 

BioEdit Sequence Alignment Editor Software [78], and then submitted to BLAST (National 

Center for Biotechnology Information of the National Library of Medicine) for the 

identification of bacterial isolates based on the calculation of levels of sequence similarity. 

2.5. Phylogenetic analysis of 16S rRNA gene sequences of K. pneumoniae: Evolutionary 

relationships of taxa   

The 16S rRNA gene sequences of the K. pneumoniae isolates were utilized to build a 

phylogenetic tree with reference to the protocol devised by Lee et al. [79] and Law et al. [80]. 

The 16S rRNA gene sequences obtained were aligned with representative sequences of 

closely related strains in the genus Klebsiella obtained from GenBank/EMBL/DDBJ 

databases using CLUSTAL-X software [81]. The alignment was manually verified and 

adjusted before the reconstruction of phylogenetic tree. Phylogenetic tree was reconstructed 

with neighbor-joining algorithm using MEGA version 7.0 [82], and the evolutionary distances 

for this algorithm were computed using Kimura’s two-parameter model [83]. The stabilities 

of the resultant tree topologies were analyzed through bootstrap analysis based on 1000 

resampling method of Felsenstein (1985) [84].  

3. Results  

3.1. Isolation of presumptive Enterobacteriaceae isolates from meconium/early stool of 

preterm infants based on colony morphology  

In the present study, presumptive Enterobacteriaceae isolates were isolated from 28 

meconium/early stool samples of preterm infants (gestational age < 33 weeks, birth weight < 

1500g) obtained from the NICU of Hospital Sultanah Aminah Johor Bahru. The stool 

samples used in our study were mainly collected from week 1. In cases where the stool 

sample was insufficient, stool samples collected during week 2 or week 3 were used. A total 

of 166 isolates were obtained from 23 stool samples based on colony morphology selection 

on CHROMagar™ Orientation plates. The remaining 5 stool samples yielded no growth. 

From the 166 isolates obtained, the observed colony colors on CHROMagar™ Orientation 

plates include metallic blue (55 isolates), turquoise blue (38 isolates), white (56 isolates), 

dark pink to reddish (7 isolates), metallic blue with red halo (3 isolates), pink (3 isolates), 

and light grey (4 isolates). The majority of isolates observed were white, followed by metallic 

blue and turquoise blue. Among the colony colors observed, dark pink to reddish, metallic 

blue with red halo, pink, and light grey were only observed in a few of the isolates (Table 1). 
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Table 1: List of stool samples, isolates, and colony morphology description. 

Stool sample no. Total number of isolates obtained*          Colony morphology 

1 3 3  White, Circular 

2 

  

 6 

  

4 White, Punctiform 

1  White, Circular 

1  Turquoise blue, Circular 

3  8 8  Metallic blue, Circular 

4 15 
11   Turquoise blue, Circular 

4   White, Punctiform 

5 14 

5 Metallic blue, Circular 

8 White, Circular 

1 White, Irregular 

6 13 
3 Metallic blue, Irregular 

10 Metallic blue, Circular 

7 10 

2 Metallic blue, Circular 

3 White, Circular 

5 Turquoise blue, Circular 

8 3 3 Metallic blue, Circular 

9 9 9 Metallic blue, Circular 

10 9 

4 Turquoise blue, Circular 

3 Dark pink to reddish, Irregular 

2 White, Circular 

11 10 

3 Metallic blue, Circular 

3 Turquoise blue, Circular 

3 Pink, Punctiform 

1 Dark pink to reddish, Punctiform 

12 5 
2 Turquoise blue, Circular 

3 Dark pink to reddish, Circular 

13 1 1 White, Punctiform 

14 3 3 Metallic blue, Circular 

15 9 
3 Metallic blue, Circular 

6 Turquoise blue, Circular 

16 8 
6 Turquoise blue, Circular 

2 White, Circular 

17 6 5 White, Circular 
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3.2. Genotypic identification of isolates based on 16S rRNA gene 

Upon submitting the retrieved 16S rRNA gene sequence of the 166 isolates to BLAST 

(National Center for Biotechnology Information of the National Library of Medicine) that 

identifies isolates based on the calculation of levels of pairwise sequence similarity, the 

majority of the identified isolates belonged to the family Enterobacteriaceae, 46% (76/166 

isolates), followed by Staphylococcaceae, 22% (37/166), and Enterococcaceae, 22% 

(37/166). The remaining 16 isolates belonged to others, 10% (16/166). Among the 

Enterobacteriaceae family, 56 out of the 76 isolates were identified as K. pneumoniae 

(91.32%–100% pairwise sequence similarity) while the remaining isolates consisted of 11 

Escherichia coli (99.58%–100%), 7 Klebsiella aerogenes (99.28%–100%), 1 Citrobacter 

europaeus (99.79%), and 1 Citrobacter freundii (99.36%). On the other hand, the identities 

of the 37 Staphylococcus spp. were Staphylococcus epidermidis (15/166 isolates; 99.5%–

100% pairwise sequence similarity), Staphylococcus haemolyticus (11/166; 99.86%–100%), 

Staphylococcus spp. (9/166; 99.86%–100%), Staphylococcus hominis (1/166; 100%), and 

Staphylococcus warneri (1/166; 99.93%), while the identities for the 37 Enterococcus spp. 

consisted of Enterococcus faecalis (21/166; 98.4%–100%), Enterococcus faecium (12/166; 

99.37%–100%), Enterococcus avium (3/166; 98.99%–100%), and Enterococcus spp. (1/166; 

99.82%). Lastly, the remaining other isolates were identified as Streptococcus agalactiae 

(6/166 isolates; 98.99%–100% pairwise sequence similarity), Corynebacterium spp. (5/166; 

99.5%–100%), Burkholderia multivorans (4/166; 99.72%–100%), and Niallia spp. (1/166; 

100%) (Table 2). 

1 White, Punctiform 

18 5 
3 Metallic blue, Circular 

2 Metallic blue with red halo, Irregular 

19 7 

3 White, Circular 

3 Metallic blue, Circular 

1 Metallic blue with red halo, Circular 

20 5 
2 White, Circular 

3 White, Punctiform 

21 12 
8 White, Circular 

4 Light Grey, Circular 

22 4 4 White, Circular 

23 1 1 White, Circular 

*Total isolates: 166 
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Table 2: The identity of isolates from preterm stool samples based on 16S rRNA gene sequence similarity. 

Stool 

sample 

no. 

Isolates 

(MPB) Color of bacterial colony Identity (16S rRNA gene sequence similarity %) 

1 158 White, Circular Staphylococcus spp. (99.93%) 

160 White, Circular Staphylococcus spp. (99.86%) 

163 White, Circular Staphylococcus epidermidis (99.93%) 

2 164 White, Punctiform Corynebacterium spp. (100%) 

166 White, Circular Staphylococcus epidermidis (100%) 

171 White, Punctiform Corynebacterium spp. (99.93%) 

172 White, Punctiform Corynebacterium spp. (99.93%) 

173 White, Punctiform Corynebacterium spp. (99.68%) 

174 Turquoise blue, Circular Niallia spp. (100%) 

3 12 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

13 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

14 Metallic Blue, Circular Klebsiella pneumoniae (99.84%) 

15 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

16 Metallic Blue, Circular Klebsiella pneumoniae (99.86%) 

17 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

18 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

19 Metallic Blue, Circular Klebsiella pneumoniae (99.84%%) 

4 23 Turquoise Blue, Circular Enterococcus faecium (100%) 

24 Turquoise Blue, Circular Enterococcus faecalis (100%) 

25 White, Punctiform Enterococcus avium (100%) 

26 White, Punctiform Enterococcus avium (98.99%) 

27 White, Punctiform Enterococcus faecium (99.86%) 

28 Turquoise blue, Circular Enterococcus faecium (100%) 

29 Turquoise blue, Circular Enterococcus faecium (99.79%) 

30 Turquoise blue, Circular Enterococcus faecalis (100%) 

31 White, Punctiform Enterococcus avium (99.36%) 

32 Turquoise blue, Circular Enterococcus faecalis (100%) 

33 Turquoise Blue, Circular Enterococcus faecium (100%) 

34 Turquoise blue, Circular Enterococcus faecalis (100%) 

35 Turquoise Blue, Circular Enterococcus faecium (99.86%) 

36 Turquoise blue, Circular Enterococcus faecalis (99.86%) 

37 Turquoise Blue, Circular Enterococcus faecium (99.37%) 

5 1 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

2 Metallic Blue, Circular Klebsiella pneumoniae (98.39%) 

3 Metallic Blue, Circular Klebsiella pneumoniae (99.57%) 

4 Metallic Blue, Circular Klebsiella pneumoniae (99.57%) 
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5 White, Circular Staphylococcus epidermidis (100%) 

6 White, Circular Staphylococcus epidermidis (99.5%) 

7 Metallic Blue, Circular Klebsiella pneumoniae (99.22%) 

8A White, Circular Klebsiella pneumoniae (99.79%) 

8B White, Circular Staphylococcus epidermidis (100%) 

9A(i) White, Circular Klebsiella pneumoniae (97.99%) 

9A(ii) White, Circular Klebsiella pneumoniae (100%) 

9B White, Circular Staphylococcus epidermidis (100%) 

10 White, Circular Staphylococcus hominis (100%) 

11 White, Irregular Staphylococcus epidermidis (100%) 

6 95 Metallic Blue, Irregular Klebsiella pneumoniae (100%) 

96 Metallic Blue, Irregular Klebsiella pneumoniae (100%) 

97 Metallic Blue, Irregular Klebsiella pneumoniae (100%) 

98 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

99 Metallic Blue, Circular Klebsiella pneumoniae (99.5%) 

100 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

101 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

102 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

103 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

104 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

105 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

106 Metallic Blue, Circular Klebsiella pneumoniae (99.28%) 

107 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

7 138 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

140 White, Circular Staphylococcus haemolyticus (100%) 

141 White, Circular Staphylococcus haemolyticus (100%) 

142 White, Circular Staphylococcus epidermidis (100%) 

143 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

144 Turquoise blue, Circular Enterococcus faecalis (100%) 

145 Turquoise blue, Circular Enterococcus faecalis (99.93%) 

146 Turquoise blue, Circular Enterococcus faecalis (100%) 

148 Turquoise blue, Circular Enterococcus faecalis (100%) 

149 Turquoise blue, Circular Enterococcus faecalis (100%) 

8 150 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

151 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

152 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

9 41 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

42 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

43 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

44 Metallic Blue, Circular Klebsiella pneumoniae (99.92%) 
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45 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

46 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

48 Metallic Blue, Circular Klebsiella pneumoniae (91.32%) 

49 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

50 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

10 51 Turquoise Blue, Circular Klebsiella aerogenes (100%) 

52 Turquoise Blue, Circular Klebsiella aerogenes (99.54%) 

53 Dark Pink to Reddish, Irregular Escherichia coli (100%) 

54 Dark Pink to Reddish, Irregular Escherichia coli (100%) 

55 Dark Pink to Reddish, Irregular Escherichia coli (99.78%) 

56 White, Circular Escherichia coli (99.58%) 

58 Turquoise Blue, Circular Klebsiella aerogenes (99.28%) 

59 White, Circular Staphylococcus haemolyticus (99.86%) 

60 Turquoise Blue, Circular Klebsiella aerogenes (99.93%) 

11 139 Metallic Blue, Circular Klebsiella aerogenes (100%) 

147 Metallic Blue, Circular Klebsiella aerogenes (100%) 

153 Metallic Blue, Circular Klebsiella aerogenes (100%) 

154 Turquoise Blue, Circular Enterococcus faecalis (100%) 

155 Turquoise Blue, Circular Enterococcus faecalis (100%) 

156 Turquoise Blue, Circular Enterococcus faecalis (99.93%) 

157A(i) Pink, Punctiform Escherichia coli (100%) 

157A(ii) Pink, Punctiform Escherichia coli (100%) 

159A(i) Pink, Punctiform Escherichia coli (100%) 

161 

Dark Pink to Reddish, 

Punctiform Escherichia coli (100%) 

12 162 Turquoise Blue, Circular Enterococcus faecalis (99.93%) 

167 Dark Pink to Reddish, Circular Escherichia coli (100%) 

168 Dark Pink to Reddish, Circular Escherichia coli (100%) 

169 Dark Pink to Reddish, Circular Escherichia coli (100%) 

170 Turquoise Blue, Circular Enterococcus faecalis (98.4%) 

13 181 White, Punctiform Corynebacterium spp. (99.5%) 

14 175 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

176 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

177 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

15 108 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

109 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

110 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

111 Turquoise Blue, Circular Enterococcus faecium (100%) 

112 Turquoise Blue, Circular Enterococcus faecium (99.65%) 
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113 Turquoise Blue, Circular Enterococcus spp. (99.82%) 

114 Turquoise Blue, Circular Enterococcus faecium (99.93%) 

115 Turquoise Blue, Circular Enterococcus faecium (99.37%) 

116 Turquoise Blue, Circular Enterococcus faecium (99.91%) 

16 117 Turquoise Blue, Circular Enterococcus faecalis (100%) 

118 Turquoise Blue, Circular Enterococcus faecalis (99.09%) 

119 Turquoise Blue, Circular Enterococcus faecalis (100%) 

120 Turquoise Blue, Circular Enterococcus faecalis (100%) 

121 Turquoise Blue, Circular Enterococcus faecalis (99.86%) 

122 Turquoise Blue, Circular Enterococcus faecalis (100%) 

125 White, Circular Staphylococcus haemolyticus (99.86%) 

126 White, Circular Staphylococcus haemolyticus (100%) 

17 123 White, Circular Streptococcus agalactiae (100%) 

