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Abstract: Prematurity exposes newborns to increased risks of infections and it is associated with
critical morbidities. Preterm infants often require antibiotic therapies that can affect the correct
establishment of gut microbiota. The aim of this study was to investigate targeted intestinal bacteria
in preterm neonates with common morbidities and receiving antibiotic treatments of variable duration.
Stool samples were collected after birth, at 15, 30 and 90 days of life. qPCR quantification of selected
microbial groups (Bifidobacterium spp., Bacteroides fragilis group, Enterobacteriaceae, Clostridium cluster
I and total bacteria) was performed and correlation between their levels, the duration of antibiotic
treatment and different clinical conditions was studied. An increasing trend over time was observed
for all microbial groups, especially for Bifdobacterium spp. Prolonged exposure to antibiotics in the
first weeks of life affected Clostridium and B. fragilis levels, but these changes no longer persisted at
90 days of life. Variations of bacterial counts were associated with the length of hospital stay, feeding
and mechanical ventilation. Late-onset sepsis and patent ductus arteriosus reduced the counts of
Bifidobacterium, whereas B. fragilis was influenced by compromised respiratory conditions. This study
can be a start point for the identification of microbial biomarkers associated with some common
morbidities and tailored strategies for a healthy microbial development.

Keywords: neonates; preterm; gut microbiota; antibiotic exposure

1. Introduction

Colonization of the neonatal gut microbiota begins in utero [1–4] and its development
is influenced by several factors, such as the lower gestational age, prolonged hospital stay,
mode of delivery, maternal microbiota, use of antimicrobials and the enteral feeding [5].

Compared with healthy full-term infants, preterm infants have a lower bacterial
diversity of the gut microbiota, with a prevalence of potential pathogenic bacteria [6]
and lower amounts of beneficial bacteria [7]. The gut colonization sequence of healthy
full-term infants, with the initial predominance of facultative anaerobes followed by strict
anaerobes, may be compromised in preterm neonates. Gibson et al. [6] demonstrated that
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the gut microbiota of preterm infants aged one to two months hosts a higher abundance
of Enterobacteriaceae and Staphylococcaceae, which are facultative anaerobes, a lower
abundance of Clostridiaceae and Bifidobacteriaceae, which are strict anaerobes, and a lower
abundance of Streptococcaceae and Lachnospiraceae.

In addition, the gastric pH of preterm neonates is higher compared with full-term
ones, leading to a higher risk of bacterial infections [8]. Finally, immature natural barriers
and insufficient immune responses and the many invasive devices used to provide life-
supporting care increase the susceptibility of preterm neonates to bacterial infections.

Unfortunately, antibiotic exposure is frequent in preterm infants, and it is associated
with reduced richness of species [6], having potential short- and long-term consequences
on the correct development of the microbial structure and immune system [9–11]. An
abnormal intestinal microbiome influences the host immunity [12–14], increasing the risks
of necrotizing enterocolitis (NEC) [15–18] and late-onset sepsis (LOS) [19]. In preterm
neonates, a prolonged course (>five days) of empirical antibiotics at birth may lead to a
lower diversity of intestinal microbiota [20].

The current study aims to evaluate changes in selected microbial groups in the gut of
extremely preterm or extremely low birth weight neonates aged less than 90 days, after
different durations of antibiotic treatments and/or in the presence of common morbidities
of preterm neonates. We also investigated the association between these morbidities and gut
bacterial counts, to identify bacterial markers potentially predictive of the main morbidities
of preterm neonates.

2. Results

Twenty-three preterm infants were enrolled, seventeen of whom completed the T0 to
T3 follow-up; as for the remaining six infants, three were lost between T1 and T2 (one died
and two were given probiotics) and three were lost between T2 and T3 (two died and one
was given probiotics).

Table 1 shows demographics, clinical characteristics, length of stay, and antibiotic
exposure of infants enrolled in the study. All but three neonates were given antibiotics
at birth.

The characteristics regarding the main morbidities and durations of antibiotic treat-
ments for each neonate are reported in Figure 1.

Table 1. Characteristics of the study population. Data are presented as median (IQR) or n (%).

Variables Cases, n = 23

Gestational age, wks 26 (25.6–27.4)

Birth weight, g 835 (740–970)

PPROM ≥ 18 h * 9 (39.1%)

Vaginal delivery 5 (21.7%)

Cesarean section with rupture of membranes or during labor 12 (52.2%)

Caesarean section with intact membranes and without labor 6 (26.1%)

SGA 3 (13%)

Male sex 12 (52.2%)

Twins 10 (43.5%)

Antenatal steroids
full course

incomplete course

20 (87%)
17 (74%)
3 (13%)
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Table 1. Cont.

