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Background: Preterm infants are exposed to different dietary inputs during their

hospitalization in the neonatal intensive care unit (NICU). These include human milk

(HM), with a human milk-based (HMF) or a bovine milk-based (BMF) fortifier, or formula.

Milk consumption and the type of fortification will cause changes in the gut microbiota

structure of preterm infants. This study aimed to characterize the gut microbiota of PT

infant according to the type of feeding and the type of HM fortification and its possible

association with infant’s growth.

Methods: Ninety-seven infants born ≤33 wks of gestation or <1,500 g were followed

during the hospitalization period in the NICU after birth until discharge. Clinical and

dietary information was collected, including mode of delivery, pregnancy complications,

mechanical ventilation, use of antibiotics, weight, and type and amount of milk

consumed. To characterize the gut microbiota composition, weekly stool samples were

collected from study participants. The V3–V4 region of the 16S rRNA bacterial gene was

Sequenced using Illumina MiSeq technology.

Results: After birth, black maternal race, corrected gestational age (GA) and

exposure to pregnancy complications, had a significant effect on gut microbial

diversity and the abundance of Enterococcus, Veillonella, Bifidobacterium, Enterobacter,

and Bacteroides. Over the course of hospitalization, corrected GA and exposure

to chorioamnionitis remained to have an effect on gut microbial composition. Two

different enterotypes were found in the gut microbiota of preterm infants. One enriched

in Escherichia-Shigella, and another enriched in uncharacterized Enterobacteriaceae,

Klebsiella and Clostridium sensu stricto 1. Overall, HM and fortification with HMF were

the most common feeding strategies. When consuming BMF, PT infants had higher

growth rates than those consuming HMF. Milk and type of fortification were significantly

associated with the abundance of Clostridium sensu stricto 1, Bifidobacterium

and Lactobacillus.

Conclusions: This observational study shows the significant association between milk

consumption and the exposure to HMF or BMF fortification in the fecal microbiota
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composition of preterm infants. Additionally, these results show the effect of other

perinatal factors in the establishment and development of PT infant’s gut microbiota.

Keywords: gut microbiota, milk fortifiers, preterm infant, growth, enterotype

INTRODUCTION

The development of the gut microbiota during the neonatal
period plays a key role in the characteristics of this ecosystem
later in life and affects growth, immune and cognitive
development, and risk of infection (1). Microbial colonization
of preterm (PT) infants born at ≤37 wks gestational age (GA)
is affected by a complex interaction of clinical and iatrogenic
factors, including exposure to prolonged rupture of membranes
[rupture of membranes >18 h (PROM)], Cesarean-section (C-
section) delivery, antibiotic exposure, and hospitalization (2).
In addition, genetics influences microbiome composition, as
demonstrated by greater similarity among PT multiplets than
singletons (3).

In both term and PT infants, diet is one of the major drivers
of the gut microbiota composition and function. Consumption
of human milk (HM) vs. infant formula results in significant
differences in the infant gutmicrobiota composition (4).Mother’s
own milk (MOM) is the preferred source of nutrition for
PT infants. When MOM is unavailable, donor human milk
(DHM) is recommended, followed by specialized formula for
PT infants (5). Neither unfortified MOM or unfortified DHM
are nutritionally sufficient to meet the nutritional needs of the
PT infant (6) so they need fortification to achieve an adequate
macronutrient and micronutrient content (7).

Previous studies have documented differences in the fecal
microbiota of PT fed MOM or DHM vs. infant formula (2).
Less evidence exists related to the potential differences in the
microbiota of PT infants fed HM supplemented with a human
milk-based fortifier (HMF) compared to a bovine milk-based
fortifier (BMF). A prior study with a small sample size (<10
infants) did not identify significant differences between the gut
microbiota of PT infants consuming HM with HMF or BMF
(8). Furthermore, infants can transition from one type of feeding
to another, thus, being exposed to HM, infant formula, and
different types of fortifiers over the course of their hospitalization
in the NICU. Thus, the goal of this study was to analyze the
potential effect of different types of feeding (HM or PT formula)
and type of fortifiers on the gut microbiota composition of PT
infants, while considering other perinatal factors, the exposure to
antibiotics and the effect of postnatal age. This study also sought
to evaluate the impact of milk fortifiers on the growth velocity
of hospitalized PT infants and associations with characteristics of
the PT infant gut microbiota.We hypothesized that gut microbial
characteristics of PT infants fed primarily HM and a HMF would

Abbreviations: BMF, bovine milk-based fortifier; GA, gestational age; HM, human

milk; HMF, human milk-based fortifier; HMOs, human milk oligosaccharides;

LEFSE, linear discriminant analysis effect size; MaASLin2, microbiome

multivariate association linear models; NICU, neonatal intensive care unit;

OTU, operational taxonomic unit; PROM, premature rupture of membranes;

PT, preterm.

significantly differ from those fed HM supplemented with a BMF
or PT formula.

MATERIALS AND METHODS

Study Participants
This cohort study was conducted between 2016 and 2018 at Carle
Hospital in Urbana, IL. The study protocol was approved by
the Institutional Review Board Committee of this same hospital
(9, 10). Preterm infants were enrolled at birth and followed until
discharge from the NICU. Participants were included if they
were born <33 wks of gestation or <1,500 g at birth, and that
were <72 h-old on admission to Carle Hospital. Infants were
excluded if they had any major or lethal congenital anomalies
or abdominal wall or intestinal defects. Informed consent
was obtained from each infant’s parent(s) or care provider(s)
before study enrollment. Diagnoses of pregnancy complications,
including clinical chorioamnionitis (bacterial infection of the
membranes of the placenta and amniotic fluid) and PROM,
were obtained from the mother’s clinical chart. Additionally,
maternal race, mode of delivery, GA, exposure to antibiotics,
birth complications, head circumference, and weight (weekly)
were retrieved from the medical records of each infant. Weight
and head circumference Z-scores were calculated at birth and
at discharge using the Fenton growth charts (11). Nursing staff
from the NICU collected dietary information, including total
daily feeding volume, volume of MOM, DHM, or PT formula,
use of HMF (Prolact+H2MF R© [Prolacta Bioscience, Industry,
CA]) and use of BMF (Similac R© humanmilk fortifier-hydrolyzed
protein concentrated liquid [Abbott Nutrition, Columbus, OH]).
The fortification protocol at Carle Hospital consists of exclusively
HM (raw MOM or pasteurized DHM) supplemented with
a fortifier according to a standardized fortification regimen.
Human milk is fortified with HMF in infants born <28 GA, and
after 32 wks corrected GA, BMF can be introduced. In infants
born between 28 and 34 wks GA, HM is supplemented with BMF.
After 34 wks corrected GA, infants can to PT formula if HM
is not available. The weekly proportion of each specific type of
milk was calculated and based on intake, infants were assigned
as exclusively fed MOM, exclusively fed DHM, exclusively fed
PT formula, or mixed fed. In the latter case, it was calculated
what type of milk (MOM, DHM, or infant formula) they were
predominantly fed. A freshly voided stool was collected from
the infant’s diaper by the nursing staff on a weekly or bi-weekly
basis. After collection, samples were placed into coolers with
dry ice, picked-up by research staff and stored at −80◦C until
further processing.