124 White, Circular Streptococcus agalactiae (99.93%) 

127 White, Circular Streptococcus agalactiae (99.93%) 

128 White, Circular Streptococcus agalactiae (99.35%) 

129 White, Circular Streptococcus agalactiae (99.93%) 

130 White, Punctiform Streptococcus agalactiae (98.99%) 

18 83 Metallic Blue, Circular Klebsiella pneumoniae (99.93%) 

84 Metallic Blue, Circular Klebsiella pneumoniae (99.86%) 

85 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

86 

Metallic Blue with Red Halo, 

Irregular Citrobacter europaeus (99.79%) 

87 

Metallic Blue with Red Halo, 

Irregular Citrobacter freundii (99.36%) 

19 88 White, Circular Staphylococcus epidermidis (100%) 

89 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

90 White, Circular Staphylococcus spp. (100%) 

91 

Metallic Blue with Red Halo, 

Circular Klebsiella pneumoniae (99.93%) 

92 White, Circular Staphylococcus haemolyticus (100%) 

93 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

94 Metallic Blue, Circular Klebsiella pneumoniae (100%) 

20 131 White, Circular Staphylococcus spp. (100%) 

133 White, Punctiform Staphylococcus spp. (99.93%) 

134 White, Punctiform Staphylococcus spp. (100%) 

135 White, Punctiform Staphylococcus spp. (100%) 

136 White, Circular Staphylococcus spp. (100%) 

21 63 White, Circular Staphylococcus haemolyticus (99.93%) 

64 White, Circular Staphylococcus haemolyticus (99.93%) 
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65 Light Grey, Circular Burkholderia multivorans (99.72%) 

66 Light Grey, Circular Burkholderia multivorans (99.86%) 

67 White, Circular Staphylococcus epidermidis (99.86%) 

68 White, Circular Staphylococcus epidermidis (100%) 

69 White, Circular Staphylococcus spp. (99.93%) 

70 Light Grey, Circular Burkholderia multivorans (100%) 

71 Light Grey, Circular Burkholderia multivorans (99.85%) 

72 White, Circular Staphylococcus haemolyticus (100%) 

73 White, Circular Staphylococcus haemolyticus (99.93%) 

74 White, Circular Staphylococcus haemolyticus (99.93%) 

22 75 White, Circular Staphylococcus epidermidis (99.93%) 

76 White, Circular Staphylococcus epidermidis (99.93%) 

77 White, Circular Staphylococcus epidermidis (99.58%) 

78 White, Circular Staphylococcus epidermidis (100%) 

23 137 White, Circular Staphylococcus warneri (99.93%) 

3.3. Diversity of K. pneumoniae isolates derived from meconium/early stool samples of 

preterm infants 

The 16S rRNA gene sequences of the 56 K. pneumoniae isolates were compared with 

closely related strains retrieved from DDBJ/EMBL/GenBank, and the results displayed 

percentages of pairwise sequence similarity ranging from 91.32% to 100%. Their 16S rRNA 

gene sequences were utilized for the reconstruction of a neighbor-joining phylogenetic tree 

consisting of a total of 86 Klebsiella isolates together with their closely related strains to 

understand their taxonomic relationships (Figure 1).  

Neighbor-joining phylogenetic tree constructed based on 16S rRNA gene sequences 

revealed 20 major clades, designated as Clade A-T; with 15 Klebsiella isolates were assigned 

to Clade A, 3 isolates were assigned to Clade B, 15 isolates assigned to Clade C, 13 isolates 

were assigned to Clade D, 2 isolates were assigned to Clade E, 2 isolates were assigned to 

Clade F, 2 isolates were assigned to Clade G, 2 isolates were assigned to Clade H, 6 isolates 

were assigned to Clade I, 2 isolates were assigned to Clade J, 2 isolates were assigned to 

Clade K, 2 isolates were assigned to Clade L, 4 isolates were assigned to Clade M, 4 isolates 

were assigned to Clade N, 2 isolates were assigned to Clade O, 2 isolates were assigned to 

Clade P, 2 isolates were assigned to Clade Q, 2 isolates were assigned to Clade R, 2 isolates 

were assigned to Clade S, and 2 isolates were assigned to Clade T (Figure 1). 
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Figure 1. Neighbor-joining phylogenetic tree based on 998 nucleotides of 16S rRNA gene sequence showing 

the relationship between a total of 56 K. pneumoniae isolates and representatives of related taxa. Numbers and 

nodes indicate percentages (> 50 %) of 1000 bootstrap re-sampling.  
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Isolates with bootstrap value > 50% were mostly in Clade A and Clade C. Six K. 

pneumoniae isolates were present in Clade A, including MPB 14, MPB 152, MPB 19, MPB 

106, MPB 2, and MPB 9A(i), while 9 isolates were present in Clade C, including MPB 83, 

MPB 84, MPB 85, MPB 1, MPB 8A, MPB 3, MPB 4, MPB 7, and MPB 9A(ii). The isolates 

assigned to Clade A were derived from 4 different stool samples: MPB 14 and MPB 19 (stool 

sample 3), MPB 152 (stool sample 8), MPB 106 (stool sample 6), MPB 2 and MPB 9A(i) 

(stool sample 5). The isolates assigned to Clade C were derived from 2 different stool 

samples: MPB 83, MPB 84, and MPB 85 (stool sample 18), while MPB 1, MPB 8A, MPB 

3, MPB 4, MPB 7, and MPB 9A(ii) (stool sample 5). Interestingly, all 3 K. pneumoniae 

isolates isolated from stool sample 18 were detected in Clade C and all 8 K. pneumoniae 

isolates isolated from stool sample 5 were detected in Clade A and Clade C.  

In Clade A, there were a total of 6 closely related strains: Klebsiella sp. strain JPJC-

S9 was isolated from a domestic wastewater treatment plant in Jaipur, India [85]; Klebsiella 

sp. strain GDKp-13 was isolated from the surfaces of rice seeds in Guangzhou, China [86]; 

Klebsiella sp. strain LHT7 was isolated from rice paddy field mud surrounding the rice root 

in Vietnam [87]; Klebsiella sp. strain 197_a_37_1, Klebsiella sp. strain 154_37_37, and 

Klebsiella sp. strain 216_42_z_2 were isolated from environmental samples (wastewater, 

treated wastewater, river water) in Japan [88]. The constructed phylogenetic tree revealed that 

Klebsiella sp. strain JPJC-S9 clustered within Clade A alongside MPB 14, while Klebsiella 

sp. strain LHT7 grouped with MPB 152. 

In Clade C, there were a total of 4 closely related strains: Klebsiella variicola subsp. 

variicola strain ACH10 was isolated from blueberry rhizosphere in Spain [89]; Klebsiella sp. 

strain Kp-KPU was isolated from clinical samples [90]; K. pneumoniae strain DS-1 was 

isolated from petrochemical wastewater in Jilin province, China [91]; K. pneumoniae strain 

2484 was isolated from a cheese stall in a public bazaar in Turkey [92]. K. pneumoniae strain 

DS-1 was clustered with MPB 1, while K. pneumoniae strain 2484 was grouped with MPB 

9A(ii).  

In Clade D, there were a total of 4 closely related strains, which includes K. 

pneumoniae strain Z-C-51B that was isolated from oil palm biomass waste in Indonesia [93]; 

K. pneumoniae strain CPO 2.280 and K. pneumoniae strain CPO 2.281, both of which were 

associated with crown gall disease on raspberry (Rubus idaeus) according to Genbank 

records; K. pneumoniae strain M2 was isolated from a patient with urinary tract infection in 

India, and is associated with a Genbank record citing Desai et al. [94] as the reference. K. 

pneumoniae strain M2 formed a monophyletic clade with MPB 41. K. pneumoniae strain 
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CPO 2.280 clustered with MPB 43, while K. pneumoniae strain CPO 2.281 grouped with 

MPB 49. 

Clade I has 2 closely related strains, while Clade K, Clade R, Clade S, and Clade T 

each have 1 closely related strain. K. pneumoniae strain CPO 2.250 (Clade I) was associated 

with crown gall disease on raspberry (Rubus idaeus) according to Genbank record. This strain 

clustered with MPB 138. Both Klebsiella sp. strain 223_48_42_z_2 (Clade I) and Klebsiella 

sp. strain 171_1_42_5 (Clade S) were isolated from environmental samples (wastewater, 

treated wastewater, river water) in Japan [88]. Klebsiella sp. strain 223_48_42_z_2 formed a 

monophyletic clade with MPB 150, while Klebsiella sp. strain 171_1_42_5 was claded with 

MPB 143. Meanwhile, Klebsiella sp. strain M3-J-105 and Klebsiella sp. strain M3-J-102 

were isolated from the human gut microbiome according to Genbank records. The former 

was clustered with MPB 18 in Clade K, while the latter was grouped with MPB 176 in Clade 

T. Lastly, K. pneumoniae strain S-1 (Clade R) was isolated from agricultural field soil of 

Banaras Hindu University, India [95]. This strain formed a monophyletic clade with MPB 107. 

4. Discussion 

The gut microbiome is a complex microbial ecosystem expressing 100 times more 

genes than the human host and plays a significant role in human health and disease 

pathogenesis [1]. Interestingly, the gut microbiome has been associated with the role of 

probiotics for health and the prevention and/or treatment of various diseases in recent years 

[96–105]. The gut microbiome has various functions, including absorption of minerals and 

nutrients, synthesis of vitamins, fermentation of fibers to short-chain fatty acids, breakdown 

of toxic components, and regulation of the immune system [1]. Importantly, the gut 

microbiome of preterm infants differs from that of term infants [106, 107]. Aujoulat et al. [108] 

demonstrated that Staphylococcus, Enterococcus, and members of Enterobacteriaceae 

successively dominated the gut microbiota of very preterm infants. In addition, according to 

findings by Korpela et al. [109], with increasing postmenstrual age, the development of 

microbiota in preterm infants progressed from Staphylococcus-Enterococcus-dominated 

composition to Enterobacter and lastly towards Bifidobacterium-dominated microbiota. 

Interestingly, the authors found that in preterm infants, Enterobacteriaceae peaks on average 

at 35 weeks postmenstrual age, while term-born infants presented only the declining part of 

this successional phase and a modest secondary bloom at 45–50 postmenstrual age [109]. This 

suggests that the gut microbiota of preterm infants develops in a distinct, age-dependent 

sequence and differs from that of term infants in both composition and developmental 

trajectory. 
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Our study successfully isolated 166 bacterial isolates from 28 meconium/early stool 

samples of preterm infants (gestational age < 33 weeks, birth weight < 1500g) obtained from 

the NICU of Hospital Sultanah Aminah Johor Bahru (Table 1). The gut microbiome of 

preterm infants is affected by many factors. Due to the fact that preterm infants have a lower 

gestational age, are more likely to be delivered via caesarean section, fed with formula milk, 

exposed to antibiotic treatment, and have long exposure in an ICU environment, together 

these factors contribute to a bacterial community rich in facultative anaerobes (including 

Enterobacteriaceae) [110]. Among these 166 isolates, 76 gram-negative isolates (46%) 

belonged to the Enterobacteriaceae family. Enterobacteriaceae have a major impact on 

clinical and public health, such as causing foodborne disease and outbreaks, and healthcare-

associated infections [68]. Interestingly, most genera within the Enterobacteriaceae family 

have a G+C content of 49 to 59 mol% [68]. Several significant pathogens of animals and 

humans belonging to Enterobacteriaceae include species of Cronobacter, Citrobacter, 

Enterobacter, Escherichia, Kluyvera, Klebsiella, Raoultella, Shigella, and Salmonella [111].  

In this study, the preliminary isolation of presumptive Enterobacteriaceae isolates 

from preterm infants’ stool samples was carried out by inoculation of stool samples onto 

CHROMagar™ Orientation plates, and colonies were selected based on colony morphology, 

with particular attention to colony color . The reason for using CHROMagar™ Orientation 

as the primary screening medium is that it is a non-selective chromogenic culture medium 

intended for use in the qualitative direct detection, differentiation, and presumptive 

identification of pathogens based on colony color [77]. Furthermore, the differences in colony 

colors produced by microorganisms on the medium allow easier recognition of mixed growth 

[77]. There were other studies that also utilized CHROMagar™ Orientation for differentiation 

and presumptive identification of gram-negative bacteria [76, 112]. Based on the colony 

appearance guide provided by CHROMagar™ Orientation [77], the colony appearance of 

Klebsiella, Enterobacter, Serratia appear metallic blue; Enterococcus appears turquoise 

blue; E. coli appears dark pink to reddish; Citrobacter appears metallic blue with red halo; 

Streptococcus agalactiae appears light blue; Candida albicans appears colorless; 

Pseudomonas aeruginosa appears translucide, cream to blue; Proteus is characterized by a 

brown halo; Staphylococcus saprophyticus appears pink, opaque, small; and Staphylococcus 

aureus appears golden, opaque, small. From the 166 isolates obtained in our study, the 

observed colony colors include metallic blue, turquoise blue, white, dark pink to reddish, 

metallic blue with red halo, pink, and light grey. However, among these colors, dark red to 

reddish, metallic blue with red halo, pink, and light grey were only observed in few of the 

isolates compared to the other colors mentioned. 
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After obtaining the pure isolates, the genotypic identification was performed based 

on the 16S rRNA gene. The 16S rRNA gene is an essential constituent present in all bacteria, 

and it can be used to distinguish the 3 main kingdoms- Archaea, Bacteria, and Eukarya [113]. 

The 16S rRNA gene is the gold standard in the identification of taxonomic and phylogenetic 

relationships among different bacteria [113]. This gene contains highly conserved regions and 

variable regions with approximately 1600 nucleotides long (base pairs) [113]. Conserved 

regions are used as tools to study distant phylogenetic relationships, while regions between 

the conserved regions with higher mutation rates are used to discriminate closely-related 

bacteria [113]. There are also hypervariable regions, for example gamma region, that diverged 

over evolutionary time, which can be used for species discrimination [113]. Importantly, 

horizontal gene transfer events are usually implausible to happen within the highly 

constrained rRNA genes [113]. The comparison of the 16S rRNA gene sequences allows for 

the differentiation between organisms at the genus level across all major phyla of bacteria, 

and also it can classify strains at the species and subspecies level [114].  

