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Abstract: Premature infants have a fragile ecology of the gut microbiota, which is associated with
many health problems and may be influenced by formula versus breast feeding. The present study
investigated differences in the process of gut microbiota colonisation in preterm infants fed with
breastmilk or formula with or without probiotics before 12 weeks. This cohort study recruited
138 premature infants; 31 in the breastmilk (BM) group, 59 in the probiotics formula (PF) group and
48 in the non-probiotics formula (NPF) group, according to the feeding practice they received at birth.
Gut bacterial composition was identified with 16S rRNA gene sequencing in faecal samples collected
at 1 week, 6 weeks and 12 weeks after birth. The alpha diversity was higher in the PF group compared
to the other groups at week 1 and 6 (both p < 0.01) but showed no difference at week 12. The beta
diversity of the three groups showed a trend towards similarity at the first two stages (p < 0.001 and
p = 0.009, respectively) and finally showed no difference at week 12. Canonical redundancy analysis
showed that feeding type could explain the difference in gut microbiota composition at week one and
six (both p < 0.01). At genus level, Bifidobacterium was enriched in the PF group, while the Enterococcus
and Streptococcus was enriched in the NPF group. In summary, formula with probiotics feeding after
birth can affect gut microbiota colonisation and lead to a bacterial community with less potential
pathogens.

Keywords: microbiota; probiotics; preterm infants

1. Introduction

Preterm birth is defined as an infant born before 37 weeks’ gestation and is associated
with developmental immaturity of the immune and digestive systems because of the
shortened gestation at birth. The impaired intestinal barrier, immature immune system
and potential development of an abnormal gut microbiome mean that preterm infants are
a vulnerable population for some infectious diseases and intestinal dysbiosis, including
necrotising enterocolitis (NEC) and sepsis [1,2]. The diminished gut barrier of preterm
infants creates the conditions for translocation of pathogens from their gut into their
bloodstream and finally the whole body, leading to some devastating infections associated
with high mortality rates [3,4].
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Gut microbiota is known to be associated with the health of infants, especially preterm
infants. Many factors, including birth weight, gestational age, caesarean section delivery,
antibiotic use and maternal pregnancy factors, can affect the colonisation process of preterm
infants’ gut microbiota, and these effects may last for at least 3 years before the profile of the
gut microbiota stabilises and alters to normal levels [5]. In addition, our prior studies [6,7]
showed that the bacterial composition varied between infants fed with formula with or
without added probiotics/probiotics, indicating that nutrition management is also critical
for preterm infants in the development of a healthy gut microbiota. Fehr et al. [8] showed
that mothers may transfer bacteria to the infant gut via breast feeding, and breastmilk
intake may affect the offspring’s microbiota development. In this situation, it is important
to determine an optimal nutrition strategy for preterm infants to promote their growth,
avoid adverse events caused by disorders of gut microbiota, and finally reduce the risk
of mortality.

It is well known that breastmilk feeding is the gold standard for infants’ nutritional
intake in their early life, especially the first year of life [9]. Most past studies focused on the
content of bioactive components, including immunoglobulins and lactoferrin, and their
effect on promoting immune system growth [10,11]. In this study, we aimed to profile
the early gut microbiota colonisation process of premature infants fed with breastmilk
and formula with or without probiotics using a cohort study design. We compared the
composition and biodiversity of gut microbiota and examined factors that influenced
variation in the microbiota. Our results provide novel evidence to describe the process of
preterm infants’ gut microbiota development in their early life.