DNA Extraction
Stool samples collected during the first days after birth are
characterized by low bacterial DNA concentration (12). For
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this reason, bacterial DNA was extracted using two different
commercial kits to optimize DNA yield. The Power Fecal DNA
Isolation Kit (QIAGEN, Valencia, CA) was used for the first stool
sample collected according to the manufacturer’s instructions,
with some modifications, including using a different bead
beating tube, the mechanical lysis method, and the incubation
temperature. Briefly, a total of 250 µg of stool (wet weight) were
placed into a 2mL Lysing Matrix E tube (MP Biomedicals. Santa
Ana, CA). The stool sample and 600 µL of the C1 solution were
then heated at 70◦C for 10min. Tubes were then shaken using the
FastPrep-24 (MP Biomedicals. Santa Ana, CA) at 6.5 m/s for 45.
The remaining steps were performed according tomanufacturer’s
instructions. Bacterial DNA from the subsequent stool samples
collected was extracted using the QIAamp Fast DNA Stool Mini
Kit (QIAGEN, Valencia, CA), as previously described (3).

Sequencing and Bioinformatics Analysis
The V3–V4 region of the 16S rRNA gene was amplified with the
forward F357 (5′-CCTACGGGNGGCWGCAG-3′) and reverse
R805 (5′- GACTACHVGGGTATCTAATCC-3′) primers. DNA
was amplified through PCR reactions using the AccuPrime Taq
DNA Polymerase System (Life Technologies, Carlsbad, CA) in
a DNA Engine (Bio-Rad, Hercules, CA). Amplicons were mixed
in equimolar concentration and submitted for sequencing at
the Roy J. Carver Biotechnology Center at the University of
Illinois Urbana-Champaign. Sequencing was performed using
the Illumina MiSeq platform using v3 paired-reads (2 ×

250 bp) (San Diego, CA). Sequencing files were processed
using QIIME2 (13) version 2018.6. Samples were demultiplexed
using the demux emp-paired plugin. Data was denoised by
identifying and removing chimeras using the Divisive amplicon
De-noising Algorithm 2 pipeline (14). Reads were trimmed at
17 and 21 bp in the forward and reverse reads, respectively.
A phylogenetic tree of the samples was constructed using the
QIIME2 recommended plugins. Operational Taxonomic Units
(OTUs) were characterized to single nucleotide variants, and a
representative sequence was used to taxonomically characterize
the sequence using a Naïve Bayes classifier trained in the V3–
V4 region against the Silva 132 database (15). Alpha diversity
metrics (Observed OTUs and Shannon), and beta diversity
metrics were calculated at an even sampling depth of 23,098
reads. Alpha diversity describes the species diversity withing a
sample, while beta diversity measures the dissimilarity between
communities (16).

Statistical Analysis
Analyses were performed using RStudio V.1.3.1093. Taxonomic
abundances (relative abundance) were transformed using the
arcsine square root method. Linear mixed-effect models were
used to estimate the effect of perinatal, anthropometric, and
dietary factors on alpha diversity estimates. These variables
were used to estimate their association with the taxonomic
composition using MicrobiomeMultivariable Association Linear
Models (MaASLin2) (9) with the Benjamin-Hochberg false
discovery rate (FDR) correction. Perinatal, anthropometric, and
dietary factors were included as fixed effects in the model, and
each infant was included as random effects. Differences in beta

diversity were calculated based on the Unweighted andWeighted
UniFrac distances using permutational multivariable analysis
of variance (Adonis) with 999 permutations using the vegan
package (17).

Taxonomic composition at genus level was used to determine
if any gut enterotypes existed in the PT infant gut across time.
Analysis was performed as described by Arumugam et al. (18).
First, sample clustering was done using the Jensen-Shannon
divergence index and the Partitioning Around Medoids (PAM)
syntax. Ideal number of clusters was determined using the
Calinski-Harabasz index, this number was validated using the
Silhouette Validation Technique. Following this, each stool
sample was assigned to a specific enterotype. To evaluate
the differential taxonomic abundance of each enterotype,
Linear Discriminant Analysis (LDA) Effect Size (LefSe) (19)
was conducted using the web-based Galaxy platform (http://
huttenhower.sph.harvard.edu/galaxy).

Growth curves were calculated based on weight gain velocity
(g/d) and corrected GA (GA at birth + postnatal age) using
non-linear mixed-effects models from the nlme package (20).

TABLE 1 | Characteristics of study participants.

Characteristic Birth

n = 97

End of follow-up

n = 97

Maternal race, n (%)

Black 26 (26.8) –

White 71 (73.2) –

Chorioamnionitis, n (%) 18 (18.6) –

PROM, n (%) 15 (15.5) –

Infant sex, n (%)

Female 61 (62.9) –

Male 36 (37.1) –

Mode of delivery, n (%)

Vaginal 21 (21.6) –

C-section 76 (78.3) –

Gestational age, weeks 29 (4) –

Prematurity category*, n (%)

Extremely PT 26 (26.8) –

Very PT 56 (55.7) –

Moderate to Late PT 17 (17.5) –

Postnatal age, weeks – 6 (4)

Corrected GA, weeks – 35 (2)

Weight, g 1,242 (636) 2,327 (799)

Weight Z-score 0.2 (1.26) −0.49 (1.16)

Weight Z-score, percentile 58 (46) 31 (37)

Head circumference, cm 33 (2.5) 33 (2.5)

HC Z-score 0.07 (1.55) −0.51 (1.24)

HC Z-score, percentile 57.8 (46) 31 (42)

Mechanical ventilation, n (%) 25 (25.8) 0

Use of antibiotics, n (%) 22 (22.7) 4 (4.12)

Data presented as n (%) for categorical data or median (IQR) for numerical data.