Based on our results (Table 2), 63 isolates have been identified belonging to the genus 

Klebsiella based on 16S rRNA gene, but only 55 out of 63 isolates (87.30%) were in 

accordance with the colony color metallic blue on CHROMagar™ Orientation, while the 

colony colors of the other isolates appeared as white (3 isolates), turquoise blue (4 isolates,), 

and metallic blue with red halo (1 isolate). There were 11 isolates identified as E. coli, but 

only 7 out of 11 isolates (63.64%) were in accordance with the colony color dark pink to 

reddish on CHROMagar™, while 3 isolates appeared as pink colonies and 1 isolate appeared 

as white colonies. For Enterococcus, 33 out of the 37 isolates (89.19%) identified were in 

accordance with the colony color turquoise blue on CHROMagar™ Orientation, while 4 

other isolates appeared as white colonies. On the other hand, 6 isolates were identified as 

Streptococcus agalactiae, but all 6 isolates appeared white colonies on CHROMagar™ 

instead of appearing as light blue colonies (0%). Nevertheless, 2 isolates identified as C. 

europaeus and C. freundii (100% as metallic blue with red halo colonies), were in accordance 

with the color on CHROMagar™ Orientation. These findings demonstrated that phenotypic 

identification (for example, by colony morphology) is less specific than the 16S rRNA gene 

sequencing molecular identification method. Therefore, this underscores the limitation of 

relying on a single bacterial identification method. To ensure reliable identification, 

genotypic identification, such as 16S rRNA gene sequencing, is essential to accurately 

characterize bacterial isolates at least to the genus level. 

Our study demonstrated that Enterobacteriaceae (n= 76; 46%) was the most abundant 

bacterial family detected and cultured from the meconium/early stool samples of preterm 
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infants (< 33 weeks of gestational age). This was followed by Staphylococcaceae (n= 37; 

22%), and Enterococcaceae (n= 37; 22%). At the genus level, Klebsiella (n= 63), 

Staphylococcus (n= 37), Enterococcus (n= 37), and Escherichia (n= 11) were the four most 

prevalent, which accounted for 89.16% of all preterm stool isolates.  

Multiple studies have consistently reported that the facultative anaerobes, including 

members of Enterobacteriaceae, Enterococcus, and Staphylococcus are among the dominant 

bacterial groups in the gut microbiota of preterm infants [40, 49, 115–118]. Enterobacteriaceae 

belongs to the phylum Proteobacteria, whereas Enterococcus and Staphylococcus are 

classified under the phylum Firmicutes. Thus, it is in-line with Morrow et al. [119] who found 

that the dominant phyla in preterm infants were Proteobacteria and Firmicutes, with only 

minor contributions of 1–2% from Bacteroidetes and Actinobacteria. At lower taxonomic 

such as family and genus, Patel et al. [115] found Enterobacteriaceae, Staphylococcaceae, and 

Enterococcaceae constituted the majority of bacterial families from preterm infants’ rectal 

swabs, while Wandro et al. [116] found fecal samples from preterm infants were dominated by 

facultative anaerobes, including members of Enterobacteriaceae, Staphylococcus, 

Enterococcus. However, it is worth noting that the cohort in Wandro et al. [116] included 

preterm infants with conditions such as NEC or LOS, and concluded that the preterm infant 

gut microbial communities were personalized and showed stronger associations with 

antibiotic exposure than with clinical outcomes such as NEC or LOS.  Arboleya et al. [49] 

also found Enterobacteriaceae and Enterococcaceae were the predominant microbial groups 

in preterm infants. Similarly, Magne et al. [117] found Enterobacteriaceae family and the 

genera Staphylococcus, Streptococcus, and Enterococcus to be the most often retrieved 

bacterial groups from preterm infants. Additionally, Schwiertz et al. [118] reported that K. 

pneumoniae, E. coli, and Enterococcus sp. were the bacteria most commonly detected in 

preterm infants.  

Citrobacter spp. was detected in our study (n= 2), and has also been reported in 

preterm infants by Khan et al. [40], where it was among the dominant genera detected around 

1 day after birth. The authors further stated that over time, the relative abundance of the three 

major bacterial families (Exiguobacterium, Acinetobacter, and Citrobacter ) declined, while 

the bacterial groups of Enterococcus, Klebsiella, and Escherichia gradually increased and 

became the main bacterial groups by 42 days after birth [40]. Taken together, these findings 

are broadly consistent with our detection of Enterococcus (n= 37; 22%) and 

Enterobacteriaceae (n= 76; 46%) members; however, Staphylococcus spp. (n= 37; 22%) also 

represented a major proportion in our study. In another study, Morrow et al. [119] found that 

at the genus level, the most common genera in order of relative abundance were 
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Enterobacter, Staphylococcus, Escherichia, Enterococcus, Leuconostoc, Lactococcus, 

Streptococcus, and Clostridia. Notably, the first four genera represented over 90% of all 

microbial reads [119]. In our study, Klebsiella, Staphylococcus, Enterococcus, and Escherichia 

were the top four genera, accounting for 89.16% of all preterm stool isolates. Consistent with 

Morrow et al [119], there was an overlap in dominant taxa, particularly Staphylococcus, 

Enterococcus, and Escherichia [119].  

NEC and LOS are two common premature birth complications with high morbidity 

and mortality [32, 120]. Gut microbiota dysbiosis plays a potential role in contributing to both 

NEC and LOS [67, 120–122]. It has been suggested that microbial translocation from the gut is 

an important pathway initiating NEC and LOS in very low birth weight infants and preterm 

infants [120, 123]. That being said, Morrow et al. [119] found that in terms of the subsequent risk 

of NEC, two distinct forms of dysbiosis in preterm infants occurred during the first two weeks 

of life. The first form occurred during days 4 to 9, where the microbial community prior to 

the onset of early NEC cases consisted mainly of Firmicutes (≥ 98%), mostly from the Bacilli 

class, with Staphylococcus, and Enterococcus as the dominant genera. The second microbial 

pattern occurred during day 10 to 16, preceding later-onset NEC cases. This was 

characterized by a gram-negative Proteobacteria profile, particularly the Enterobacteriaceae 

family [119]. Consistent with this, a pooled meta-analysis by Pammi et al. [67] found the 

abundance of Firmicutes and Bacteroidetes decreased while Proteobacteria increased 

preceding NEC diagnosis in preterm infants. At a finer taxonomic level, specific members of 

Enterobacteriaceae have also been implicated. Torrazza et al. [124] detected a novel signature 

sequence from the first stool samples of preterm infants with NEC in the first week of life. 

The sequence was distinct from but matched closest to K. pneumoniae, which was highly 

associated with the development of NEC later in life [124]. Besides that, Mai et al. [125] detected 

specific Operational Taxonomic Units (OTUs) that increased in NEC preterm infants during 

the week prior to NEC diagnosis. Notably, most of these OTUs grouped to the 

Enterobacteriaceae (K. pneumoniae, and E. coli) [125]. Additionally, Mshvildadze et al. [126] 

detected Citrobacter species in 3 out of 4 cases of preterm infants with NEC. 

With regards to LOS, several studies have highlighted the role of Enterobacteriaceae 

colonization in preterm infants. Smith et al. [73] found that intestinal colonization of 

Enterobacteriaceae was associated with LOS in preterm infants, especially the carbapenem-

resistant E. coli and Klebsiella spp., which can be challenging to treat. Similarly, a 

prospective study based in a NICU in Shanghai by Liu et al. [32] found Klebsiella was the 

only dominant genus detected during LOS progression in preterm infants. In addition, El 

Manouni El Hassani et al. [121] hypothesized that colonization by E. coli, and possibly K. 
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pneumoniae, was important in the pathogenesis of gram-negative LOS and can be detected 

up to few days before the onset of LOS. This finding aligns with a systematic review based 

on 7 studies comprising 106 sepsis cases in preterm infants, which showed that the majority 

of studies supported that the potential pathogen responsible for sepsis was detectable in stool 

samples prior to the onset of LOS, some of which with increased relative abundance of 

identified pathogens, including K. pneumoniae, and E. coli [127]. Collectively, these findings 

suggest that intestinal colonization by Enterobacteriaceae may represent a shared microbial 

signature associated with, and often preceding both NEC and LOS. This highlights the 

importance of early gut colonization dynamics in preterm infants and supports the concept 

that dysbiosis involving Enterobacteriaceae may contribute to both NEC and LOS.  

Established literature reported that an estimated 10% of preterm infants’ fecal 

samples harboured Klebsiella spp., and the proportion could vary depending on geographical 

location and presence of unstable gut microbiome, immaturity of the gastrointestinal tract, 

and immune system [128, 129].  Importantly, K. pneumoniae was more often detected in the 

stools of preterm infants than term infants within the first few days of life [49]. Based on an 

analysis of fecal microbiota of 12 preterm infants, Khan et al. [40] found that the colonization 

process is highly dynamic at different time points after birth. The authors found an increase 

in Klebsiella and E. coli at around 7 days after birth, and they slowly increased, becoming 

the main microbiota. At 42 days of life, they became the predominant gut microbiota with 

proportions of 32.6% and 38.2%, respectively, suggesting that some opportunistic pathogens 

can gradually grow during fecal microbiota development in preterm infants [40]. This is in 

agreement with Patel et al. [115] who found increased dominance of Enterobacteriaceae over 

time, accounting for 60% of Proteobacteria samples in week 1, 84% in week 2, and by weeks 

3 to 5, it reached 88%. It is worth noting that, despite the significant increase in 

Enterobacteriaceae, the overall Proteobacteria only changed from 55% to 59% from weeks 

1 and 3 to 5 [115]. Collectively, these studies illustrate a clear trajectory wherein opportunistic 

Enterobacteriaceae expand over time in the developing preterm gut. This pattern provides a 

plausible context for the high isolation rate of Enterobacteriaceae (76 out of 166 isolates) 

observed in the present study. 

The identification of Klebsiella spp. as the most frequently isolated gram-negative 

organism isolated from stool samples of preterm infants in this study is consistent with 

several NICU-based intestinal colonization studies using either stool cultures or rectal swabs 

[45, 107, 130, 131].  A Malaysian study reported that K. pneumoniae was the most frequently 

detected gram-negative organism, identified in 23 of 43 (53.5%) preterm infants with at least 

one positive culture from stool and/or tracheal specimens [130]. A Moroccan study reported 
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that, out of 641 Enterobacteriaceae isolates, K. pneumoniae (319/641) was the predominant 

bacterium, followed by E. coli (261/641,) based on rectal swabs of neonates (average 

gestational age of (35.2 (± 3.2) weeks; mean birth weight of 2612.1 g (±1023.2)) [131]. Besides 

that, a study based in China by Jia et al. [107] found Klebsiella was the predominant genus in 

the gut microbiota of preterm infants based on meconium and stool samples. This finding 

was consistent with Zou et al. [45], who found Klebsiella among the predominant genera in 

the gut microbiota of preterm infants based on stool samples. However, a study from India 

reported E. coli as the major intestinal colonizer in very low birth weight infants based on 

stool or meconium samples (or rectal swabs in the absence of stool), followed by K. 

pneumoniae and E. faecalis [132]. Nonetheless, the frequency of K. pneumoniae gut 

colonization may differ as the gut microbiome composition of preterm infants can be 

influenced by various factors such as mode of delivery [133], gestational maturity at birth [44], 

geographical location (including hospitals) [134], type of feeding [135], and differences in 

antibiotic usage [45, 116]. 

Among the species within the Enterobacteriaceae family, K. pneumoniae is a 

clinically significant opportunistic pathogen that colonizes the gut of preterm infants [130]. 

Moreover, K. pneumoniae is one of the pathogens associated with both nosocomial and 

community-acquired infections [136, 137]. Based on our findings, the highest number of 

culturable Enterobacteriaceae was K. pneumoniae, 74% (56/76 isolates). Preterm infants, 

particularly those admitted to the NICU, are at a higher risk of infection due to the 

combination of extended hospitalization, frequent use of antibiotics and invasive devices, 

and relative immunocompromise from an immature immune system [138, 139]. Consistent with 

this vulnerability, Ikuta et al. [140] reported that K. pneumoniae was the pathogen associated 

with the most neonatal deaths in 2019, estimated at 124, 000 (95% uncertainty intervals of 

89, 000–167, 000).  

Given the clinical importance of K. pneumoniae and its high burden in neonates, we 

further explored the diversity of K. pneumoniae detected in this study. Our phylogenetic 

analysis revealed a high level of diversity within the species K. pneumoniae isolated from 

stool samples of preterm infants. These isolates are related to various Klebsiella spp. and are 

distributed across a total of 20 clades (Clade A to Clade T) (Figure 1). Notably, all K. 

pneumoniae isolates obtained from stool samples 5 and 18 clustered within either Clade A or 

Clade C. Phylogenetic reconstruction further identified Clade C as a distinct clade 

predominantly composed of only K. pneumoniae isolates from stool samples 5 and 18. These 

isolates form a well-supported cluster, suggesting close genetic relatedness among isolates 

associated with these two preterm infants.  
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One of the closely related strain worth mentioning in our study is Klebsiella sp. strain 

JPJC-S9, which was isolated from a domestic wastewater treatment plant in Jaipur, India [85]. 