Variables Cases, n= 23

IAP 9 (39.1%)

Apgar score at 5th minute 7 (3–8)

Days at the beginning of enteral feeding 2 (1–2)

Days at full enteral feeding 34.5 (25.5–40.3)

Total days on parenteral nutrition 26 (20–36)

MV 18 (78.3%)

Days on MV 7 (0–18)

PDA (medical treatment) § 11 (47.8%)

LOS ◦ 13 (56.6%)

NEC (Bell stage ≥ 2) 2 (8.7%)

BPD † 7 (33.3%)

ROP 9 (39.1%)

Length of hospital stay, days 73 (60–107)

Antibiotic exposure (0–3 days of life) 20 (87.0%)

Total days on antibiotics (0–15 days of life) 6 (2–10)

Total days on antibiotics (0–30 days of life) 10 (5–16)

Total days on antibiotics (0–90 days of life) 13 (7–22)
BPD = bronchopulmonary dysplasia; IAP = intrapartum antibiotic prophylaxis; LOS = late-onset sepsis; MV = me-
chanical ventilation; NEC =necrotizing enterocolitis; PDA = patent ductus arterious; PPROM = Preterm premature
rupture of membranes; ROP = Retinopathy of prematurity.* duration of membrane rupture was unknown in
2 cases. † Oxygen support at 36 weeks postmenstrual age; 2 neonates who died before 36 weeks were excluded
from calculation. § 2 cases underwent surgical treatment. ◦ LOS was due to group B Streptococcus (n = 4), Escherichia
coli (n = 3), Klebsiella pneumoniae (n = 2), Enterobacter aerogenes (n = 1), Proteus mirabilis (n = 1), Staphylococcus aureus
(n = 1), Staphylococcus epidermidis (n = 1).
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Figure 1. Morbidities of the 23 preterm neonates and antibiotics administered. BPD, Bronchopulmonary Dysplasia; LOS, Late-Onset Sepsis; NEC, Necrotizing Enterocolitis; PDA, Patent 
Ductus Arteriosus; ROP, Retinopathy of Prematurity. Each square () corresponds to one day of antibiotic therapy. D, Days of life at onset of LOS; § Piperacillin-Tazobactam; ¶ Ceph-
alosporins of second and third generation; † Meropenem; ¥ Metronidazole. 

Figure 1. Morbidities of the 23 preterm neonates and antibiotics administered. BPD, Bronchopulmonary Dysplasia; LOS, Late-Onset Sepsis; NEC, Necrotizing
Enterocolitis; PDA, Patent Ductus Arteriosus; ROP, Retinopathy of Prematurity. Each square (�) corresponds to one day of antibiotic therapy. D, Days of life at onset
of LOS; § Piperacillin-Tazobactam; ¶ Cephalosporins of second and third generation; † Meropenem; ¥ Metronidazole.
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Figure 2 shows the mean counts of the microbial groups analyzed by quantitative PCR
(qPCR). A general increasing trend over time was observed for all microbial groups and
total bacteria. Bifidobacterium spp. significantly increased at T3 with respect to T0, T1 and
T2, the B. fragilis group significantly increased at T3 with respect to T0, Enterobacteriaceae
and total bacteria were significantly lower at T0 with respect to the other timepoints and
Clostridium cluster I was significantly higher at T3 with respect to T0 and T1.
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Figure 2. qPCR counts of selected microbial groups. Counts are expressed as Log10CFU/g feces;
* indicates p ≤ 0.05.

Table 2 shows the variables associated with changes in microbial groups. Days on total
parenteral nutrition were inversely associated with Bifidobacterium spp. at T2, whereas days
at full enteral feeding were inversely associated with the amount of Bifidobacterium spp.
at T3. Days at the beginning of enteral feeding were not associated with counts of micro-
bial groups.

No associations were found between antibiotic therapy (at T0 and T1) and microbial
groups. However, a borderline association was found between Clostridium cluster I at T1
and total days on antibiotics (from 0 to 30 days of life). Total days on antibiotics (from 0



Antibiotics 2022, 11, 237 6 of 13

to 90 days of life), were also significantly associated with Clostridium cluster I (at T1) and
inversely associated with B. fragilis group counts at T2.