*Extremely PT:<28 wks GA; Very PT: 28–32 wks GA; Moderate to Late PT: 32–37 wks GA.

GA, gestational age; HC, head circumference; PROM, premature rupture of membranes;

PT, preterm infant.
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FIGURE 1 | Feeding distribution of preterm infants during hospitalization period at the neonatal intensive care unit. Consumption of milk and use of fortifiers over time.

Human milk and the use of a BMF was the most common regimen. HM, Human milk; HMF, human milk-based fortifier; BMF, bovine milk-based fortifier.

The intercept and slope were set as fixed effects, variance of
the intercept and the slope as random effects, and the grouping
parameter was each infant. Spearman correlation was used
to assess the association between weight gain velocity and
bacterial abundance.

RESULTS

A total of 102 PT infants were enrolled in the study.
However, five infants died during the study and were excluded
from the analysis; thus, the final analysis was done with a
sample size of 97 PT infants. Table 1 shows the demographic
characteristics of the included participants. According to the
medical records, 18.6 and 15.5% of the infants were exposed
to chorioamnionitis and PROM, respectively. A total of 62.9%
were female, most infants were born via C-section (78.3%), and
maternal race was predominantly white (73.2%). On average,
infants were born at 28.9 ± 2.45 wks of gestation, weighed
1,273 ± 427 g, and had a head circumference of 26.3 ±

3.08 cm. A total of five infants (5.2%) had a birthweight
Z-score below the 10th percentile, 12 infants (12.3%) fell
below the 10th percentile for the head circumference Z-score.
In the immediate postpartum period, 22.7% of participants
were administered antibiotics, and 25.8% required mechanical
ventilation. On average, the hospitalization period was 6.54
± 3.10 wks (range: 1–16 wks). Infants were discharged at
35 ± 1.91 wks corrected GA, with a weight of 2,270 ±

556 g. At discharge, 17 (17.5%) and 24 (24.7%) infants fell

TABLE 2 | Feeding categories.

Category Milk Fortifier

Human milk - none Exclusively human milk or None

Mixed fed with >50% HM

Human milk + HMF Exclusively human milk or HMF

Mixed fed with >50% HM

Human milk + BMF Exclusively human milk or BMF

Mixed fed with >50% HM

Human milk + both Exclusively human milk or HMF + BMF

Mixed fed with >50% HM

Formula + BMF Exclusively formula or BMF

Mixed fed with >50% formula

Formula Exclusively formula or None

Mixed fed with >50% formula

HMF, human milk-based fortifier; BMF, bovine milk-based fortifier.

below the 10th percentile for weight and head circumference,
respectively. On average, 5 samples were collected per infant
(range: 1–16).

Feeding Characteristics
To evaluate the effect of the dietary exposures on the gut
microbiota composition, feeding categories were created based
on the type of milk consumed and the type of HM fortifier used.
Donor human milk was provided when MOM was insufficient
or not available. Only 17.5% infants (n = 17) were fed DHM
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at some point during their NICU stay (Supplementary Table 1).
For this reason, DHM and MOM were combined into one
group described as HM for all the analysis presented in this
study. As shown in Figure 1, exclusively HM was consumed
by the most PT infants (25 wks corrected GA) until 30 wks
corrected GA. At this point, PT formula was introduced in
combination with HM (mixed fed). Over time, the number
of infants that were mixed fed, or fed exclusively PT formula
increased. However, most of the infants were fed exclusively
HM. The use of fortifiers followed a similar pattern. Human
milk-based fortifier was fed from birth until a BMF fortification
started at 30 wks corrected GA. Overall, PT infants, were fed the
combination of both of fortifiers (HMF+BMF during most of the
hospitalization period). Using the amount and type of feed (HM
or formula) and the type of fortification (HMF or BMF), feeding
categories were created to examine the effect of dietary factors
on the gut microbiota composition of PT infants as shown in
Table 2.

Early-Life Gut Microbiota Characteristics
Only 29 infants had a collected stool sample during the first
week postpartum. Therefore, the first available stool sample

was used to characterize the “early-life” gut microbiota of all
study participants, which on average, was collected at 2.16
± 1.13 wks postnatal age (31.1 ± 2.25 wks corrected GA).
Analyses of alpha diversity revealed that PT infants from black
mothers had significantly higher number observed OTUs than
infants from white mothers (23.3 ± 10.3 vs. 17.5 ± 11). This
difference remained significant after adjusting for corrected
GA and exposure to antibiotics (Supplementary Figure 1A).
Additionally, there was a linear relationship between corrected
GA and observed OTUs (p = 0.02), when analysis was
adjusted for infant’s weight and exposure to antibiotics
(Supplementary Figure 1B). No statistically significant
associations were found between the number of observed OTUs
and mode of delivery, exposure to chorioamnionitis, PROM,
infant’s sex, or mechanical ventilation (Supplementary Table 2).
Similarly, there was no effect of any of these perinatal factors
on the Shannon diversity index. Beta diversity, measured by
Unweighted and Weighted UniFrac distances showed that
exposure to PROM and infant’s sex, each explained 2.3%
of the variance of the Unweighted and Weighted UniFrac
distances (p < 0.05). Maternal race explained 2.1% of the
variance of the Weighted UniFrac distances (p = 0.021)

FIGURE 2 | Postpartum development of the gut microbiota composition of preterm infants. Over time, there were significant changes in the composition of the gut

microbiota of preterm infants. Taxonomical composition at (A) phylum and (B) genus level. Highlighted in color are the bacteria that significantly changed over time (q

< 0.05). Differences calculated using Microbiome Multivariable Association Linear Models (MaASLin2) with infants as a random effect term. (C) Observed OTUs and

(D) Shannon diversity Index significantly increased over time. Differences calculated using linear mixed-effect model with infants as a random effect term. Adjusted for

antibiotic use. Corrected GA: gestational age at birth + postnatal age. GA, gestational age.
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FIGURE 3 | Beta diversity and enterotypes characteristics of gut microbiota from preterm infants. Beta diversity was significantly associated to two different

enterotypes. (A) Two different enterotypes (Enterotype A and Enterotype B) were characterized. The majority of the samples belonged to Enterotype B. (B)

Discriminative genera determined by linear discriminant analysis (LDA) showed bacteria that Bacteroides and Escherichia-Shigella were enriched in Enterotype A;

whereas uncharacterized Enterobacteriaceae, Klebsiella, Clostridium sensu stricto 1, Veillonella, Enterobacter, uncharacterized Lachnospiraceae and Haemopohilus

were enriched in Enterotype B. (C) Principal coordinate representation of Unweighted UniFrac Distances (Axis 1 vs. Axis 2, and Axis 1 vs. Axis 3) of the two

enterotypes. Enterotypes explained 6.9% of the variance of the Unweighted UniFrac Distances.