In a subsequent study, the authors investigated the antibiotic resistance profile of Klebsiella 

sp. strain JPJC-S9 using AST-N280 cards to evaluate if it poses a risk to human health and 

contributes to the spread of antibiotic resistance [141]. The strain known as K. pneumoniae 

spp. pneumoniae in their study was tested against 19 antibiotics, and the susceptibility was 

based on their minimal inhibitory concentration following Clinical and Laboratory Standards 

Institute (CLSI) 2018 guidelines. Results showed resistance only to two antibiotics—

ampicillin, and amoxicillin-clavulanic acid, while the rest were sensitive [141]. Based on our 

phylogenetic analysis, Klebsiella sp. strain JPJC-S9 clustered within Clade A alongside MPB 

14. Thus, MPB 14 may display a comparable susceptibility profile. 

In addition, there were five closely related strains from the same study which 

monitored carbapenem-resistant Enterobacterals in the environment for the assessment of 

the spread in the community [88]. Klebsiella sp. strain 154_37_37, Klebsiella sp. strain 

171_1_42_5, Klebsiella sp. strain 197_a_37_1, Klebsiella sp. strain 216_42_z_2, and 

Klebsiella sp. strain 223_48_42_z_2 were isolated from environmental samples (wastewater, 

treated wastewater, river water) in Japan by Urase et al. [88].  The study detected K. 

pneumoniae complex carrying IMP (imipenemase)-type carbapenemase and Guiana 

extended-spectrum (GES)-type carbapenemase. Findings detected genes encoding 

carbapenemase in Klebsiella sp. strain 154_37_37, Klebsiella sp. strain 171_1_42_5, 

Klebsiella sp. strain 197_a_37_1, Klebsiella sp. strain 216_42_z_2, and Klebsiella sp. strain 

223_48_42_z_2 were blaGES (carbapenemase-producing (CP)), blaGES (CP), blaGES (CP), 

blaGES (CP) + blaIMP-6 (IMP-type metallo-β-lactamase), and blaNDM (New Delhi metallo-β-

lactamase), respectively [88]. Phylogenetic analysis in our study revealed that MPB 143 and 

MPB 150 clustered with Klebsiella sp. strain 171_1_42_5 (Clade S) and Klebsiella sp. strain 

223_48_42_z_2 (Clade I), respectively. The former formed a monophyletic clade with MPB 

143, while the latter was claded with MPB 150. However, this grouping was supported by 

low bootstrap values (< 50%), indicating weak statistical support for the inferred relationship. 

Nonetheless, MPB 143 may carry blaGES (CP), while MPB 150 may carry blaNDM, although 

further investigation is required.  ` 

Overall, based on 20 of the 30 closely related strains included in our phylogenetic 

analysis, we noticed these 20 closely related strains were isolated from diverse sources 

including human clinical isolates (a patient with urinary tract infection, clinical samples), the 

human gut microbiome, environmental sources (cheese stall, wastewater, treated wastewater, 

river water, petrochemical wastewater, domestic wastewater treatment plant, agricultural 
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field soil), plants (surfaces of rice seeds, rice paddy field mud surrounding rice root, blueberry 

rhizosphere, raspberry (Rubus idaeus) associated with crown gall disease), and oil palm 

biomass waste. Hence, demonstrating that K. pneumoniae is able to colonize diverse niches 

and that these strains which were detected in the gut of preterm infants may also be derived 

from the environment or clinical reservoir. If this is so, it further highlights the risks for 

infections, antibiotic transmission, and the importance of environmental and infection control 

practices in the neonatal units. 

Besides K. pneumoniae, a few other species were isolated and identified from the 

meconium/early stool of preterm infants in our study. It is worth noting that the mode of 

delivery of preterm infants tends to be via caesarean section, and the infant’s microbial 

community resembles the skin microbiota of their mothers and the environment [42, 54]. 

Staphylococcus is a genus representative of skin bacteria, commonly associated with 

caesarean delivery [142]. Within the Staphylococcus species identified in our study, majority 

were identified as S. epidermidis and S. haemolyticus, followed by S. hominis, and S. warneri 

all of which generally are residents of the skin, suggesting initial colonization of the skin-

associated bacteria [143–146]. In fact, Aujoulat et al. [108] found that coagulase-negative 

staphylococci, particularly S. epidermidis was detected in all very preterm infants, and were 

most represented from the first days of life. Corynebacterium spp. were also detected in this 

study, and the Corynebacterium genus is also one of the residents on healthy human skin [147]. 

However, it is worth noting that Corynebacterium is reported as part of the breast milk 

microbiome as well as a reagent contaminant in low biomass samples [148]. A high number of 

E. faecalis and E. faecium were isolated from the preterm stool samples in our study. E. 

faecalis and E. faecium are commensal bacteria of the human intestine. Approximately 106 to 

107 Enterococcus are present in the human intestine (< 1% found in the ileum, and up to 1% 

in the colon), most of which are either E. faecalis (105–107 colony-forming units per gram of 

feces) or E. faecium (104–105 colony-forming units per gram of feces), while E. avium is 

occasionally detected [149]. Furthermore, Aujoulat et al. [108] found Enterococci, detected in 

60% of very preterm infants were early, highly represented, and persistent colonizers of the 

premature gut. Hence, justifying Enterococcus spp. as one of the main bacterial taxa in our 

study. 

This study has several limitations. First, the relatively small sample size of N= 28. 

This affects the generalizability of these findings. Second, the lack of detailed information 

on the mode of delivery, antibiotic regimens, and the type of feeding to preterm infants 

limited our ability to assess whether an association exists between the gut microbiota and 

these factors. Third, the use of the conventional bacterial culture method may have failed to 
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isolate some bacterial taxa, due to limitations in growth conditions (for example, 

Bifidobacterium, which grows anaerobically), and low abundance in samples. Nonetheless, 

larger studies with more diverse cohorts, such as the inclusion of preterm infants from 

multiple NICUs across different regions in Malaysia, are needed in future studies to increase 

statistical power and validate our findings, allowing for a better understanding of the gut 

microbiome of preterm infants.  

Future research on antibiotic susceptibility profiling and longitudinal follow-up of the 

gut microbiome should be incorporated to better understand how fluctuations in 

Enterobacteriaceae populations influence health outcomes and microbiome development in 

preterm infants. Besides that, future research should also employ culture-independent 

methods such as whole-genome shotgun metagenomic sequencing to profile the full 

microbial communities in preterm infants, capturing microbial genes, genome composition, 

and pathways [1, 150, 151]. Metatranscriptomic sequencing analysis provides a snapshot of the 

gene expression profile under specific conditions and at a given moment, instead of its 

potential as inferred from DNA-based shotgun metagenomic analysis [1]. Therefore, 

metatranscriptomic analysis can be employed to complement shotgun metagenomics by 

elucidating what genes are actively transcribed from a potential repertoire of annotated genes 

as revealed by shotgun metagenomic analysis [1].  

In light of these limitations, probiotics may play a role in promoting a healthy gut 

microbiome in preterm infants. Probiotics are defined as live microorganisms that, when 

administered in adequate amounts, confer a health benefit to the host [3, 152]. Bifidobacterium 

and lactobacilli, are two commonly studied probiotics because of their generally safe status 

and technical robustness [153]. Nonetheless, other bacterial genera, including Enterococcus, 

Streptococcus, Bacillus, and members of the yeast genus Saccharomyces, can have probiotic 

properties [154, 155]. Interestingly, it is worthy to note that in Malaysia, several strains of 

Streptomyces have been isolated and evaluated as a probiotic having antimicrobial, 

antioxidant, and cytotoxic potentials [156–164]. That being said, a systematic review based on 

research from the year 2012 to 2022 found that the commonly used probiotics for preterm 

infants were bacteria from the families Bifidobacteriaceae (Bifidobacterium spp.) and 

Lactobacillaceae (Lactobacillus spp., Lacticaseibacillus spp.) [165]. Several possible 

distribution of mechanisms among probiotics include colonization resistance, acid and short-

chain fatty acid production, regulation of intestinal transit, normalization of perturbed 

microbiota, increased turnover of enterocytes, and competitive exclusion of pathogens [152].  
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Since there is a delayed establishment of beneficial bacteria and higher levels of 

opportunistic pathogens in the gut of preterm infants, probiotics could be a potential 

supplement to mitigate gut dysbiosis [49, 70, 165–169]. This can be observed in the study by 

Alcon-Giner et al. [143], whereby preterm infants fed probiotics supplementation consisting 

of Bifidobacterium and Lactobacillus demonstrated a microbiome that was dominated by 

Bifidobacterium, and that their gastrointestinal environment was more closely resembled that 

of full-term infants. In addition to maintaining a healthy gut microbiome, probiotics 

contribute to preventing the spread of antibiotic resistance genes. As demonstrated by Guitor 

et al. [75], preterm infants administered with probiotics during their hospitalization had 

reduced diversity and prevented persistence of antibiotic resistance genes in the gut 

microbiome. Similarly, Bargheet et al. [51] also supported that probiotics helped in microbiota 

development by promoting microbial community interconnectivity and stability in the first 

week of life and minimizing resistome development induced by antibiotic use and 

hospitalization.  Hence, this would be highly beneficial for preterm infants as they tend to 

be hospitalized, experience gut dysbiosis, and are frequently administered with antibiotics. 

5. Conclusions 

Our findings provided an insight into the culturable Enterobacteriaceae in preterm 

infants. The combined use of cultural (phenotypic) and genotypic methods in our study 

provided a more reliable approach to characterize the diversity of Enterobacteriaceae from 

preterm stool samples. Overall, our study demonstrated that within the hospital ward, there 

may be a typical bacterial colonization pattern, characterized by a few main bacterial genera. 

Our study successfully isolated and identified 3 main bacterial families from 28 

meconium/early stool samples of preterm infants from the NICU of Hospital Sultanah 

Aminah Johor Bahru, Malaysia, which include Enterobacteriaceae, 46% (76/166 isolates), 

Staphylococcaceae, 22% (37/166), and Enterococcaceae, 22% (37/166). This shows that 

Enterobacteriaceae is one of the predominant bacteria during the early gut colonization in 

preterm infants, making up to 46% of all isolates. Particularly, within the Enterobacteriaceae 

family, K. pneumoniae (56/76 isolates, 74%) dominates, followed by E. coli (11/76, 15%), 

K. aerogenes (7/76, 9%), C. europaeus (1/76, 1%), and C. freundii (1/76, 1%).  

The high number of Enterobacteriaceae, particularly K. pneumoniae, followed by E. 

coli, is concerning, as these bacterial species are often associated with hospital-acquired 

infections in the NICU [130, 170–173]. Furthermore, their presence in the meconium/early stool 

samples suggests that preterm infants are susceptible to early colonization by opportunistic 

pathogens, possibly driven by antibiotic exposure, type of feeding, hospital environment, and 

delayed establishment by beneficial bacteria. Importantly, the phylogenetic relationships of 
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the 56 K. pneumoniae isolates and their closely related strains demonstrated that K. 

pneumoniae is able to colonize diverse niches and that these strains, which were detected in 

the gut of preterm infants may also originate from the environment or clinical reservoirs. It 

highlights the importance of continuous microbiological monitoring and infection control 

measures within the NICU to mitigate Enterobacteriaceae-associated infections.  

Author Contributions: AY-KT: Conducted laboratory work, Data Analysis, Writing - Original Draft 

Preparation, Writing – Review and Editing; YK: Writing – Review and Editing, Supervision; K-GC: Writing – 

Review and Editing, Supervision; JK-FL: Supervision; LT-HT: Writing – Review and Editing, Supervision; 

VL: Proofreading, Supervision; L-HL: Writing – Review and Editing, Proofreading, Supervision, 

Conceptualization; JW-FL: Writing – Review and Editing, Proofreading, Supervision, Conceptualization, 

Funding Acquisition. 

Funding: This work was funded by Jeffrey Cheah School of Medicine and Health Sciences (JCSMHS) 

Strategic Grant 2022 STG000108 (awarded to JW-FL) 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Gao B, Chi L, Zhu Y, et al. An introduction to next generation sequencing bioinformatic analysis in 

gut microbiome studies. Biomolecules 2021; 11(4): 530. doi: https://doi.org/10.3390/biom11040530. 

2. Gorkiewicz G and Moschen A. Gut microbiome: a new player in gastrointestinal disease. Virchows 

Archiv 2018; 472(1): 159-172. doi: https://doi.org/10.1007/s00428-017-2277-x. 

3. Thye AY-K, Law JW-F, Tan LT-H, et al. Exploring the gut microbiome in myasthenia gravis. 

Nutrients 2022; 14(8): 1647. doi: https://doi.org/10.3390/nu14081647. 

4. Sonnenburg JL and Bäckhed F. Diet–microbiota interactions as moderators of human metabolism. 

Nature 2016; 535(7610): 56-64. doi: https://doi.org/10.1038/nature18846. 

5. Nieuwdorp M, Gilijamse PW, Pai N, et al. Role of the microbiome in energy regulation and 

metabolism. Gastroenterology 2014; 146(6): 1525-1533. doi: 

https://doi.org/10.1053/j.gastro.2014.02.008. 

6. Maynard CL, Elson CO, Hatton RD, et al. Reciprocal interactions of the intestinal microbiota and 

immune system. Nature 2012; 489(7415): 231-241. doi: https://doi.org/10.1038/nature11551. 

7. Ximenez C and Torres J. Development of microbiota in infants and its role in maturation of gut mucosa 

and immune system. Archives of medical research 2017; 48(8): 666-680. doi: 

https://doi.org/10.1016/j.arcmed.2017.11.007. 

8. Bielik V and Kolisek M. Bioaccessibility and bioavailability of minerals in relation to a healthy gut 

microbiome. International journal of molecular sciences 2021; 22(13): 6803. doi: 

https://doi.org/10.3390/ijms22136803. 

9. Barone M, D'amico F, Brigidi P, et al. Gut microbiome–micronutrient interaction: The key to 

controlling the bioavailability of minerals and vitamins? Biofactors 2022; 48(2): 307-314. doi: 

https://doi.org/10.1002/biof.1835. 