2. Materials and Methods
2.1. Study Participants

The present study was conducted in accordance with the Declaration of Helsinki.
The Ethics Committee of the Beijing Obstetrics and Gynecology Hospital approved the
study protocol with approval ethics number 2017-KY-027-01. We informed the parents of
each infant of the study details and obtained informed written consent. From 2017, a birth
cohort was set up to trace the process of infants’ early gut microbiota colonisation in Beijing,
China. From September 2018 to March 2019, one hundred and thirty-eight preterm infants
were enrolled in this cohort study in accordance with the following inclusion criteria:
infants were born with a gestation age under 37 weeks and birthweight under 2500 g and
were hospitalised in the Neonatal Intensive Care Unit (NICU) following evaluation by
pediatricians. Infants were excluded from the study if they had genetic defects, neural
tube defects, congenital heart disease or any other surgical disease. All the premature
infants received intensive care treatment as required for at least one week, during which
they could not have skin-to-skin contact with their family or breastfeeding directly from
their mothers. The NICU provides a stable environment with more nursing care and less
pathogenic bacteria. According to the feeding practice type received, infants were divided
into three groups, including the breastmilk (BM) group, probiotics formula (PF) group and
non-probiotics formula (NPF) group. In the BM group, breastmilk was collected by mothers
without freezing, disinfected, fed to their infants during hospitalisation, and breastfeeding
was encouraged after discharge. When mothers could not provide sufficient breastmilk or
chose to use formula feeding, their infants were allocated to NPF and PF groups according
to the type of infant formula they chose at birth. The formula used in the PF group was
supplemented with a probiotic of Bifidobacterium lactis.

2.2. Faecal Sample Collection

Faecal samples from the three groups were collected at 1 week, 6 weeks and 12 weeks
after birth. We used the PSP® Spin Stool DNA Plus Kit (STRATEC Biomedical AG, Birken-
feld, Germany), in which the collecting tube was pre-filled with 8 mL of DNA stabiliser
solution, to collect faecal samples from soiled diapers. The DNA stabiliser solution can
avoid RNA degradation for up to 3 months and enable the progress of collection and trans-
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portation at room temperature. For the discharged infants, faecal samples were delivered
back to the central laboratory immediately after collection, then samples were frozen and
stored at −80 ◦C until the next RNA extraction procedure.

2.3. 16S rRNA Amplicon Sequencing

RNA extraction with a bead-beater step occurred using the Spin Stool DNA Plus
Kit mentioned above in accordance with the manufacturer’s instructions. We chose
the V4 hypervariable region to amplify genes, which was generated using 515F (5′-
GTGCCAGCMGCCGCGGTAA-3′) as a forward primer, and 806R (5′-GGACTACHVGGGT-
WTCTAAT-3′) as a reverse primer. The amplified gene was then sequenced and analysed
to define the composition of the gut microbiota. After PCR procedure, we used AMPure
XP beads to purify the products. Finally, we obtained the final amplicon libraries (about
630 bp) for sequencing. The multiplex amplified libraries were then denatured sequenced
by Illumina MiSeq with 2 × 300 paired-end V4 sequencing reagents (Illumina, San Diego,
CA, USA).

2.4. Data Analysis

According to the unique barcodes attached, we assigned the paired-end reads from
the original DNA fragment to each sample and used FLASH [12] to merge them together.
The QIIME (Quantitative Insights into Microbial Ecology, version 1.9.1) was then used to
identify and filter out the merged sequences of poor quality (Q-score < 25). USEARCH8 [13]
was used to remove chimera and conduct dereplication of the reads left. After redundancies
were removed, merged sequences of high-quality were classified into unique sequences.
These sequences were then assigned to the same operational taxonomic units (OTUs) if
they had a similarity of more than 97%. Referring to the From each OTU, a representative
sequence was chosen and assigned to different genera using the classifier approach [14]
referred to the Ribosomal Database Project database [15]. Based on the genus level abun-
dance, alpha diversity (Shannon and Simpson indices) were calculated and plotted using
the Vegan package in R software (version 4.1.0) and compared using the Wilcoxon rank-sum
test. In addition, based on the genus level abundance data, beta diversity was calculated
using the Vegan package, and a principal component analysis (PCA) based on Bray-Curtis
distances was plotted. Adonis permutational multivariate analysis of variance of Bray-
Curtis distances with 9999 permutations was used to compare the microbial community
structure between each of the two groups. The Benjamin–Hochberg method was used to
correct p values for multiple testing. The Vegan package was applied to perform canonical
redundancy analysis (RDA), which enabled us to define the influencing factors, which
could significantly affect the gut microbial composition of each group. All these results
were plotted using the ggplot2 package. We used Linear discriminant analysis (LDA) of
effect size (LEfSe) to determine the most discriminant taxa between different groups.