The association between potential predictors, including days of hospital stay, days on
mechanical ventilation, days on parenteral nutrition, days at full enteral feeding, days at
the beginning of enteral feeding, total days on antibiotics (from 0 to 15 – from 0 to 30 and
from 0 to 90 days of life) and bacterial counts at each time of the study was evaluated using
a multiple linear regression model (Supplementary Materials Table S1). Although some
statistical significances were evidenced for Clostridium cluster I at and the B. fragilis group,
the small sample size did not allow us to draw firm conclusions.

Table 2. Changes in microbial groups according to some variables of the study population.

Variables T0
(Within 48 h of Life)

T1
(15 Days of Life)

T2
(30 Days of Life)

T3
(90 Days of Life)

Days of hospital stay NS

Bifidobacterium spp.
(p = 0.054; r −0.43)

B. fragilis group
(p = 0.008; r −0.56)

B. fragilis group
(p = 0.006 r −0.58)

B. fragilis group
(p = 0.03; r 0.54)

Days on mechanical
ventilation NS NS Bifidobacterium spp.

(p = 0.037; r −0.46)

Bifidobacterium spp.
(0.039; r −0.52)
B. fragilis group

(p = 0.018; r 0.58)

Days on parenteral
nutrition NS NS Bifidobacterium spp.

(p = 0.013; r −0.53) NS

Days at full enteral
feeding NS NS NS Bifidobacterium spp.

(p = 0.015 r −0.6)

Days at the beginning
of enteral feeding NS NS NS NS

Total days on
antibiotics (from 0 to

15 days of life)
NS NS NS NS

Total days on
antibiotics (from 0 to

30 days of life)
NS Clostridium cluster I

(p = 0.053; r 0.43) NS NS

Total days on
antibiotics (from 0 to

90 days of life)
NS Clostridium cluster I

(p = 0.03; r 0.47)
B. fragilis group

(p = 0.02; r −0.52) NS

NS, not significant.

Counts of Bifidobacterium spp. were significantly lower in males with respect to females.
Table 3 presents changes in microbial groups at different time points according to morbidi-
ties. Changes in selected bacterial groups were associated with a full course of prenatal
steroids, neonatal birth weight, and morbidities of premature newborns. Compared with
neonates with adequate birth weight, neonates small for gestational age (SGA) showed
significantly lower amounts of B. fragilis group at T0. Furthermore, an increase in the B.
fragilis group was evidenced at T1 and T2 in infants who received a full prenatal steroid
course as compared with those receiving inadequate or no steroid course. Infants with
LOS had lower levels of Bifidobacterium spp. at T2. PDA (patent ductus arteriosus) was
associated with fluctuations of counts of microbial groups. Lower amounts of Clostridium
cluster I were observed at T0 and Bifidobacterium spp. at T2; high amounts of the B. fragilis
group were observed at T3 in infants with PDA. Moreover, infants with NEC showed lower
counts of Clostridium cluster I at T0 and infants with retinopathy of premature (ROP) had
a borderline increase in the B. fragilis group at T3. Counts of B. fragilis group increased
in infants with BPD. Intrapartum antibiotic prophylaxis, membrane rupture lasting more
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than 18 h and delivery with intact membranes did not show significant differences among
microbial groups.

Table 3. Changes in microbial groups at different time point according to morbidities of preterm
neonates.

T0 T1 T2 T3

SGA ↓B. fragilis group
(p = 0.047) NS NS NS

Antenatal
steroids NS ↑B. fragilis group

(p = 0.036)
↑B. fragilis group

(p = 0.011) NS

LOS NS NS
↓Bifidobacterium

spp.
(p = 0.018)

NS

PDA
↓Clostridium

cluster I
(p = 0.036)

↑Enterobacteriacee
(p = 0.06)

↓Bifidobacterium
spp. (p = 0.029)

↑B. fragilis group
(p = 0.023)

NEC
↓Clostridium

cluster I
(p = 0.029)

NS NS NS

ROP NS NS NS ↑B. fragilis group
(p = 0.056)

BPD NS NS NS ↑B. fragilis group
(p = 0.013)

BPD, bronchopulmonary dysplasia; IAP, intrapartum antibiotic prophylaxis; LOS, late-onset sepsis; NEC, necrotiz-
ing enterocolitis; PDA, patent ductus arteriosus; ROP, retinopathy of premature; SGA, small for gestational age. NS:
not significant.