10. LeBlanc JG, Milani C, De Giori GS, et al. Bacteria as vitamin suppliers to their host: a gut microbiota 

perspective. Current opinion in biotechnology 2013; 24(2): 160-168. doi: 

https://doi.org/10.1016/j.copbio.2012.08.005. 

https://doi.org/10.3390/biom11040530
https://doi.org/10.1007/s00428-017-2277-x
https://doi.org/10.3390/nu14081647
https://doi.org/10.1038/nature18846
https://doi.org/10.1053/j.gastro.2014.02.008
https://doi.org/10.1038/nature11551
https://doi.org/10.1016/j.arcmed.2017.11.007
https://doi.org/10.3390/ijms22136803
https://doi.org/10.1002/biof.1835
https://doi.org/10.1016/j.copbio.2012.08.005


PMMB 2025, 9, 1; a0000479 28 of 39 

 

11. Tarracchini C, Lugli GA, Mancabelli L, et al. Exploring the vitamin biosynthesis landscape of the 

human gut microbiota. Msystems 2024; 9(10): e00929-24. doi: 

https://doi.org/10.1128/msystems.00929-24. 

12. Hossain KS, Amarasena S, and Mayengbam S. B vitamins and their roles in gut health. 

Microorganisms 2022; 10(6): 1168. doi: https://doi.org/10.3390/microorganisms10061168. 

13. Claus SP, Guillou H, and Ellero-Simatos S. The gut microbiota: a major player in the toxicity of 

environmental pollutants? Npj biofilms and microbiomes 2016; 2(1): 1-11. doi: 

https://doi.org/10.1038/npjbiofilms.2016.3. 

14. Nakov R and Velikova T. Chemical metabolism of xenobiotics by gut microbiota. Current Drug 

Metabolism 2020; 21(4): 260-269. doi: https://doi.org/10.2174/1389200221666200303113830. 

15. Lindell AE, Zimmermann-Kogadeeva M, and Patil KR. Multimodal interactions of drugs, natural 

compounds and pollutants with the gut microbiota. Nature Reviews Microbiology 2022; 20(7): 431-

443. doi: https://doi.org/10.1038/s41579-022-00681-5. 

16. Gagliani N, Hu B, Huber S, et al. The fire within: microbes inflame tumors. Cell 2014; 157(4): 776-

783. doi: 10.1016/j.cell.2014.03.006  

17. Sears CL and Garrett WS. Microbes, microbiota, and colon cancer. Cell host & microbe 2014; 15(3): 

317-328. doi: 10.1016/j.chom.2014.02.007  

18. Irrazábal T, Belcheva A, Girardin SE, et al. The multifaceted role of the intestinal microbiota in colon 

cancer. Molecular cell 2014; 54(2): 309-320. doi: 10.1016/j.molcel.2014.03.039  

19. Tang WW, Kitai T, and Hazen SL. Gut microbiota in cardiovascular health and disease. Circulation 

research 2017; 120(7): 1183-1196. doi: https://doi.org/10.1161/CIRCRESAHA.117.309715. 

20. Jie Z, Xia H, Zhong S-L, et al. The gut microbiome in atherosclerotic cardiovascular disease. Nature 

communications 2017; 8(1): 845. doi: https://doi.org/10.1038/s41467-017-00900-1. 

21. Jonsson AL and Bäckhed F. Role of gut microbiota in atherosclerosis. Nature Reviews Cardiology 

2017; 14(2): 79-87. doi: https://doi.org/10.1038/nrcardio.2016.183. 

22. Vogelzang A, Guerrini MM, Minato N, et al. Microbiota—an amplifier of autoimmunity. Current 

Opinion in Immunology 2018; 55: 15-21. doi: https://doi.org/10.1016/j.coi.2018.09.003. 

23. Pronovost GN and Hsiao EY. Perinatal interactions between the microbiome, immunity, and 

neurodevelopment. Immunity 2019; 50(1): 18-36. doi: 10.1016/j.immuni.2018.11.016. 

24. Vatanen T, Kostic AD, d’Hennezel E, et al. Variation in microbiome LPS immunogenicity contributes 

to autoimmunity in humans. Cell 2016; 165(4): 842-853. doi: 10.1016/j.cell.2016.04.007. 

25. Sampson TR and Mazmanian SK. Control of brain development, function, and behavior by the 

microbiome. Cell host & microbe 2015; 17(5): 565-576. doi: 10.1016/j.chom.2015.04.011. 

26. Winer DA, Luck H, Tsai S, et al. The intestinal immune system in obesity and insulin resistance. Cell 

metabolism 2016; 23(3): 413-426. doi: 10.1016/j.cmet.2016.01.003. 

27. Rosenbaum M, Knight R, and Leibel RL. The gut microbiota in human energy homeostasis and 

obesity. Trends in Endocrinology & Metabolism 2015; 26(9): 493-501. doi: 

10.1016/j.tem.2015.07.002. 

28. Bouter KE, van Raalte DH, Groen AK, et al. Role of the gut microbiome in the pathogenesis of obesity 

and obesity-related metabolic dysfunction. Gastroenterology 2017; 152(7): 1671-1678. doi: 

https://doi.org/10.1053/j.gastro.2016.12.048. 

https://doi.org/10.1128/msystems.00929-24
https://doi.org/10.3390/microorganisms10061168
https://doi.org/10.1038/npjbiofilms.2016.3
https://doi.org/10.2174/1389200221666200303113830
https://doi.org/10.1038/s41579-022-00681-5
https://doi.org/10.1161/CIRCRESAHA.117.309715
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1038/nrcardio.2016.183
https://doi.org/10.1016/j.coi.2018.09.003
https://doi.org/10.1053/j.gastro.2016.12.048


PMMB 2025, 9, 1; a0000479 29 of 39 

 

29. Tseng C-H and Wu C-Y. The gut microbiome in obesity. Journal of the Formosan Medical Association 

2019; 118: S3-S9. doi: https://doi.org/10.1016/j.jfma.2018.07.009. 

30. Sharma S and Tripathi P. Gut microbiome and type 2 diabetes: where we are and where to go? The 

Journal of nutritional biochemistry 2019; 63: 101-108. doi: 

https://doi.org/10.1016/j.jnutbio.2018.10.003. 

31. Sikalidis AK and Maykish A. The gut microbiome and type 2 diabetes mellitus: discussing a complex 

relationship. Biomedicines 2020; 8(1): 8. doi: https://doi.org/10.3390/biomedicines8010008. 

32. Liu J, Li Y, Feng Y, et al. Patterned progression of gut microbiota associated with necrotizing 

enterocolitis and late onset sepsis in preterm infants: a prospective study in a Chinese neonatal 

intensive care unit. PeerJ 2019; 7: e7310. doi: https://doi.org/10.7717/peerj.7310. 

33. Pantazi AC, Balasa AL, Mihai CM, et al. Development of gut microbiota in the first 1000 days after 

birth and potential interventions. Nutrients 2023; 15(16): 3647. doi: 

https://doi.org/10.3390/nu15163647. 

34. Robertson RC, Manges AR, Finlay BB, et al. The human microbiome and child growth–first 1000 

days and beyond. Trends in microbiology 2019; 27(2): 131-147. doi: 10.1016/j.tim.2018.09.008  

35. McCartney AL and Hoyles L. The role of Klebsiella populations in preterm infants. Biochemical 

Society Transactions 2023; 51(2): 887-896. doi: https://doi.org/10.1042/BST20200325. 

36. Melville JM and Moss TJ. The immune consequences of preterm birth. Frontiers in neuroscience 2013; 

7: 79. doi: https://doi.org/10.3389/fnins.2013.00079. 

37. Itani T, Moubareck CA, Melki I, et al. Establishment and development of the intestinal microbiota of 

preterm infants in a Lebanese tertiary hospital. Anaerobe 2017; 43: 4-14. doi: 

https://doi.org/10.1016/j.anaerobe.2016.11.001. 

38. Hallab J, Leach S, Zhang L, et al. Molecular characterization of bacterial colonization in the preterm 

and term infant’s intestine. The Indian Journal of Pediatrics 2013; 80(1): 1-5. doi: 

https://doi.org/10.1007/s12098-012-0753-5. 

39. Healy DB, Ryan CA, Ross RP, et al. Clinical implications of preterm infant gut microbiome 

development. Nature microbiology 2022; 7(1): 22-33. doi: https://doi.org/10.1038/s41564-021-01025-

4. 

40. Khan A, Mi H, Gao F, et al. Dynamic changes of the gut microbial colonization in preterm infants 

with different time points after birth. Frontiers in microbiology 2023; 14: 1078426. doi: 

https://doi.org/10.3389/fmicb.2023.1078426. 

41. Sim K, Powell E, Cornwell E, et al. Development of the gut microbiota during early life in premature 

and term infants. Gut Pathogens 2023; 15(1): 3. doi: https://doi.org/10.1186/s13099-022-00529-6. 

42. Moore RE and Townsend SD. Temporal development of the infant gut microbiome. Open biology 

2019; 9(9): 190128. doi: https://doi.org/10.1098/rsob.190128. 

43. Li F, Hooi SL, Choo YM, et al. Progression of gut microbiome in preterm infants during the first three 

months. Scientific Reports 2025; 15(1): 12104. doi: https://doi.org/10.1038/s41598-025-95198-1. 

44. Chernikova DA, Madan JC, Housman ML, et al. The premature infant gut microbiome during the first 

6 weeks of life differs based on gestational maturity at birth. Pediatric research 2018; 84(1): 71-79. 

doi: https://doi.org/10.1038/s41390-018-0022-z. 

https://doi.org/10.1016/j.jfma.2018.07.009
https://doi.org/10.1016/j.jnutbio.2018.10.003
https://doi.org/10.3390/biomedicines8010008
https://doi.org/10.7717/peerj.7310
https://doi.org/10.3390/nu15163647
https://doi.org/10.1042/BST20200325
https://doi.org/10.3389/fnins.2013.00079
https://doi.org/10.1016/j.anaerobe.2016.11.001
https://doi.org/10.1007/s12098-012-0753-5
https://doi.org/10.1038/s41564-021-01025-4
https://doi.org/10.1038/s41564-021-01025-4
https://doi.org/10.3389/fmicb.2023.1078426
https://doi.org/10.1186/s13099-022-00529-6
https://doi.org/10.1098/rsob.190128
https://doi.org/10.1038/s41598-025-95198-1
https://doi.org/10.1038/s41390-018-0022-z


PMMB 2025, 9, 1; a0000479 30 of 39 

 

45. Zou Z-H, Liu D, Li H-D, et al. Prenatal and postnatal antibiotic exposure influences the gut microbiota 

of preterm infants in neonatal intensive care units. Annals of clinical microbiology and antimicrobials 

2018; 17: 9. doi: https://doi.org/10.1186/s12941-018-0264-y. 

46. Xu Y, Milburn O, Beiersdorfer T, et al. Antibiotic exposure prevents acquisition of beneficial 

metabolic functions in the preterm infant gut microbiome. Microbiome 2022; 10(1): 103. doi: 

https://doi.org/10.1186/s40168-022-01300-4. 

47. Penders J, Thijs C, Vink C, et al. Factors influencing the composition of the intestinal microbiota in 

early infancy. Pediatrics 2006; 118(2): 511-521. doi: https://doi.org/10.1542/peds.2005-2824. 

48. Greenwood C, Morrow AL, Lagomarcino AJ, et al. Early empiric antibiotic use in preterm infants is 

associated with lower bacterial diversity and higher relative abundance of Enterobacter. The Journal 

of pediatrics 2014; 165(1): 23-29. doi: https://doi.org/10.1016/j.jpeds.2014.01.010. 

49. Arboleya S, Binetti A, Salazar N, et al. Establishment and development of intestinal microbiota in 

preterm neonates. FEMS microbiology ecology 2012; 79(3): 763-772. doi: 

https://doi.org/10.1111/j.1574-6941.2011.01261.x. 

50. Arboleya S, Sánchez B, Milani C, et al. Intestinal microbiota development in preterm neonates and 

effect of perinatal antibiotics. The Journal of pediatrics 2015; 166(3): 538-544. doi: 

https://doi.org/10.1016/j.jpeds.2014.09.041. 

51. Bargheet A, Klingenberg C, Esaiassen E, et al. Development of early life gut resistome and mobilome 

across gestational ages and microbiota-modifying treatments. EBioMedicine 2023; 92. doi: 

https://doi.org/10.1016/j.ebiom.2023.104613. 

52. Chen Y, Lu Y, Wang T, et al. Changes in Gut Microbiota at 1–60 Days in 92 Preterm Infants in a 

Neonatal Intensive Care Unit Using 16S rRNA Gene Sequencing. Medical science monitor: 

international medical journal of experimental and clinical research 2023; 29: e941560-1. doi: 

10.12659/MSM.941560. 

53. Rutayisire E, Huang K, Liu Y, et al. The mode of delivery affects the diversity and colonization pattern 

of the gut microbiota during the first year of infants' life: a systematic review. BMC gastroenterology 

2016; 16(1): 86. doi: https://doi.org/10.1186/s12876-016-0498-0. 

54. Dominguez-Bello MG, Costello EK, Contreras M, et al. Delivery mode shapes the acquisition and 

structure of the initial microbiota across multiple body habitats in newborns. Proceedings of the 

National Academy of Sciences 2010; 107(26): 11971-11975. doi: 

https://doi.org/10.1073/pnas.1002601107. 

55. Jakobsson HE, Abrahamsson TR, Jenmalm MC, et al. Decreased gut microbiota diversity, delayed 

Bacteroidetes colonisation and reduced Th1 responses in infants delivered by caesarean section. Gut 

2014; 63(4): 559-566. doi: https://doi.org/10.1136/gutjnl-2012-303249. 