3. Results
3.1. Clinical Characteristics of Participants

This cohort study recruited a total 138 premature infants, who were allocated to the
BM group (n = 31), PF group (n = 59), or NPF group (n = 48), according to the feeding
practices their parents chose from birth. Clinical characteristics of the participants included
in the final sample for the study are displayed in Table 1. The level of gestational age and
birthweight of the NPF group was significantly lower than the other two groups (both
p < 0.01). There were no significant differences among the three groups in relation to sex,
caesarean delivery rate and 1 min, 5 min, 10 min Apgar score at birth (all p > 0.05).
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Table 1. Clinical characteristics of participants.

Variables BM (N = 31) PF (N = 59) NPF (N = 48) p Value

Male, n (%) 13 (41.9) 27 (45.8) 21 (43.8) 0.94
Gestational age, weeks 34.23 ± 2.03 34.46 ± 3.20 32.44 ± 3.03 0.001

Birthweight, g 2059.52 ± 301.74 1861.12 ± 449.68 1810.76 ± 462.19 0.006
Cesarean delivery, n (%) 25 (80.6) 50 (84.7) 40 (83.3) 0.89

1 min Apgar score 9.58 ± 0.67 9.15 ± 1.30 9.71 ± 0.68 0.12
5 min Apgar score 9.94 ± 0.25 9.69 ± 0.65 9.88 ± 0.33 0.10

10 min Apgar score 9.97 ± 0.18 9.83 ± 0.42 9.88 ± 0.33 0.46
1st week Antibiotics use, n (%) 16 (51.6) 35 (59.3) 19 (39.6) 0.13

GDM, n (%) 4 (12.9) 14 (23.7) 15 (31.3) 0.45
PIH, n (%) 6 (19.4) 8 (13.6) 11 (22.9) 0.18

Continuous variables are represented as mean ± standard deviation; GDM, gestational diabetes mellitus; BM, breastmilk; PF, probiotics
formula; NPF, non-probiotics formula; PIH, pregnancy-induced hypertension.

3.2. Longitudinal Variation of Gut Microbiota Diversity and Composition

We used Shannon and Simpson indices to measure the alpha diversity of gut micro-
biota (Figure 1). At week 1, the Shannon index of the NPF group was significantly lower
than those in the BM and PF groups (p = 0.026 and p = 0.0074, respectively). Similarly,
the Simpson index of the NPF group was significantly lower than those in the PF group
(p = 0.0026). At week 6, the Shannon and Simpson indices of the BM group were signifi-
cantly lower than the PF group (p = 0.00067 and p = 0.0026, respectively). Among the three
stages, no other significant difference was observed between the groups (all p > 0.05).
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Figure 1. Alpha diversity of each group at three time points, measured by Shannon (a) and Simpson
(b) indices. BM, breastmilk; PF, probiotics formula; NPF, non-probiotics formula.

The PCoA was then conducted to examine the spatial array of bacterial taxa in each
group. The results of plotting the infant microbiota at week 1 (Figure 2a) demonstrated that
the microbiota of the NPF and PF groups tended to cluster at the left and right sides of the
graph, and a significant difference was observed in their beta diversity (F model = 3.494,
R2 = 0.059, adonis p < 0.001). At week 6, differences in the bacterial taxa among the three
groups were observed (F model = 2.140, R2 = 0.060, adonis p = 0.008), and the clustering
was not obvious in the PCoA plot (Figure 2b). In addition, a significant difference in beta
diversity was observed between each of the two groups (all adonis p < 0.05). Finally, as
shown in Figure 2c, among all the three groups, no significant differences were observed at
week 12 (F model = 1.155, R2 = 0.046, adonis p = 0.275).