(Supplementary Table 3). There were no other associations
between beta diversity metrics and delivery mode, exposure to
chorioamnionitis, use of mechanical ventilator and exposure
to antibiotics.

Taxonomical analysis revealed significant differences in the
early-life microbiota based on perinatal characteristics. There was
a positive association between corrected GA and the abundance
of Enterococcus and Veillonella (p = 0.0003, q = 0.01; p = 0.001,
q = 0.018, respectively); analysis was performed adjusting for
exposure to antibiotics (Supplementary Figure 2). Infants that
were vaginally delivered had higher abundance of Bacteroides
(8.76%) than infants born via C-section (1.63%); p = 0.05, q
= 0.08. Infants that were exposed to chorioamnionitis during

pregnancy had higher relative abundances of Bifidobacterium and
Enterobacter (7.19 and 8.04%) compared to those that were not
exposed (6.05 and 3.02%). PROM was significantly associated
with higher abundances of Bacteroides (8.79 vs. 1.0%; p= 0.0001,
q = 0.03). There were no statistically significant differences
between infant’s sex, maternal race, use of mechanical ventilation,
infant’s weight, and exposure to antibiotics with the early-life gut
microbial composition.

Changes in Gut Microbiota During the
NICU Admission
Over the course of their hospitalization, changes in gut microbial
alpha diversity, beta diversity and taxonomic composition
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were observed. Significant changes in the abundance of the
phyla Proteobacteria, Firmicutes, and Actinobacteria were found
(Figure 2A). At the youngest ages (25–26 wks corrected
GA), the gut microbiota was dominated by Proteobacteria
with a mean relative abundance <85% ± 10.2 of total
reads. After 27 wks corrected GA, the relative abundance of
Proteobacteria started to decrease, and the relative abundance
of Firmicutes increased. At corrected GA<27 wks, the relative
abundance of Firmicutes was 12% ± 10.6 (25–26 wks
corrected GA), and this increased over the NICU stay.
Across time, the mean relative abundance of bacteria of the
phylum Actinobacteria was 7% ± 13.2. At the genus level,
statistically significant differences were found over time in the
abundance of Bifidobacterium, Staphylococcus, uncharacterized
Peptostreptococcaceae, and Veillonella (Figure 2B). In infants
with <32 wks corrected GA, the average relative abundance of
Bifidobacterium was 3.5% ± 6.7, which increased over time to
8.82% ± 12. The abundance of Staphylococcus had a significant
decrease with greater corrected GA. From 25 to 30 wks corrected
GA, the mean relative abundance of Staphylococcus was 16% ±

22, which was followed by a dramatic decrease in its abundance to
3% ± 1.27 by 34 wks corrected GA. The genera uncharacterized
Peptostreptococcaceae and Veillonella reached a mean relative
abundance >1% up to 29 and 31 wks corrected GA, respectively.

Time also had a significant effect on alpha diversity. There
was a linear relationship between both Observed OTUs and
Shannon Index with corrected GA, even after accounting for the
use of antibiotics. On average, there was a 7.97 increment per
week in the number of Observed OTUs (Figure 2C). Similarly,
Shannon Index increased 0.095 units per week corrected
GA (Figure 2D). During the hospitalization, multiple factors
influenced beta diversity. Around 50% of the variation of the
Unweighted and Weighted UniFrac distances was explained
by each infant. Chronological variables (GA, postnatal age,
and corrected GA) had a significant effect on beta diversity
(Supplementary Table 4). Delivery mode explained 0.07 and
1.3% of the Unweighted and Weighted UniFrac distances,
respectively. Exposure to chorioamnionitis had a significant
effect on both Unweighted and Weighted UniFrac distances.
Lastly, exposure to PROM, use of mechanical ventilation,
and exposure to antibiotics had a significant effect only in
Unweighted UniFrac distances.

When beta diversity was explored to assess the changes
over time, the samples clustered into two distinct groups.
For this reason, enterotype analysis was performed and two
different enterotypes were found (Enterotype A and Enterotype
B) (Figure 3A). Overall, 175 samples (32.8%) belonged to
Enterotype A, whereas 358 samples (67.2%) were assigned
to Enterotype B. To further understand the characteristics of
the two clusters, LefSe analysis was performed. Enterotype
A had enriched abundance of bacteria from the genus
Bacteroides and Escherichia-Shigella. While bacteria from the
genus uncharacterized Enterobacteriaceae,Klebsiella,Clostridium
sensu stricto 1, Veillonella, Enterobacter, g_Lachnospiraceae,
and Haemophilus were enriched in Enterotype B (Figure 3B).
The most striking difference between the enterotypes was the
relative abundance of Escherichia-Shigella; which was 45.4%

TABLE 3 | Characteristics of stool samples belonging to each enterotype.

Variable Enterotype A

n = 175 samples

Enterotype B

n = 358 samples

p*

Maternal race, n (%)

Black 32 (12.3) 81 (22.6) 0.26

White 143 (81.7) 277 (77.4)

Chorioamnionitis, n (%) 30 (17.1) 92 (25.7) 0.028

PROM, n (%) 45 (25.7) 75 (20.9) 0.22

Infant sex, n (%)

Female 114 (65.1) 229 (63.9) 0.84

Male 61 (34.8) 129 (36.0)

Mode of delivery, n (%)

Vaginal 46 (26.3) 87 (24.3) 0.67

C-section 129 (73.7) 271 (75.7)

Corrected GA, weeks 33 (4) 33 (3) 0.90

Weight, g 1,758 (1,044) 1,744 (786) 0.94

Use of antibiotics, n (%) 16 (9.14) 27 (7.54) 0.51

Milk consumed, n (%)

Human milk 164 (93.7) 322 (89.9) 0.19

Formula 11 (6.28) 36 (10.0)

Fortifier consumed, n (%)

None 16 (9.14) 49 (13.7) 0.15

HMF 24 (13.7) 68 (18.9) 0.14

BMF 126 (72.0) 222 (62.0) 0.025

Both 9 (5.14) 19 (5.31) 0.9

Change enterotype, n (%) 116 (66.3) 138 (38.5) <0.001

Data presented as n (%) for categorical data or median (IQR) for numerical data.