56. Liu D, Yu J, Li L, et al. Bacterial community structure associated with elective cesarean section versus 

vaginal delivery in Chinese newborns. Journal of pediatric gastroenterology and nutrition 2015; 60(2): 

240-246. doi: https://doi.org/10.1097/MPG.0000000000000606. 

57. Dogra S, Sakwinska O, Soh S-E, et al. Dynamics of infant gut microbiota are influenced by delivery 

mode and gestational duration and are associated with subsequent adiposity. MBio 2015; 6(1): 

10.1128/mbio. 02419-14. doi: https://doi.org/10.1128/mbio.02419-14. 

https://doi.org/10.1186/s12941-018-0264-y
https://doi.org/10.1186/s40168-022-01300-4
https://doi.org/10.1542/peds.2005-2824
https://doi.org/10.1016/j.jpeds.2014.01.010
https://doi.org/10.1111/j.1574-6941.2011.01261.x
https://doi.org/10.1016/j.jpeds.2014.09.041
https://doi.org/10.1016/j.ebiom.2023.104613
https://doi.org/10.1186/s12876-016-0498-0
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1097/MPG.0000000000000606
https://doi.org/10.1128/mbio.02419-14


PMMB 2025, 9, 1; a0000479 31 of 39 

 

58. Stokholm J, Blaser MJ, Thorsen J, et al. Maturation of the gut microbiome and risk of asthma in 

childhood. Nature communications 2018; 9(1): 141. doi: https://doi.org/10.1038/s41467-017-02573-

2. 

59. Frati F, Salvatori C, Incorvaia C, et al. The role of the microbiome in asthma: the gut–lung axis. 

International journal of molecular sciences 2018; 20(1): 123. doi: 

https://doi.org/10.3390/ijms20010123. 

60. Savage JH, Lee‐Sarwar KA, Sordillo J, et al. A prospective microbiome‐wide association study of 

food sensitization and food allergy in early childhood. Allergy 2018; 73(1): 145-152. doi: 

https://doi.org/10.1111/all.13232. 

61. Madan JC, Farzan SF, Hibberd PL, et al. Normal neonatal microbiome variation in relation to 

environmental factors, infection and allergy. Current opinion in pediatrics 2012; 24(6): 753-759. doi: 

10.1097/MOP.0b013e32835a1ac8. 

62. Siljander H, Honkanen J, and Knip M. Microbiome and type 1 diabetes. EBioMedicine 2019; 46: 512-

521. doi: 10.1016/j.ebiom.2019.06.031. 

63. Harbison JE, Roth‐Schulze AJ, Giles LC, et al. Gut microbiome dysbiosis and increased intestinal 

permeability in children with islet autoimmunity and type 1 diabetes: A prospective cohort study. 

Pediatric diabetes 2019; 20(5): 574-583. doi: https://doi.org/10.1111/pedi.12865. 

64. Vatanen T, Franzosa EA, Schwager R, et al. The human gut microbiome in early-onset type 1 diabetes 

from the TEDDY study. Nature 2018; 562(7728): 589-594. doi: https://doi.org/10.1038/s41586-018-

0620-2. 

65. Giongo A, Gano KA, Crabb DB, et al. Toward defining the autoimmune microbiome for type 1 

diabetes. The ISME journal 2011; 5(1): 82-91. doi: https://doi.org/10.1038/ismej.2010.92. 

66. Stewart CJ, Embleton ND, Marrs EC, et al. Longitudinal development of the gut microbiome and 

metabolome in preterm neonates with late onset sepsis and healthy controls. Microbiome 2017; 5(1): 

75. doi: https://doi.org/10.1186/s40168-017-0295-1. 

67. Pammi M, Cope J, Tarr PI, et al. Intestinal dysbiosis in preterm infants preceding necrotizing 

enterocolitis: a systematic review and meta-analysis. Microbiome 2017; 5(1): 31. doi: 

https://doi.org/10.1186/s40168-017-0248-8. 

68. Janda JM and Abbott SL. The changing face of the family Enterobacteriaceae 

(Order:“Enterobacterales”): New members, taxonomic issues, geographic expansion, and new diseases 

and disease syndromes. Clinical microbiology reviews 2021; 34(2): 10.1128/cmr. 00174-20. doi: 

https://doi.org/10.1128/cmr.00174-20. 

69. Gasparrini AJ, Wang B, Sun X, et al. Persistent metagenomic signatures of early-life hospitalization 

and antibiotic treatment in the infant gut microbiota and resistome. Nature microbiology 2019; 4(12): 

2285-2297. doi: https://doi.org/10.1038/s41564-019-0550-2. 

70. Westerbeek EA, van den Berg A, Lafeber HN, et al. The intestinal bacterial colonisation in preterm 

infants: a review of the literature. Clinical nutrition 2006; 25(3): 361-368. doi: 

https://doi.org/10.1016/j.clnu.2006.03.002. 

71. Lee C-C, Feng Y, Yeh Y-M, et al. Gut dysbiosis, bacterial colonization and translocation, and neonatal 

sepsis in very-low-birth-weight preterm infants. Frontiers in microbiology 2021; 12: 746111. doi: 

https://doi.org/10.3389/fmicb.2021.746111. 

https://doi.org/10.1038/s41467-017-02573-2
https://doi.org/10.1038/s41467-017-02573-2
https://doi.org/10.3390/ijms20010123
https://doi.org/10.1111/all.13232
https://doi.org/10.1111/pedi.12865
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1038/ismej.2010.92
https://doi.org/10.1186/s40168-017-0295-1
https://doi.org/10.1186/s40168-017-0248-8
https://doi.org/10.1128/cmr.00174-20
https://doi.org/10.1038/s41564-019-0550-2
https://doi.org/10.1016/j.clnu.2006.03.002
https://doi.org/10.3389/fmicb.2021.746111


PMMB 2025, 9, 1; a0000479 32 of 39 

 

72. Stewart C, Marrs E, Magorrian S, et al. The preterm gut microbiota: changes associated with 

necrotizing enterocolitis and infection. Acta paediatrica 2012; 101(11): 1121-1127. doi: 

https://doi.org/10.1111/j.1651-2227.2012.02801.x. 

73. Smith A, Anandan S, Veeraraghavan B, et al. Colonization of the preterm neonatal gut with 

carbapenem-resistant Enterobacteriaceae and its association with neonatal sepsis and maternal gut 

flora. Journal of global infectious diseases 2020; 12(2): 101-104. doi: 10.4103/jgid.jgid_104_19. 

74. Dobbler PT, Procianoy RS, Mai V, et al. Low microbial diversity and abnormal microbial succession 

is associated with necrotizing enterocolitis in preterm infants. Frontiers in microbiology 2017; 8: 2243. 

doi: https://doi.org/10.3389/fmicb.2017.02243. 

75. Guitor AK, Yousuf EI, Raphenya AR, et al. Capturing the antibiotic resistome of preterm infants 

reveals new benefits of probiotic supplementation. Microbiome 2022; 10(1): 136. doi: 

https://doi.org/10.1186/s40168-022-01327-7. 

76. Yap PSX, Ahmad Kamar A, Chong CW, et al. Intestinal carriage of multidrug-resistant gram-negative 

bacteria in preterm-infants during hospitalization in neonatal intensive care unit (NICU). Pathogens 

and global health 2016; 110(6): 238-246. doi: https://doi.org/10.1080/20477724.2016.1229884. 

77. CHROMagar. CHROMagar™ Orientation.  [Accessed 31 July 2023]; Available from: 

https://www.chromagar.com/en/product/chromagar-orientation/. 

78. Hall T, Biosciences I, and Carlsbad C. BioEdit: an important software for molecular biology. GERF 

bulletin of biosciences 2011; 2(1): 60-61. 

79. Lee L-H, Zainal N, Azman A-S, et al. Streptomyces pluripotens sp. nov., a bacteriocin-producing 

streptomycete that inhibits meticillin-resistant Staphylococcus aureus. International Journal of 

Systematic and Evolutionary Microbiology 2014; 64(Pt_9): 3297-3306. doi: 10.1099/ijs.0.065045-0. 

80. Law JW-F, Chan K-G, He Y-W, et al. Diversity of Streptomyces spp. from mangrove forest of 

Sarawak (Malaysia) and screening of their antioxidant and cytotoxic activities. Scientific Reports 

2019; 9(1): 15262. doi: https://doi.org/10.1038/s41598-019-51622-x. 

81. Thompson JD, Gibson TJ, Plewniak F, et al. The CLUSTAL_X windows interface: flexible strategies 

for multiple sequence alignment aided by quality analysis tools. Nucleic acids research 1997; 25(24): 

4876-4882. doi: https://doi.org/10.1093/nar/25.24.4876. 

82. Horiike T. An introduction to molecular phylogenetic analysis. Reviews in Agricultural Science 2016; 

4: 36-45. doi: 10.7831/ras.4.0_36. 

83. Kimura M. A simple method for estimating evolutionary rates of base substitutions through 

comparative studies of nucleotide sequences. Journal of molecular evolution 1980; 16(2): 111-120. 

doi: https://doi.org/10.1007/BF01731581. 

84. Felsenstein J. Confidence limits on phylogenies: an approach using the bootstrap. evolution 

(International Journal of Organic Evolution) 1985; 39(4): 783-791. doi: https://doi.org/10.1111/j.1558-

5646.1985.tb00420.x. 

85. Shekhawat SS, Kulshreshtha NM, and Gupta AB. Investigation of chlorine tolerance profile of 

dominant gram negative bacteria recovered from secondary treated wastewater in Jaipur, India. Journal 

of Environmental Management 2020; 255: 109827. doi: 

https://doi.org/10.1016/j.jenvman.2019.109827. 

86. 蔡伟, 严卓晟, 彭彬, et al. 超声波处理对稻谷表面微生物的影响. 广东农业科学 2019; 46(5): 99-

106. doi: 10.16768/j.issn.1004-874X.2019.05.014. 

https://doi.org/10.1111/j.1651-2227.2012.02801.x
https://doi.org/10.3389/fmicb.2017.02243
https://doi.org/10.1186/s40168-022-01327-7
https://doi.org/10.1080/20477724.2016.1229884
https://www.chromagar.com/en/product/chromagar-orientation/
https://doi.org/10.1038/s41598-019-51622-x
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1007/BF01731581
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1016/j.jenvman.2019.109827


PMMB 2025, 9, 1; a0000479 33 of 39 

 

87. Cuong HT, Van Cuong B, Thuong LT, et al. Investigation of salt-tolerant rhizosphere bacteria from 

seawater-intruding paddy rice field in Vietnam. Journal of Biology/TẠp chí Sinh HỌc 2020; 42(3). 

doi: 10.15625/2615-9023/v42n3.14869. 

88. Urase T, Goto S, and Sato M. Monitoring carbapenem-resistant Enterobacterales in the environment 

to assess the spread in the community. Antibiotics 2022; 11(7): 917. doi: 

https://doi.org/10.3390/antibiotics11070917. 

89. Camacho M, de los Santos B, Vela MD, et al. Use of bacteria isolated from berry rhizospheres as 

biocontrol agents for charcoal rot and root-knot nematode strawberry diseases. Horticulturae 2023; 

9(3): 346. doi: https://doi.org/10.3390/horticulturae9030346. 

90. Asif M, Alvi IA, Sibgha, et al. Antimicrobial Potential and Genomic Insights of Novel Klebsiella 

Phage SBP against K-112 Serotype. Current Microbiology 2026; 83(5): 279. doi: 

https://doi.org/10.1007/s00284-026-04867-5. 

91. Cao D, Huo Y, Zhang L, et al. Aerobic biodegradation of phenanthrene by a newly isolated Klebsiella 

sp. DS-1 from wastewater. Journal of Water Process Engineering 2023; 53: 103820. doi: 

https://doi.org/10.1016/j.jwpe.2023.103820. 

92. Poyrazoğlu E and Onur M. Isolation and identification of biofilm-forming bacteria in foods supplied 

for consumption in open market stalls:: A case study in Aydin province Trakya University Journal of 

Natural Sciences 2023; 24(2): 77-84. doi: https://doi.org/10.23902/trkjnat.1288588. 

93. Gerasimchuk A, Topilina Y, Sysoeva A, et al. Isolation of microorganisms-destructors from palm oil 

production waste and study of their biotechnological potential. Microbiology 2023; 92(Suppl 1): S88-

S92. doi: https://doi.org/10.1134/S0026261723603937. 

94. Desai S, Sanghrajka K, and Gajjar D. High adhesion and increased cell death contribute to strong 

biofilm formation in Klebsiella pneumoniae. Pathogens 2019; 8(4): 277. doi: 

https://doi.org/10.3390/pathogens8040277. 

95. Singh D, Kumar J, and Kumar A. Isolation of pyomelanin from bacteria and evidences showing its 

synthesis by 4-hydroxyphenylpyruvate dioxygenase enzyme encoded by hppD gene. International 

journal of biological macromolecules 2018; 119: 864-873. doi: 

https://doi.org/10.1016/j.ijbiomac.2018.08.003. 

96. Johnson D, Chua K-O, Selvadurai J, et al. Pilot Trial of Probiotics in Major Depressive Disorder: A 

Randomized, Double-Blind, Placebo-Controlled Approach. Progress In Microbes & Molecular 

Biology 2025; 8(1): a0000462. doi: https://doi.org/10.36877/pmmb.a0000462. 

97. Kong GY-E, Letchumanan V, Tan LT-H, et al. Gut microbiome in obsessive compulsive disorder: 

potential of probiotics as an adjuvant therapy. Progress In Microbes and Molecular Biology 2022; 5(1): 

a0000272. doi: https://doi.org/10.36877/pmmb.a0000272. 