3. Discussion

The infant gut microbiota is significantly affected by a number of perinatal fac-
tors [21,22]. Changes in the main intestinal microbial groups in very preterm neonates
during the first weeks of life were analyzed, according to antimicrobials administered, days
of treatment and the presence of common morbidities of preterm neonates.

As expected, counts of Bifidobacterium were generally lower in the first 30 days of life
compared with mean values of healthy full-term infants available in the literature [21–30].
However, counts reached normal values (higher than 7 Log CFU/g of faeces) at age three
months. In addition, counts of the B. fragilis group were particularly low in preterm as
compared with full-term newborns reported in the literature [31,32]. In preterm neonates
enrolled in this study, the qPCR analyses showed increased amounts of total bacteria
and bacterial groups from birth to 90 days of age. Indeed, the gut microbiota develops
rapidly after birth, when infants have contact with a rich and diverse microbial environ-
ment. Infants are rapidly colonized by microorganisms that originate primarily from the
maternal microbiome, in particular from the genital tract and feces [22,33]. The increase
in bacterial counts found in the current study can be attributed to the persistent neonatal
exposure to microorganisms originating from the NICU environment or from feeding;
this exposure leads to an increase in the gut bacterial members and, potentially, to the
microbial diversity [34]. The increase in Enterobacteriaceae over time is consistent with a
previous study [6], demonstrating a higher abundance of facultative anaerobes (such as
Enterobacteriaceae) in preterm infants aged less than two months. This is a critical period
for the health of preterm neonates. Indeed, multidrug-resistant pathogens belonging to the
family of Enterobacteriaceae, which are commonly associated with nosocomial infections,
are abundant in preterm neonates [6]. At a later stage of life (90 days), a prominent in-
crease in Bifidobacterium spp. and Clostridium cluster I, which are strictly anaerobic bacteria,
was also evidenced; this finding is consistent with previous studies in preterm infants [6].
Furthermore, changes in bacterial populations were associated with several variables,
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such as prolonged length of hospital stay, mode of feeding, mechanical ventilation and
longer duration of antibiotic treatments. Prolonged empirical antibiotics at birth affect
the initial establishment of intestinal microbiota in preterm neonates, increasing the risks
of complications, such as NEC and LOS [35–40]. Therefore, it is possible to speculate
that a prolonged antibiotic exposure may affect the composition of the microbiome, being
associated with Clostridium cluster I and inversely associated with the B. fragilis group.
These data suggest that a prolonged antibiotic exposure, although often necessary, can lead
to a potential imbalance of composition of the gut microbiome. However, the current study
failed to demonstrate an association between selected microbial groups and intrapartum
antibiotic prophylaxis, which is known to reduce the bifidobacterial population in full-term
neonates [21]; however, most neonates in this study were still treated with antibiotics in the
first weeks of life.

The mode of feeding plays an important role for the gastrointestinal development.
Enteral nutrition promotes the development of both mucosal immune system and gut
microbiota, thereby preventing infections in preterm neonates [41]. Therefore, prolonged
total parenteral nutrition may reduce Bifidobacteria. Furthermore, selected bacterial groups
were associated as early as T0 with gender, antenatal steroid treatment and common
morbidities of preterm neonates (LOS, NEC, PDA, SGA). The exact mechanisms underlying
these associations are sometimes unclear, although an increase in the B. fragilis group at T0
in neonates born as SGA might depend on their higher rates of caesarean section.

Many microorganisms responsible for LOS in preterm neonates may originate from
the gastro-intestinal tract and translocation of gut microbes may account for most cases;
decreased bacterial diversity and predominance of Gram-positive cocci, such as staphylo-
cocci, in early fecal specimens have been both associated with the development of LOS [19].
Alterations in the fecal microbiota frequently occur prior to LOS, depending on timing
and site [42]. Indeed, an abnormal microbiota containing LOS potential pathogens prior
to or concurrent with the onset of LOS has been demonstrated [2,43]. The neonatal gut is
especially prone to colonization with aerobic Gram-negative bacilli, to the detriment of
beneficial bacteria, such as bifidobacteria and lactobacilli, that may later predispose the
neonates to septicemia [7]. In the current study, LOS was associated with lower levels of
bifidobacteria at T2, a finding that is consistent with previous studies [44]. It is possible
that the reduction in these beneficial bacteria may have favored the development of other
enteric pathogens responsible for LOS, not specifically sought by qPCR.