PROM, premature rupture of membranes; GA, gestational age; HMF, human milk-based

fortifier; BMF, bovine milk-based fortifier.

*Differences based on Fisher’s exact test for categorical variables or Kruskal-Wallis test

for numerical variables.

in samples belonging to Enterotype A compared to 1.47% in
samples belonging to Enterotype B (Supplementary Figure 3).
Other genera that showed significant differences between the
enterotypes were Clostridium sensu stricto 1 (26.7% difference)
and g_Enterobacteriaceae (25.9% difference). Furthermore, alpha
diversity indices revealed that Enterotype B was more diverse
than Enterotype A (Supplementary Figure 4). Samples from
Enterotype B had 26.5 ± 13.1 Observed OTUs, and a Shannon
diversity Index of 2.61 ± 0.78 compared to 23.2 ± 12.9
Observed OTUs and 1.9 ± 0.95 Shannon Index in samples
belonging to Enterotype A which was statistically significant.
The enterotype clustering explained 6.9% of the variance from
the Unweighted UniFrac distances (p < 0.05) (Figure 3C),
and 2.5% of the Weighted UniFrac distances; however, the
latter was not statistically significant. Furthermore, when clinical
characteristics were compared between the enterotypes, more
samples from infants exposed to chorioamnionitis belonged
to Enterotype B (25.7 vs. 17.1%). In Enterotype A, there
was a significantly higher percentage of samples from infants
consuming BMF (72 vs. 62%) (Table 3).

From the total sample size (n = 97), 42 infants (43.3%)
changed from one enterotype to another over the course of
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FIGURE 4 | Characteristics before and after change in enterotype. Percentage of antibiotic use and diet category of infants prior moving from on enterotype to

another. Before the change of the enterotype, there was a greater use of antibiotics, and HM in combination with fortifiers was the main diet category. Stool samples

after they changed to another enterotype were associated with less antibiotic use, and with the introduction to formula feeding. HM, human milk; HMF, human

milk-based fortifier; BMF, bovine milk-based fortifier; Form, formula.

hospitalization. From the total number of samples belonging
to Enterotype A, 116 samples (66.3%) moved to Enterotype
B, compared to 138 samples (38.5%) that belonged to
Enterotype B and moved to Enterotype A. Out of 97 studied
infants, stool samples from 14 infants (14.4%) were associated
exclusively to Enterotype A, samples from 41 infants (42.3%)
exclusively to Enterotype B, and 42 infants (43.3%) had
stool samples (254 stool samples) that changed from one
enterotype to another. There were no statistically significant
differences in the perinatal characteristics among infants
exclusively belonging to one enterotype or infants that changed
enterotypes (Supplementary Table 4). To further explore the
possible variables associated to the change from one enterotype
to another, chronological variables, use of antibiotics, and type of
diet were assessed before and after samples changed to another
enterotype. The mean corrected GA and body weight were
significantly higher after enterotype change (31.7 wks corrected
GA vs. 34.7 wks correctedGA and 1,578 g vs. 2,091 g, respectively;
p < 0.05) (Supplementary Table 5). As shown in Figure 4, there
was a higher percentage of antibiotics use prior to changing
from one enterotype to another (9.73 vs. 2.79%, p = 0.037).
There were significant associations in the dietary regimen and
the change from one enterotype to another. Prior to the change

to another enterotype, only HM with or without fortifiers was
consumed. There was a higher percentage of HM+BMF use
(72.6%), followed by HM+HMF (21.2%) and by the combination
of both (HM+Both fortifiers: 3.53%) (Figure 4), there was no
consumption of PT formula during this period. After changing
to another enterotype, the use of infant formula increased
to 16.1%. and HM+BMF remained as the most common
feeding strategy.

Another goal of this study was to evaluate the associations
between perinatal factors, use of antibiotics, growth, and
dietary exposures with the taxonomic composition over the
course of the NICU stay. Multivariate analyses revealed that
exposure to chorioamnionitis was associated with higher relative
abundance of Enterobacter (7.07%) over time compared
to infants never exposed to chorioamnionitis (3.86%).
Other associations were found between perinatal factors
and taxonomic composition, including a higher abundance
of Negativicoccus in male PT infants, higher abundance
of uncharacterized Peptostreptococcaceae with the use of
mechanical ventilation, lower abundance of Anaerococcus
when exposed to chorioamnionitis, and lower abundance of
Veillonella when infants needed mechanical ventilation. During
the hospitalization period, the only bacterium that seem to be
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FIGURE 5 | Changes in taxonomic composition during hospitalization period at the neonatal intensive care unit. Taxonomical changes associated to different perinatal

factors. (A) Heatmap of associations between bacterial genera and perinatal factors, use of antibiotics, growth and diet. Positive (+) and negative (–) signs denote

significant associations (p < 0.05). Highlighted in red are the associations that remained significant after false discovery rate adjustment (q < 0.05). Differences

calculated using Microbiome Multivariable Association Linear Models (MaASLin2). Model included infant sex, exposure to chorioamnionitis, use of mechanical

ventilation, exposure to antibiotics, corrected GA, body weight, weight gain velocity, and type of milk and fortifier consumed. Infant was included as a random effect

term. (B) Bacteria significantly affected by dietary factors. *HM without fortification as control group. Corrected GA: gestational age at birth + postnatal age. Abx,

antibiotic; PROM, premature rupture of membranes; GA, gestational age; HM, human milk; HMF, human milk-based fortifier; BMF, bovine milk-based fortifier; Wgt,

Weight.

affected by the use of antibiotics was Clostridium sensu stricto
1. However, these associations were no longer significant after
FDR adjustment (p < 0.05 and q > 0.05) (Figure 5A). Growth
variables [corrected GA, weight, and weight gain velocity (g/d)]
were also analyzed in the multivariate analysis. Corrected GA
and weight gain velocity were negatively associated with the
abundance of Staphylococcus (q < 0.01). Another bacterium
that was negatively associated with weight gain velocity was
Enterococcus (q < 0.01). In contrast, there was a positive

association between weight gain velocity and the abundance of
Veillonella and Enterobacter (q < 0.01).