98. Loo K-Y, Thong JYH, Tan LT-H, et al. A Current Overview of Next-Generation Probiotics and Their 

Prospects in Health and Disease Management. Progress In Microbes & Molecular Biology 2024; 7(1): 

a0000457. doi: https://doi.org/10.36877/pmmb.a0000457. 

99. Sim AAXH, Cheam JY, Law JWF, et al. The ameliorative role of probiotics in 5-fluorouracil induced 

intestinal mucositis. Progress In Microbes and Molecular Biology 2023; 6(1): a0000339. doi: 

https://doi.org/10.36877/pmmb.a0000339. 

https://doi.org/10.3390/antibiotics11070917
https://doi.org/10.3390/horticulturae9030346
https://doi.org/10.1007/s00284-026-04867-5
https://doi.org/10.1016/j.jwpe.2023.103820
https://doi.org/10.23902/trkjnat.1288588
https://doi.org/10.1134/S0026261723603937
https://doi.org/10.3390/pathogens8040277
https://doi.org/10.1016/j.ijbiomac.2018.08.003
https://doi.org/10.36877/pmmb.a0000462
https://doi.org/10.36877/pmmb.a0000272
https://doi.org/10.36877/pmmb.a0000457
https://doi.org/10.36877/pmmb.a0000339


PMMB 2025, 9, 1; a0000479 34 of 39 

 

100. Lim WQ, Cheam JY, Law JW-F, et al. Role of garlic in chronic diseases: focusing on gut microbiota 

modulation. Progress In Microbes and Molecular Biology 2022; 5(1): a0000271. doi: 

https://doi.org/10.36877/pmmb.a0000271. 

101. Thye AY-K, Tan LT-H, Law JW-F, et al. Long COVID-19: Psychological symptoms in COVID-19 

and probiotics as an adjunct therapy. Progress In Microbes & Molecular Biology 2022; 5(1): a0000267. 

doi: https://doi.org/10.36877/pmmb.a0000267. 

102. Lee L-H. Probiotics in Depression Management: Efficacy, Mechanisms and Future Directions. 

Progress In Microbes & Molecular Biology 2025; 8(1): a0000459. doi: 

https://doi.org/10.36877/pmmb.a0000459. 

103. Jazuli I, Jazeel A, Selvaratnam L, et al. Navigating the Role and Approach of Gut Microbiota in 

Addressing Alzheimer's Disease Pathogenesis. Progress In Microbes & Molecular Biology 2024; 7(1): 

a0000454. doi: https://doi.org/10.36877/pmmb.a0000454. 

104. Tang EK, Loo KY, Thye AYK, et al. The impact of antidepressants on gut microbiome and depression 

management. Progress In Microbes and Molecular Biology 2024; 7(1): a0000446. doi: 

https://doi.org/10.36877/pmmb.a0000446. 

105. El Mazouri S, Aanniz T, Bouyahya A, et al. Gut Microbiota in Autism Spectrum Disorder: A 

Systematic Review. Progress In Microbes & Molecular Biology 2024; 7(1): a0000442. doi: 

https://doi.org/10.36877/pmmb.a0000442. 

106. Groer MW, Luciano AA, Dishaw LJ, et al. Development of the preterm infant gut microbiome: a 

research priority. Microbiome 2014; 2: 1-8. doi: https://doi.org/10.1186/2049-2618-2-38. 

107. Jia Q, Yu X, Chang Y, et al. Dynamic changes of the gut microbiota in preterm infants with different 

gestational age. Frontiers in microbiology 2022; 13: 923273. doi: 

https://doi.org/10.3389/fmicb.2022.923273. 

108. Aujoulat F, Roudière L, Picaud J-C, et al. Temporal dynamics of the very premature infant gut 

dominant microbiota. BMC microbiology 2014; 14(1): 325. doi: https://doi.org/10.1186/s12866-014-

0325-0. 

109. Korpela K, Blakstad EW, Moltu SJ, et al. Intestinal microbiota development and gestational age in 

preterm neonates. Scientific Reports 2018; 8(1): 2453. doi: https://doi.org/10.1038/s41598-018-

20827-x. 

110. Zwittink RD, van Zoeren-Grobben D, Martin R, et al. Metaproteomics reveals functional differences 

in intestinal microbiota development of preterm infants. Molecular & Cellular Proteomics 2017; 16(9): 

1610-1620. doi: 10.1074/mcp.RA117.000102  

111. Moxley RA. Family Enterobacteriaceae. Veterinary Microbiology 2022: 41-55. doi: 

https://doi.org/10.1002/9781119650836.ch5. 

112. Merlino J, Siarakas S, Robertson GJ, et al. Evaluation of CHROMagar Orientation for differentiation 

and presumptive identification of gram-negative bacilli and Enterococcus species. Journal of clinical 

microbiology 1996; 34(7): 1788-1793. doi: https://doi.org/10.1128/jcm.34.7.1788-1793.1996. 

113. Law JW-F, Tan K-X, Wong SH, et al. Taxonomic and characterization methods of Streptomyces: a 

review. Progress In Microbes & Molecular Biology 2018; 1(1): a0000009. doi: 

https://doi.org/10.36877/pmmb.a0000009. 

https://doi.org/10.36877/pmmb.a0000271
https://doi.org/10.36877/pmmb.a0000267
https://doi.org/10.36877/pmmb.a0000459
https://doi.org/10.36877/pmmb.a0000454
https://doi.org/10.36877/pmmb.a0000446
https://doi.org/10.36877/pmmb.a0000442
https://doi.org/10.1186/2049-2618-2-38
https://doi.org/10.3389/fmicb.2022.923273
https://doi.org/10.1186/s12866-014-0325-0
https://doi.org/10.1186/s12866-014-0325-0
https://doi.org/10.1038/s41598-018-20827-x
https://doi.org/10.1038/s41598-018-20827-x
https://doi.org/10.1002/9781119650836.ch5
https://doi.org/10.1128/jcm.34.7.1788-1793.1996
https://doi.org/10.36877/pmmb.a0000009


PMMB 2025, 9, 1; a0000479 35 of 39 

 

114. Clarridge III JE. Impact of 16S rRNA gene sequence analysis for identification of bacteria on clinical 

microbiology and infectious diseases. Clinical microbiology reviews 2004; 17(4): 840-862. doi: 

https://doi.org/10.1128/cmr.17.4.840-862.2004. 

115. Patel AL, Mutlu EA, Sun Y, et al. Longitudinal survey of microbiota in hospitalized preterm very‐

low‐birth‐weight infants. Journal of pediatric gastroenterology and nutrition 2016; 62(2): 292-303. doi: 

https://doi.org/10.1097/MPG.0000000000000913. 

116. Wandro S, Osborne S, Enriquez C, et al. The microbiome and metabolome of preterm infant stool are 

personalized and not driven by health outcomes, including necrotizing enterocolitis and late-onset 

sepsis. Msphere 2018; 3(3): 10.1128/msphere. 00104-18. doi: https://doi.org/10.1128/msphere.00104-

18. 

117. Magne F, Abély M, Boyer F, et al. Low species diversity and high interindividual variability in faeces 

of preterm infants as revealed by sequences of 16S rRNA genes and PCR-temporal temperature 

gradient gel electrophoresis profiles. FEMS microbiology ecology 2006; 57(1): 128-138. doi: 

https://doi.org/10.1111/j.1574-6941.2006.00097.x. 

118. Schwiertz A, Gruhl B, Löbnitz M, et al. Development of the intestinal bacterial composition in 

hospitalized preterm infants in comparison with breast-fed, full-term infants. Pediatric research 2003; 

54(3): 393-399. doi: https://doi.org/10.1203/01.PDR.0000078274.74607.7A. 

119. Morrow AL, Lagomarcino AJ, Schibler KR, et al. Early microbial and metabolomic signatures predict 

later onset of necrotizing enterocolitis in preterm infants. Microbiome 2013; 1(1): 13. doi: 

https://doi.org/10.1186/2049-2618-1-13. 

120. Thye AY-K, Hui Xuan Lim, Yatinesh Kumari, Loh Teng-Hern Tan, Vengadesh Letchumanan, Priyia 

Pusparajah, Kok-Gan Chan, Learn-Han Lee, and Jodi Woan-Fei Law. A Review of Probiotic 

Interventions for Necrotizing Enterocolitis and Sepsis in Preterm Infants. International journal of 

molecular sciences 2026; 27(8 ): 3602. doi: https://doi.org/10.3390/ijms27083602. 

121. El Manouni El Hassani S, Niemarkt HJ, Berkhout DJ, et al. Profound pathogen-specific alterations in 

intestinal microbiota composition precede late-onset sepsis in preterm infants: a longitudinal, 

multicenter, case-control study. Clinical Infectious Diseases 2021; 73(1): e224-e232. doi: 

https://doi.org/10.1093/cid/ciaa1635. 

122. Rusconi B, Good M, and Warner BB. The microbiome and biomarkers for necrotizing enterocolitis: 

are we any closer to prediction? The Journal of pediatrics 2017; 189: 40-47. doi: 

10.1016/j.jpeds.2017.05.075. 

123. Sherman MP. New concepts of microbial translocation in the neonatal intestine: mechanisms and 

prevention. Clinics in perinatology 2010; 37(3): 565-579. doi: 10.1016/j.clp.2010.05.006. 

124. Torrazza RM, Ukhanova M, Wang X, et al. Intestinal microbial ecology and environmental factors 

affecting necrotizing enterocolitis. PloS one 2013; 8(12): e83304. doi: 

https://doi.org/10.1371/journal.pone.0083304. 

125. Mai V, Young CM, Ukhanova M, et al. Fecal microbiota in premature infants prior to necrotizing 

enterocolitis. PloS one 2011; 6(6): e20647. doi: https://doi.org/10.1371/journal.pone.0020647. 

126. Mshvildadze M, Neu J, Shuster J, et al. Intestinal microbial ecology in premature infants assessed with 

non–culture-based techniques. The Journal of pediatrics 2010; 156(1): 20-25. doi: 

https://doi.org/10.1016/j.jpeds.2009.06.063. 

https://doi.org/10.1128/cmr.17.4.840-862.2004
https://doi.org/10.1097/MPG.0000000000000913
https://doi.org/10.1128/msphere.00104-18
https://doi.org/10.1128/msphere.00104-18
https://doi.org/10.1111/j.1574-6941.2006.00097.x
https://doi.org/10.1203/01.PDR.0000078274.74607.7A
https://doi.org/10.1186/2049-2618-1-13
https://doi.org/10.3390/ijms27083602
https://doi.org/10.1093/cid/ciaa1635
https://doi.org/10.1371/journal.pone.0083304
https://doi.org/10.1371/journal.pone.0020647
https://doi.org/10.1016/j.jpeds.2009.06.063


PMMB 2025, 9, 1; a0000479 36 of 39 

 

127. Law JW-F, Thye AY-K, Lim HX, et al. IDDF2024-ABS-0371 The Connection between 

enterobacteriaceae in the gut microbiome dysbiosis and neonatal sepsis. Gut 2024; 73: A214. doi: 

https://doi.org/10.1136/gutjnl-2024-IDDF.138. 

128. Chen Y, Brook TC, Soe CZ, et al. Preterm infants harbour diverse Klebsiella populations, including 

atypical species that encode and produce an array of antimicrobial resistance-and virulence-associated 

factors. Microbial genomics 2020; 6(6): e000377. doi: https://doi.org/10.1099/mgen.0.000377. 

129. Cui J, Zhang Y, Li X, et al. Antimicrobial resistance profiles and genome characteristics of Klebsiella 

isolated from the faeces of neonates in the neonatal intensive care unit. Journal of Medical 

Microbiology 2024; 73(8): 001862. doi: https://doi.org/10.1099/jmm.0.001862. 

130. Lee YQ, Kamar AA, Velayuthan RD, et al. Clonal relatedness in the acquisition of intestinal carriage 

and transmission of multidrug resistant (MDR) Klebsiella pneumoniae and Escherichia coli and its 

risk factors among preterm infants admitted to the neonatal intensive care unit (NICU). Pediatrics & 

Neonatology 2021; 62(2): 129-137. doi: https://doi.org/10.1016/j.pedneo.2020.10.002. 

131. Arhoune B, El Fakir S, Himri S, et al. Intense intestinal carriage and subsequent acquisition of 

multidrug-resistant enterobacteria in neonatal intensive care unit in Morocco. PloS one 2021; 16(6): 

e0251810. 

132. Dutta S, Ganesh M, Ray P, et al. Intestinal colonization among very low birth weight infants in first 

week of life. Indian pediatrics 2014; 51: 807-809. doi: https://doi.org/10.1007/s13312-014-0507-8. 

133. Wu X, Guo R, Fan Y, et al. Dynamic impact of delivery modes on gut microbiota in preterm infants 

hospitalized during the initial 4 weeks of life. International Journal of Medical Microbiology 2024; 

315: 151621. doi: https://doi.org/10.1016/j.ijmm.2024.151621. 

134. Taft DH, Ambalavanan N, Schibler KR, et al. Intestinal microbiota of preterm infants differ over time 

and between hospitals. Microbiome 2014; 2(1): 36. doi: https://doi.org/10.1186/2049-2618-2-36. 

135. Cong X, Judge M, Xu W, et al. Influence of feeding type on gut microbiome development in 

hospitalized preterm infants. Nursing research 2017; 66(2): 123-133. doi: 

10.1097/NNR.0000000000000208. 

136. Le T, Wang L, Zeng C, et al. Clinical and microbiological characteristics of nosocomial, healthcare-

associated, and community-acquired Klebsiella pneumoniae infections in Guangzhou, China. 

Antimicrobial Resistance & Infection Control 2021; 10(1): 41. doi: https://doi.org/10.1186/s13756-

021-00910-1. 