The relative abundance of gut microbiota in the three groups was examined (Figure 3).
Firmicutes was always the dominant bacteria at the phylum level in each group, making
up 33.40% to 55.40% of normalised reads at each stage. At the genus level, the relative
abundance of Enterococcus was greater in the NPF group than the BM (28.20% vs. 19.57%)
and PF groups (9.57%). It is noted that Bifidobacterium was enriched in each group gradually
and the PF group occupied a larger proportion than the other two groups, reaching 26.64%.
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3.3. Differences in the Bacterial Taxa Quantified by LEfSe Analysis

We conducted LEfSe to explore the variation of the bacterial taxa among samples from
different groups at week 1 and week 6. This analysis showed significant differences in
beta diversity among the three groups, especially in the NPF and PF groups. At week
1 (Figure 4), the Bacteroidetes phylum (LDA = 3.957, p = 0.002) and Actinobacteria phy-
lum (LDA = 3.767, p = 0.005) were enriched in the PF group. At the genus level, it was
noteworthy that the Bifidobacterium genus was enriched in the PF group (LDA = 3.731,
p < 0.001), while the Enterococcus and Streptococcus genus was enriched in the NPF group
(LDA = 4.260, p = 0.012 and LDA = 3.642, p = 0.020, respectively). The result of LDA at
week 6 was presented in Figure 5. Obviously, the number of discriminant taxa reduced
even when we set a lower LDA value (LDA = 2.000) for discrimination, when compared
with the result of week 1. We observed that the Lactobacillus genus was enriched in the PF
group (LDA = 3.252, p < 0.001), while the level of Klebsiella genus abundance was higher in
the NPF group (LDA = 3.557, p = 0.048).
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3.4. Influencing Factors of Gut Microbiota Defined by RDA

Possible factors that effected the process of early gut microbiota colonisation at week 1
and 6 were further explored via RDA (Figure 6). At week 1, feeding type (9.22%, p = 0.001),
birth weight (2.11%, p = 0.048), gestational age (2.78%, p = 0.013), pregnancy-induced
hypertension (2.01%, p = 0.039) contributed to the difference in gut microbiota spatial
distribution in the NPF group and the PF group. At week 6, sex, feeding type, birth weight,
gestational age, antibiotic use, and length of hospital stay were taken into consideration.
Feeding type (4.16%, p = 0.046) and hospital stay (2.85%, p = 0.019) significantly explained
the variation in microbiota composition among the three groups.
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4. Discussion

We characterised the early gut microbiota profiles of 138 preterm infants fed with
breastmilk or formula supplemented with probiotics or not, by collecting and analysing
their faecal samples dynamically. The results of high-throughput sequencing showed
the composition of gut microbiota varied among the three groups as a result of different
feeding types at birth, and then showed a trend towards similarity by week 12. Further,
RDA results showed that feeding type could significantly explain the variations in gut
microbiota composition at week 1 and week 6.

Breastmilk contains a multitude of immunomodulating components that can reduce
the risk of infectious diseases. These components, including soluble immunoglobulin A
and growth factors, can promote the development and health of the intestinal barrier [16].
Breastmilk also contains specific human milk oligosaccharides (HMOs), which might pro-
tect infants with very low birth weight from infection by decreasing pathogens associated
with sepsis [17]. Thus, the gut microbiota of preterm infants fed by breastmilk was also
sequenced and calculated, when the gut microbiota of PF and NPF group were compared.
Our previous study [18] showed that the alpha diversity of preterm infants remained at a
relatively low at early stages compared with term infants, which might be associated with
an increased risk of infectious diseases in premature neonates [19]. The current study found
that the alpha diversity levels of the PF group was significantly higher than the other two
groups at week 1 and week 6, which indicated that more species were observed in the faecal
samples from infants in the PF group. This could be explained by the supplementation
of Bifidobacterium in formula fed to the PF group. As a well-known probiotic strain, the
colonisation of Bifidobacterium can remodel gut microbiota via its inhibiting effect on the
colonisation of pathogens [6]. Our results are similar to those in a multicenter cohort study
by Kurath-Koller et al. [20] that the bacterial load was increased in two weeks’ time after
probiotics were used in preterm neonates. At the end of follow-up, the biodiversity of
the three groups tends to be the same in our study, indicating that the species diversity
of gut microbiota grows closer to each other. This process might take a period of time,
which has turned out to be at least 6 weeks according to our results. Our findings confirm
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probiotics can be initiated early when preterm infants in the neonatal time and the diversity
of bacterial load can be increased early, which might prevent neonatal morbidities.