Dietary exposures were included in the multivariate analysis
to evaluate their association with the taxonomic characteristics
of study participants (Figure 5A). When different combinations
of milk and milk fortifiers (HM-None, HM+HMF, HM+BMF,
HM+Both, Formula+BMF, and Formula) were explored, 10
different associations with a p < 0.05 and q > 0.05 were
found. Compared to HM consumption without any milk
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FIGURE 6 | Associations between growth velocity, use of fortifiers and taxonomic composition. The use of HMF and BMF are associated with the infant’s growth and

their taxonomic composition. (A) Growth curves of PT infants when consuming HMF, or (B) BMF. Spearman correlations showing positive associations between

Clostridium sensu stricto 1, Bifidobacterium, and Enterobacter with weight gain velocity when infants were exposed to (C) HMF or (D) BMF. Corrected GA: gestational

age at birth + postnatal age. GA, gestational age; HMF, human milk-based fortifier; BMF, bovine milk-based fortifier.

fortifier (HM-None), infants consuming HM+HMF had higher
abundances of Bacteroides, and lower abundances of Finegoldia
and Enterobacter. Infants consuming HM+BMF had higher
abundance of Clostridium sensu stricto 1, and lower abundance
of Finegoldia. When infants were exposed to HM with
the combination of both fortifiers (HM+Both) they showed
higher abundances of Clostridium sensu stricto 1, and lower
abundances of Lactobacillus when comparing to HM-None.
The consumption of PT formula alone or with BMF decreased
the abundance of Gemella, Finegoldia, and Bifidobacterium.
Overall, only three associations remained significant (p < 0.05
and q < 0.05) (Figure 5B). Compared to infants consuming
HM-None, infants consuming HM with a HMF had higher
abundances of Clostridium sensu stricto 1 (HM-None: 10.8%;
HM-HMF: 22.2%) and lower abundance of Lactobacillus (HM-
None: 4.13%; HM-HMF <0.1%). Compared to consuming HM-
None, infants consuming formula had significantly lower levels
of Bifidobacterium (HM-None: 9.82%; Formula: 4.28%).

Effect of Milk Fortifiers on Growth Rates
A goal of HM fortification is to increase the macro and
micronutrient content to ensure appropriate growth in PT
infants. The HMF was used in PT infants <29 wks corrected
GA. BMF was initiated around 29 weeks corrected GA and was
the most commonly used fortification strategy in this study. Both
fortifiers had a significant effect on the growth rate, measured by
weight gain velocity (g/d). The overall growth rate in the study
participants was 15 ± 9.76 g/d. This rate had a 0.39 increment
per week, which was lower (0.25 g/d) when infants consumed a
HMF (Figure 6A), and it was higher (0.43 g/d) when BMF was
used (Figure 6B).

Next, associations between dietary intake, growth and
microbial taxa were investigated. As previously mentioned,
bacteria that were significantly associated with growth and/or
dietary factors were Clostridium sensu stricto 1, Bifidobacterium,
and Enterobacter (Figure 5A). Correlation analysis was
performed between these bacteria abundances and weight gain
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velocity when infants were consuming either a HMF or BMF.
There was a significant association between the abundance
of Clostridium sensu stricto 1 and weight gain velocity when
fortification with a HMF was used (rho = 0.28, p = 0.0081)
(Figure 6C). During the fortification with BMF, positive
correlations were found between weight gain velocity and the
abundance of Clostridium sensu stricto 1 (rho= 0.15, p= 0.012),
Bifidobacterium (rho = 0.31, p < 0.001), and Enterobacter (rho
= 0.28, p < 0.001) (Figure 6D). There were no significant
correlations between Bifidobacterium or Enterobacter abundance
and weight gain velocity during fortification with HMF.

DISCUSSION

Differences in gut microbial structure associated with different
perinatal and dietary characteristics were identified in this study.
In the first collected stool sample after birth, the gut microbiota
of infants of black mothers had a more diverse gut microbiota,
which was significantly associated with beta diversity metrics.
This could be due to characteristics of the maternal vaginal and
cervical microbiota during pregnancy. The vertical transmission
of microbes has been previously described (21). Mitchell et al.
reported that seeding of maternal microbiota to the newborn’s
gut can be attributed to mother’s rectal microbiota and not from
the vaginal microbiota (22). However, PT infants are more likely
to be born via C-section, a trend (q > 0.05) also observed in
this study. While it remains controversial, some studies have
shown that the womb is not a sterile environment, and the
exposure to maternal microbes might initiate during pregnancy
(23). Previous studies have shown that the vaginal microbiota
of African American and Hispanic mothers had significantly
higher alpha diversity compared to Asian and Caucasian mothers
(24). Non-Hispanic black pregnant women have a more diverse
cervical microbiota than pregnant white women (25). This effect
of maternal race on infant gut microbial composition should be
further explored.

Pregnancy complications were significantly associated with
the gut microbiota of PT infants. Exposure to PROM significantly
increased the abundance of Bacteroides, which could be
associated with the maternal vaginal microbiota. There is a
higher risk of PROM in pregnant women with bacterial vaginosis
(26), which is characterized by lower Lactobacillus abundance
and a bloom of other bacteria, including Bacteroides (27, 28).
In the present study, PT infants exposed to chorioamnionitis
had higher abundances of Bifidobacterium and Enterobacter,
and the association between chorioamnionitis and Enterobacter
abundance remained significant over the duration of the study.
Enterobacter is a Gram-negative bacterium, which is a common
early colonizer of the PT gut (29). Chorioamnionitis is an
infection of the placenta membranes and the amniotic fluid.
Evidence has suggested that there is an association between
chorioamnionitis and the presence of Enterobacteriaceae (30),
particularly of Enterobacter species (31) in placental tissues. In
comparison to PROM, chorioamnionitis had a longer effect on
the gut microbiota of PT infants, since it continued to have

an association throughout the duration of hospitalization in
the NICU.

After delivery, PT infants face a number of medical conditions
secondary to prematurity, such as respiratory distress syndrome
due to surfactant deficiency in the lungs. The most common
treatment for this condition is mechanical ventilation. Bacteria
of the genus Veillonella tended to be lower in infants exposed
to respiratory support. Veillonella, an anaerobic bacterium, is
a common colonizer of the newborn gut (10). This bacterium
utilizes lactate from carbohydrate fermentation (10) and is able
to produce propionate (32), which could be beneficial for the
host. Another common medical treatment in PT infants is
the use of antibiotics immediately after birth and during the
hospitalization. Thus, we investigated the effect of antibiotics
on the PT gut. Although it failed to remain significant after
FDR correction, infants not exposed to antibiotics had higher
abundances of Clostridium sensu stricto 1, which suggests the
effect of antibiotics on PT gut microbiome. Members from the
cluster of Clostridium sensu stricto 1 have been associated with
prematurity and increased incidence of necrotizing enterocolitis
(33). Although the associations mentioned above failed to remain
significant, it is important to point out these differences so further
studies can be conducted looking at these factors.