137. Compain F, Babosan A, Brisse S, et al. Multiplex PCR for detection of seven virulence factors and 

K1/K2 capsular serotypes of Klebsiella pneumoniae. Journal of clinical microbiology 2014; 52(12): 

4377-4380. doi: https://doi.org/10.1128/jcm.02316-14. 

138. Flannery DD, Chiotos K, Gerber JS, et al. Neonatal multidrug-resistant gram-negative infection: 

epidemiology, mechanisms of resistance, and management. Pediatric research 2022; 91(2): 380-391. 

doi: https://doi.org/10.1038/s41390-021-01745-7. 

139. Collins A, Weitkamp J-H, and Wynn JL. Why are preterm newborns at increased risk of infection? 

Archives of Disease in childhood-fetal and neonatal Edition 2018; 103(4): F391-F394. doi: 

https://doi.org/10.1136/archdischild-2017-313595. 

140. Ikuta KS, Swetschinski LR, Aguilar GR, et al. Global mortality associated with 33 bacterial pathogens 

in 2019: a systematic analysis for the Global Burden of Disease Study 2019. The Lancet 2022; 

400(10369): 2221-2248. doi: 10.1016/S0140-6736(22)02185-7  

https://doi.org/10.1136/gutjnl-2024-IDDF.138
https://doi.org/10.1099/mgen.0.000377
https://doi.org/10.1099/jmm.0.001862
https://doi.org/10.1016/j.pedneo.2020.10.002
https://doi.org/10.1007/s13312-014-0507-8
https://doi.org/10.1016/j.ijmm.2024.151621
https://doi.org/10.1186/2049-2618-2-36
https://doi.org/10.1186/s13756-021-00910-1
https://doi.org/10.1186/s13756-021-00910-1
https://doi.org/10.1128/jcm.02316-14
https://doi.org/10.1038/s41390-021-01745-7
https://doi.org/10.1136/archdischild-2017-313595


PMMB 2025, 9, 1; a0000479 37 of 39 

 

141. Shekhawat SS, Kulshreshtha NM, Mishra R, et al. Antibiotic resistance in a predominantly occurring 

Gram-negative bacterial community from treated sewage to assess the need for going beyond coliform 

standards. Water Quality Research Journal 2021; 56(3): 143-154. doi: 

https://doi.org/10.2166/wqrj.2021.001. 

142. Heida FH, Kooi EM, Wagner J, et al. Weight shapes the intestinal microbiome in preterm infants: 

results of a prospective observational study. BMC microbiology 2021; 21(1): 219. doi: 

https://doi.org/10.1186/s12866-021-02279-y. 

143. Alcon-Giner C, Dalby MJ, Caim S, et al. Microbiota supplementation with Bifidobacterium and 

Lactobacillus modifies the preterm infant gut microbiota and metabolome: an observational study. Cell 

Reports Medicine 2020; 1(5). doi: https://doi.org/10.1016/j.xcrm.2020.100077. 

144. Severn MM, Williams MR, Shahbandi A, et al. The ubiquitous human skin commensal 

Staphylococcus hominis protects against opportunistic pathogens. MBio 2022; 13(3): e00930-22. doi: 

https://doi.org/10.1128/mbio.00930-22. 

145. Nagase N, Sasaki A, Yamashita K, et al. Isolation and species distribution of staphylococci from 

animal and human skin. Journal of Veterinary Medical Science 2002; 64(3): 245-250. doi: 

https://doi.org/10.1292/jvms.64.245. 

146. Crepin DM, Chavignon M, Verhoeven PO, et al. Staphylococcus capitis: insights into epidemiology, 

virulence, and antimicrobial resistance of a clinically relevant bacterial species. Clinical microbiology 

reviews 2024: e00118-23. doi: https://doi.org/10.1128/cmr.00118-23. 

147. Kwaszewska A, Sobiś-Glinkowska M, and Szewczyk EM. Cohabitation—relationships of 

corynebacteria and staphylococci on human skin. Folia microbiologica 2014; 59: 495-502. doi: 

https://doi.org/10.1007/s12223-014-0326-2. 

148. Douglas CA, Ivey KL, Papanicolas LE, et al. DNA extraction approaches substantially influence the 

assessment of the human breast milk microbiome. Scientific Reports 2020; 10(1): 123. doi: 

https://doi.org/10.1038/s41598-019-55568-y. 

149. Krawczyk B, Wityk P, Gałęcka M, et al. The many faces of Enterococcus spp.—commensal, probiotic 

and opportunistic pathogen. Microorganisms 2021; 9(9): 1900. doi: 

https://doi.org/10.3390/microorganisms9091900. 

150. Boudar Z, Sehli S, El Janahi S, et al. Metagenomics approaches to investigate the neonatal gut 

microbiome. Frontiers in Pediatrics 2022; 10: 886627. doi: https://doi.org/10.3389/fped.2022.886627. 

151. Heston SM, Lim CSE, Ong C, et al. Strain-resolved metagenomic analysis of the gut as a reservoir for 

bloodstream infection pathogens among premature infants in Singapore. Gut Pathogens 2023; 15(1): 

55. doi: https://doi.org/10.1186/s13099-023-00583-8. 

152. Hill C, Guarner F, Reid G, et al. The International Scientific Association for Probiotics and Prebiotics 

consensus statement on the scope and appropriate use of the term probiotic. Nature reviews 

Gastroenterology & hepatology 2014; 11(8): 506-514. doi: 10.1038/nrgastro.2014.66. 

153. Wang S, Egan M, Ryan CA, et al. A good start in life is important—perinatal factors dictate early 

microbiota development and longer term maturation. FEMS microbiology reviews 2020; 44(6): 763-

781. doi: https://doi.org/10.1093/femsre/fuaa030. 

154. Zawistowska-Rojek A and Tyski S. Are probiotic really safe for humans? Polish journal of 

microbiology 2018; 67(3): 251-258. doi: https://doi.org/10.21307/pjm-2018-044. 

https://doi.org/10.2166/wqrj.2021.001
https://doi.org/10.1186/s12866-021-02279-y
https://doi.org/10.1016/j.xcrm.2020.100077
https://doi.org/10.1128/mbio.00930-22
https://doi.org/10.1292/jvms.64.245
https://doi.org/10.1128/cmr.00118-23
https://doi.org/10.1007/s12223-014-0326-2
https://doi.org/10.1038/s41598-019-55568-y
https://doi.org/10.3390/microorganisms9091900
https://doi.org/10.3389/fped.2022.886627
https://doi.org/10.1186/s13099-023-00583-8
https://doi.org/10.1093/femsre/fuaa030
https://doi.org/10.21307/pjm-2018-044


PMMB 2025, 9, 1; a0000479 38 of 39 

 

155. Hempel S, Newberry, S., Ruelaz, A., Wang, Z., Miles, J. N., Suttorp, M. J., Johnsen, B.,Shanman, R., 

Slusser, W., Fu, N., Smith, A., Roth, B., Polak, J., Motala, T. J., Shekelle, P. G. . Safety of probiotics 

used to reduce risk and prevent or treat disease. Evidence report/technology assessment 2011(200): 1-

645. 

156. Goh JXH, Tan LT-H, Law JW-F, et al. Streptomyces sp. MUM 195J: A Promising Probiotic for 

Controlling Vibrio parahaemolyticus Infection in Aquaculture. Progress In Microbes & Molecular 

Biology 2024; 7(1): a0000443. doi: https://doi.org/10.36877/pmmb.a0000443. 

157. Loo K-Y, Tan LT-H, Law JW-F, et al. Detection of multidrug resistant Vibrio parahaemolyticus and 

anti-Vibrio Streptomyces sp. MUM 178J. Progress In Microbes & Molecular Biology 2023; 6(1): 

a0000347. doi: https://doi.org/10.36877/pmmb.a0000347. 

158. Loo K-Y, Tan LT-H, Chua K-O, et al. Complete Whole-Genome Sequence of Streptomyces sp. MUM 

178J, a Potential Anti-Vibrio Agent. Progress In Microbes & Molecular Biology 2024; 7(1): a0000399. 

doi: https://doi.org/10.36877/pmmb.a0000399. 

159. Loo K-Y, Tan LT-H, Law JW-F, et al. Vibrio parahaemolyticus: Exploring its Incidence in Malaysia 

and the Potential of Streptomyces sp. as an Anti-Vibrio Agent. Progress In Microbes & Molecular 

Biology 2023; 6(1): a0000334. doi: https://doi.org/10.36877/pmmb.a0000334. 

160. Ser H-L, Yin W-F, Chan K-G, et al. Antioxidant and cytotoxic potentials of Streptomyces gilvigriseus 

MUSC 26T isolated from mangrove soil in Malaysia. Progress In Microbes & Molecular Biology 

2018; 1(1): a0000002. doi: https://doi.org/10.36877/pmmb.a0000002. 

161. Kemung HM, Tan LT-H, Chan K-G, et al. Streptomyces sp. strain MUSC 5 from mangrove forest in 

Malaysia: Identification, antioxidant potential and chemical profiling of its methanolic extract. 

Progress In Microbes & Molecular Biology 2020; 3(1): a0000087. doi: 

https://doi.org/10.36877/pmmb.a0000087. 

162. Elsalam RM, Goh KW, Mahadi M, et al. The antibacterial activities of secondary metabolites derived 

from Streptomyces sp. Progress In Microbes & Molecular Biology 2022; 5(1): a0000281. doi: 

https://doi.org/10.36877/pmmb.a0000281. 

163. Ser HL, Law JWF, Tan WS, et al. Whole genome sequence of Streptomyces colonosanans strain 

MUSC 93JT isolated from mangrove forest in Malaysia. Progress In Microbes and Molecular Biology 

2020; 3(1): a0000061. doi: https://doi.org/10.3687/pmmb/a0000061. 

164. Law JW-F, Pusparajah P, Ab Mutalib N-S, et al. A review on mangrove actinobacterial diversity: the 

roles of Streptomyces and novel species discovery. Progress In Microbes & Molecular Biology 2019; 

2(1): a0000024. doi: https://doi.org/10.36877/pmmb.a0000024. 

165. Law JW-F, Thye AY-K, Letchumanan V, et al. IDDF2022-ABS-0200 Probiotics to improve preterm 

babies’ health outcomes: research in recent 10 years (2012–2022). Gut 2022; 71: A52-A53. doi: 

https://doi.org/10.1136/gutjnl-2022-IDDF.60. 

166. Thye AY-K, Lim HX, Kumari Y, et al. A Review of Probiotic Interventions for Necrotizing 

Enterocolitis and Sepsis in Preterm Infants. International journal of molecular sciences 2026; 27(8): 

3602. doi: https://doi.org/10.3390/ijms27083602. 

167. Catassi G, Mateo SG, Occhionero AS, et al. The importance of gut microbiome in the perinatal period. 

European journal of pediatrics 2024; 183(12): 5085-5101. doi: https://doi.org/10.1007/s00431-024-

05795-x. 

https://doi.org/10.36877/pmmb.a0000443
https://doi.org/10.36877/pmmb.a0000347
https://doi.org/10.36877/pmmb.a0000399
https://doi.org/10.36877/pmmb.a0000334
https://doi.org/10.36877/pmmb.a0000002
https://doi.org/10.36877/pmmb.a0000087
https://doi.org/10.36877/pmmb.a0000281
https://doi.org/10.3687/pmmb/a0000061
https://doi.org/10.36877/pmmb.a0000024
https://doi.org/10.1136/gutjnl-2022-IDDF.60
https://doi.org/10.3390/ijms27083602
https://doi.org/10.1007/s00431-024-05795-x
https://doi.org/10.1007/s00431-024-05795-x


PMMB 2025, 9, 1; a0000479 39 of 39 

 

168. Qiao X, Zhang H, and Shan L. Probiotic interventions and quality of life in patients with 

gastrointestinal diseases: A comprehensive review. Advances in Clinical and Experimental Medicine 

2025; 34(4): 641-658. doi: 10.17219/acem/188108. 

169. Zwittink RD, Renes IB, van Lingen RA, et al. Association between duration of intravenous antibiotic 

administration and early-life microbiota development in late-preterm infants. European Journal of 

Clinical Microbiology & Infectious Diseases 2018; 37(3): 475-483. doi: 

https://doi.org/10.1007/s10096-018-3193-y. 

170. Gupta A. Hospital-acquired infections in the neonatal intensive care unit-Klebsiella pneumoniae. in 

Seminars in perinatology. 2002. Elsevier. 

171. Girish N, Saileela K, and Mohanty S. Extended Spectrum β-Lactamase producing Klebsiella 

pneumoniae and Escherichia coli in neonatal intensive care unit. Bacteriology & Parasitology 2012; 

3(4): e1000141. doi: http://dx.doi.org/10.4172/2155-9597.1000141. 

172. Kaufman D and Fairchild KD. Clinical microbiology of bacterial and fungal sepsis in very-low-birth-

weight infants. Clinical microbiology reviews 2004; 17(3): 638-680. doi: 

https://doi.org/10.1128/cmr.17.3.638-680.2004. 

173. Couto RC, Carvalho EA, Pedrosa TM, et al. A 10-year prospective surveillance of nosocomial 

infections in neonatal intensive care units. American journal of infection control 2007; 35(3): 183-189. 

doi: https://doi.org/10.1016/j.ajic.2006.06.013. 

 

 

Author(s) shall retain the copyright of their work and grant the Journal/Publisher right for the first publication 

with the work simultaneously licensed under: 

Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0). This license allows for the 

copying, distribution and transmission of the work, provided the correct attribution of the original creator is 

stated. Adaptation and remixing are also permitted. 

 

 

 

 

 

  

 

 

 

 

 

 

https://doi.org/10.1007/s10096-018-3193-y
http://dx.doi.org/10.4172/2155-9597.1000141
https://doi.org/10.1128/cmr.17.3.638-680.2004
https://doi.org/10.1016/j.ajic.2006.06.013