In relation to beta diversity, significant differences were observed between the NPF
and PF groups at week 1, and then among the three groups at week 6, but not at week 12,
indicating that the microbiota composition of breastmilk-fed and formula-fed infants were
eventually comparable. Probiotic supplements can affect the infants’ gut microbiota greatly
at earlier stages. However, inappropriate use of probiotics may lead to a disorder of
the intestinal microecology and cause severe infectious diseases due to the fragility of
infants immune barriers at this stage. Thus, the formula added probiotics should be used
with caution.

Our results also clarified the difference of bacterial abundance at genus level. Consis-
tent with past studies that also used Bifidobacterium lactis as a probiotic supplement [21],
at week 1, the abundance of Bifidobacterium was greater in the PF group. The differences
between groups in bacterial composition decreased from week 1 to week 12, and fewer
strains showed differences in relative abundance with time. This can be explained by the
gradually colonisation of other strains, especially after discharge from the NICU, whereby
infants come into contact with more strains from the external environment and daily contact
with their family. Other strains that should be noted were Enterococcus and Streptococcus
genus, which were enriched in the NPF group and might inhibit the normal microbiota
succession [19].

Analysis of the influencing factors of the first two stages via RDA showed that the
bacterial variation at week 1 and week 6 could be explained by different feeding types.
Consistent with results from the present study, past studies [8,22] also reported that dif-
ferent feeding types can affect the gut microbial composition. The effect of feeding type
on gut microbiota colonisation may be explained by the probiotics supplemented, as well
as lactoferrin, HMOs and other prebiotics in breastmilk, while formula could not provide
these nutritional components., Lactoferrin especially plays a critical role in remodelling gut
microbiota, interacting with immune cells by binding to a variety of cytokines and causing
bacteriostatic effects directly in iron-requiring pathogens [23–25]. Factors including birth-
weight and GA at birth, and pregnancy-induced hypertension status of mothers could also
affect the gut microbial composition, which was confirmed in our previous studies [18]. It
is noteworthy that length of hospital stay also contributed to the variation of gut microbial
composition, which might be due to the difference in the environmental flora which the
infants come into contact before and post discharge.

Limitations

The main limitation of our study was the lack of analysis on functional changes
associated with the microbiome profiles of each group. We used tubes filled with DNA
stabiliser solution to collect the fecal samples, which enabled us to do the follow-up after
infants were discharged. However, the mixture of faecal samples and DNA stabiliser
solution could not be used in further functional tests. Metagenomic sequencing or more
suitable methods in sample collection should be applied in future studies in preterm infants.

5. Conclusions

In conclusion, the current study showed the gut microbiota colonisation of premature
infants under different feeding practices during the first 12 weeks after birth. Our results
suggest that formula with probiotics intake could affect gut microbiota colonisation and
lead to a bacterial community with less potential pathogens. Our findings confirm probi-
otics can be initiated early at the neonatal stage, which might prevent neonatal morbidities.
The findings of the study suggest formula with probiotics is beneficial to improve preterm
infants gut microbiome. Further studies using randomised controlled trials are needed to
confirm our findings.
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