Chronological and anthropometric variables such as corrected
GA and body weight, are also associated with PT gut
colonization. Herein, a positive associationwas observed between
diversity metrics, taxonomic composition and corrected GA.
Relative abundance of Staphylococcus, a facultative anaerobe,
significantly decreased over the course of hospitalization, which
is a common feature reported in PT infants (34–36). Higher
abundance of Staphylococcus has been associated with C-
section delivery (37), breastfeeding, and HM feeding (38, 39),
suggesting that the source can be the mother’s skin and/or
the milk microbiota. The decrease in the relative abundance
of Staphylococcus coincided with an increase abundance of
other common colonizers of the newborn gut, including
Veillonella and Bifidobacterium. In PT infants, there is a delayed
colonization with Bifidobacterium (40, 41), but this increases
over time (35, 42–44). The concurrent increase of Veillonella
and Bifidobacterium could be attributed to their mutualistic
relationship. As mentioned above, Veillonellametabolizes lactate
for propionate production. Bifidobacterium is a strict anaerobe
capable of digesting complex carbohydrates, such as human milk
oligosaccharides (HMOs) and producing acetate, formate (45)
and lactate (46), which then is utilized by Veillonella.

Enterotype analysis revealed that stool samples from PT
infants clustered into two distinct groups (Enterotype A and
Enterotype B). Enterotype A was characterized by a lower
diversity, and enrichment of Bacteroides and Escherichia-
Shigella. In contrast, stool samples in Enterotype B had
greater diversity and higher abundances of members from
the phyla Proteobacteria (Enterobacteriaceae/Enterobacter,
Haemophilus, and Klebsiella) and Firmicutes (Clostridium sensu
stricto 1, g_Lachnospiraceae, and Veillonella). Enterotypes
were first characterized by Arumugam and coworkers
in 2011, by describing three fecal enterotypes in adult
populations: Bacteroides-enriched, Prevotella-enriched, and
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Ruminococcus-enriched, which were strongly associated to
the dietary habits (18). In pediatric populations, authors
have described the existence of enterotypes. Zhong et al.
analyzed the gut microbiota of school-age children and
found three enterotypes: Bacteroides-dominated, Prevotella-
dominated, and Bifidobacterium-dominated (47). A recent
study reported that the gut microbiome of infants aged
0–6 months was characterized by three enterotypes:
Bifidobacteriaceae-dominated, Enterobacteriaceae-dominated,
and Bacteroidaceae-dominated (48). The enterotype enriched
in Bifidobacteriaceae was characterized by an increased capacity
of HMO utilization (48). In a similar analysis, Tauchi et al.
(41) analyzed stool samples of PT and full-term infants
using Weighted UniFrac distances to characterize the gut
microbiota composition. These authors found three different
clusters: Bifidobacteriaceae-dominated, Enterobacteriaceae-
dominated and Gram-positive bacilli cocci (Staphylococcaceae,
Streptococcaceae, or Enterococcaceae)-dominated. However,
they reported that no cluster that was significantly associated
exclusively to PT infants (41). Compared to adults, the gut
microbiota of newborns is highly variable, changes drastically
during the first weeks after birth, and could be affected by the
environment the infant is developing (49). This could explain
the variability and the lack of consistency in studies analyzing
enterotypes in a pediatric population.

In this study, around 40% of the stool samples transitioned
from one enterotype to another. The main factors associated
with this transition were corrected GA, body weight, use of
antibiotics and dietary characteristics. About 70% of the samples
transitioned from Enterotype A (Bacteroides and Escherichia-
Shigella-dominated) to Enterotype B (Proteobacteria and
Firmicutes-dominated). Prior to the change from one enterotype
to another, infants were receiving more antibiotics, and
consuming primarily HM plus fortification (HMF and/or BMF),
and there was no exposure to PT formula. After the transition
to another enterotype, there was less exposure to antibiotics and
the consumption of PT formula increased. The use of antibiotics
in PT infants has been associated with higher abundances of
Bacteroides (50) and Escherichia-Shigella (51). Additionally,
Ma et al. reported that in full-term infants, Bacteroides
abundance was significantly higher in breast-fed compared
to formula-fed infants (52). Bacteria enriched in Enterotype
B (Enterobacteriaceae, Klebsiella, Clostridium sensu stricto 1,
Veillonella, Enterobacter, uncharacterized Lachnospiraceae,
and Haemophilus) have been previously associated to the
gut microbiota of PT infants. Evidence has shown that
Enterobacteriaceae/Enterobacter increase with postnatal age
in PT infants (41, 44, 53–55). Moreover, two different studies
have suggested that the gut microbiota composition of PT
infants, transitions over time from a Staphylococcus dominated
(56) or Gram-positive bacilli cocci dominated (41), to an
Enterobacteriaceae/Enterobacter dominated. Abundances of
Klebsiella (55), Clostridium (57) and Veillonella (34, 57) have
been found to increase with postnatal age in the gut of PT
infants. Changes from one enterotype to another might not be
attributed to a specific factor (e.g., greater use of infant formula).
Instead, it might be the combination of multiple characteristics

(clinical and dietary) contributing to the modification of the
gut microbiota. The effect of the feeding type (human milk,
infant formula, and type of fortifiers) and their association with
the gut microbiota of PT infants is understudied. Furthermore,
studies using clustering techniques such as enterotypes to assess
the gut microbiota in a PT population are scarce. Hence, there
is insufficient evidence on the clinical relevance of PT infants
belonging or transitioning from one enterotype to another.
Therefore, more research is needed to fully understand the
implications of the gut microbiota clustering and feeding types
in PT infants.

This study also explored the associations between taxonomic
composition and dietary distribution over the course of
hospitalization in the NICU. When perinatal and chronological
indicators, as well as antibiotic exposure were considered, three
different bacteria were significantly associated with the type
of milk and/or fortifier consumed: Clostridium sensu stricto
1, Bifidobacterium, and Lactobacillus. Compared to HM alone,
the consumption of HM with a HMF was associated with
higher abundances of Clostridium sensu stricto 1 and lower
abundances of Lactobacillus, and consumption of infant formula
was associated with lower abundances of Bifidobacterium.
Evidence about the effect of milk fortifiers on the gut microbiota
composition is scarce. Underwood and co-workers conducted
a longitudinal study evaluating the effect of a HMF or BMF
added to HM in the PT gut microbial composition. Over time,
the abundance of the genus Lactobacillus decreased with the
use of HMF (8). Additionally, prior studies have suggested that
HM consumption (MOM or DHM) is associated with higher
abundances of Clostridium in PT infants (58, 59). However,
these studies consisted of only one time point analysis (59),
or had small sample sizes (8, 58). In PT infants, the effect of
HM consumption on Lactobacillus needs further exploration.
Studies have reported both increased (59) and decreased (60)
abundance of this microbe with the consumption of HM
compared to specialized PT infant formula. Lactobacillus is a
common colonizer of the gut microbiota capable of metabolizing
carbohydrates to produce lactic acid (61). Supplementation
of members of Lactobacillus to PT infants is associated with
a reduction in the abundance of Clostridium histolyticum
(62), and with an increase in beneficial bacteria such as
Bifidobacterium (63) compared to those infants not receiving
probiotic supplementation. The observed difference in fecal
Bifidobacterium abundance between infants fed HM vs. PT
formula in this study is consistent with the published literature
in preterm (44, 59) and full-term infants (64).

Lastly, this study aimed to identify possible associations
between the use of milk fortifiers and grow indicators. Weight
gain velocity, commonly expressed as g/d, is used to estimate
growth and development of PT infants. In the present study,
over the course of hospitalization there was a linear growth
trajectory. However, when infants were consuming a BMF, weight
gain velocity was significantly faster compared to when infants
were consuming HMF (5). The use of milk fortifiers (HMF
or BMF) are recommended in PT infants fed HM due to
the insufficient macro- (particularly protein) and micronutrient
(particularly calcium and phosphate) content of HM compared
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to the PT infant’s growth requirements (7). The amount of
fortification with either of these two fortifiers depends on the
infant’s requirements, and similar protein concentration can be
achieved either of both fortifiers (65). Thus, differences in growth
trajectories might be associated to the types of protein in HM
and bovine milk. Zhang and collaborators demonstrated that
there are around 33 proteins associated with the milk fat globule
membrane, and 16 whey proteins, that are significantly different
betweenHM and bovinemilk (66). On the other hand, PT birth is
often associated with restricted growth (67). After birth, around
90% of infants with restricted growth exhibit a catch-up growth
trajectory, during which, weight gain increases to the expected
growth curve (68). However, a meta-analysis conducted by
Martin and collaborators analyzing the health impacts of catch-
up growth trajectory in low-birth weight infants suggested that
while rapid growth might have beneficial outcomes in the short-
term, there might be adverse long-term outcomes associated with
catch-up growth (69). This suggests that future studies should
assess the weight gain velocities of low-birth-weight infants,
particularly when fed HMF or BMF. Evidence of the association
between growth trajectories and the gut microbial composition
in infants is limited. A recent study revealed that gut microbial
diversity and taxonomic characteristics are associated with the
growth trajectories from 1 to 5 years of age (70). Prospective
studies assessing the relationships between diet, growth and gut
microbiota could serve to develop biomarkers to predict the
possible infant’s growth characteristics.

This study longitudinally analyzed the development of the
gut microbiota of PT infants and compared different feeding
types and milk fortifiers, however, there are some potential
limitations worth mentioning. First, a pregnancy complication
included in this study and significantly associated with the gut
microbiota composition was chorioamnionitis. However, this
affection was clinically diagnosed and not confirmed by culture
or histologic tests. Another limitation in this study is that
the only information available from the infant’s mother was
race. Additional data related to maternal health status could
help find possible links between the infant’s gut microbiota
and maternal characteristics. Next, multiple stool samples were
collected during the time infants were hospitalized in the NICU;
however, the time point and the time interval when the stool
samples were collected was not consistent across participants. In
the same manner, another limitation is that the gut microbiota
characteristics after birth were evaluated based on the first
stool sample available, which was about 2 weeks after birth.
Moreover, given the nature of the study, the results presented
here might be biased toward associations mostly related to
infants very-low birth weight infants (smaller GA and lower
birth weight) which are more likely to be exposed to different
milk fortifiers (HMF and BMF) to have longer hospitalization
periods and a larger number of stool samples collected. Another
limitation is the sample size. Albeit having a sample size of
97 PT infants with multiple sample collection, gut microbiome
studies analyzing a large number of variables related to diversity
and taxonomic composition could be underpowered. This could
explain why some associations failed to remain significant after
FDR correction. Lastly, we didn’t account for the effects of the

environment surrounding infants hospitalized in the NICU that
could affect their gut microbiome (2). These factors include
transition from incubators to open cribs and skin-to-skin care.
Therefore, future longitudinal studies should aim to characterize
the gut microbiota of PT infants based on their feeding type
with larger sample sizes and considering the effect of other
environmental aspects.

CONCLUSION

This study found that PT infants from Black or Hispanic
mothers have a distinct gut microbiota soon after birth,
but these differences do not persist over time. Pregnancy
complications, particularly chorioamnionitis, can have a
long-term effect on the fecal taxonomic composition. The
use of HM with a HMF, and infant formula consumption
significantly modified the abundances of Clostridium sensu
stricto 1 and Bifidobacterium. The use of HMF or BMF
contributes to weight gain velocity, the latter associated with
a more rapid weight gain. Also, these fortifiers were positively
correlated with the abundance of Clostridium sensu stricto
1, Bifidobacterium and Enterobacter. Lastly, two different
enterotypes associated with PT infants were characterized. The
difference between these enterotypes was mainly in diversity
metrics, and enrichment of Bacteroides, Escherichia-Shigella,
uncharacterized Enterobacteriaceae, Klebsiella, Clostridium
sensu stricto 1, Veillonella, Enterobacter, uncharacterized
Lachnospiraceae and Haemophilus. A significant proportion of
infants changed from one enterotype to another, which was
associated with corrected GA, body weight, administration of
antibiotics and consumption of different HM or infant formula
and different types of fortifiers. More studies are needed to
further explore the effect of not only HM or formula but
also HMF vs. BMF on the gut microbiota composition of
PT infant.
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