Perturbations of the intestinal microbiome and raised inflammatory responses have
been implicated in the development of NEC in preterm infants [45–47]. NEC has been
associated with a variety of pathogens, since there is not a single microorganism responsible
for NEC [2]. Furthermore, the age at the onset of NEC may affect intestinal microbial
profiles. Increased levels of Firmicutes and decreased amounts of Gammaproteobacteria
have been detected when NEC occurs prior to ten days of life. In contrast, the onset of NEC
beyond 10 days of life has been associated with decreased levels of Firmicutes (especially
Negativicutes) and increased amounts of Gammaproteobacteria [48]. Epidemiological
studies and animal models support the involvement of anaerobic bacteria, particularly
those belonging to Clostridium genus, in the development of NEC although their role in
NEC is still unclear. Colonization by clostridia seems harmful, [49] although lower amounts
of clostridia in preterm neonates with NEC have been reported; in such cases they would
prevent the inflammatory response associated with NEC [50]. Low amounts of Clostridium
cluster I at birth in the two neonates with NEC were found. Therefore, it is possible that
within the large Clostridium genus different microbial species or strains act in opposite
ways, by favoring or preventing NEC.

Clostridium cluster I was reduced at birth also in infants who subsequently were
diagnosed with PDA; this finding would suggest the role of Clostridium cluster I in the
already proven association between PDA and NEC [51]. To our knowledge, the PDA of
preterm neonates has not been previously associated with an abnormal gut microbiota;
PDA may reduce blood intestinal perfusion, delaying the achievement of a full enteral
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feeding, and changing intestinal flora by increasing the amounts of potentially harmful
bacteria (i.e., Enterobacteriaceae and B. fragilis group), and decreasing beneficial ones (such
as bifidobacteria, as evidenced in our study).

Fluctuations of some microbial groups (especially B. fragilis) in neonates with bron-
chopulmonary dysplasia were also showed. Both the gut and the lungs, besides sharing
some anatomical epithelial similarities, can promote immune responses. Gut bacteria can
reach lungs after gastroesophageal reflux, inhalation or vomit. The damage to the integrity
of the epithelium may enable bacteria or their components and metabolites to enter the
circulatory system (causing systemic inflammation), and to reach the respiratory tract
through the lymphocytes migration [52]. Moreover, exposure to an oxygen-rich environ-
ment (such as during mechanical ventilation) might impair the development of the nascent
gut microbiome, that is physiologically dominated by anaerobic bacteria which affect its
immunological properties [53,54]. Previous studies on airway microbiomes [55,56], did
not find associations between Bacteroides and BPD. Some investigators [57] suggested that
an abnormal microbiome may affect the risk of BPD, asthma and allergic diseases later in
life. We found higher amounts of B. fragilis in respiratory disorders (i.e., BPD, prolonged
mechanical ventilation). The increased amounts of B. fragilis may reflect an abnormal
composition of the gut microbiome that can have consequences for the health status.

Finally, by using a murine model, investigators [58] found that antenatal steroids may
affect the epigenome of the host and early colonization of microbiome, leading to increased
levels of strict anaerobic bacteria, such as clostridia. Higher levels of bifidobacteria after
antenatal steroid treatment were found. Bifidobacteria are strict anaerobic microorganisms;
antenatal steroids would have therefore a beneficial effect on the microbiome, since usually
bifidobacteria are less abundant in premature neonates [6,35,59].

This study has some important limitations. Firstly, the samples size of infants in the
study is small, and some neonates did not complete the entire fecal sample collection.
Furthermore, neonates were very preterm; consequently, they often had overlapping
morbidities, complicating their clinical course and prolonging their hospital admission.
These complications make it difficult to establish with certainty the relevance of some single
associations, despite some variables were statistically significant. Previous investigators
have sometimes addressed these major problems by comparing early preterm neonates
with infants of higher gestational age and birth weight. However, this comparison would
not be fully appropriate since neonates with higher gestational age and birth weight have
much less exposure to antibiotics and their clinical course is much less complicated.

4. Materials and Methods
4.1. Study Design and Participants

We conducted a single center, prospective, observational cohort study (from 1 March
2017 to 31 August 2018) concerning preterm infants admitted to our NICU. Infants under
28 weeks’ gestation and/or a birth weight under 1000 g were enrolled. The local ethics
committee approved the project (Prot N 192/16) and written informed consent was obtained
from parents of neonates included in the study. Fecal samples were longitudinally collected
within the first 48 h of life (T0), at 15 (T1), 30 (T2) and 90 (T3) days of life.

Antibiotic exposure was assessed as the number of neonates receiving antibiotics from
0 to 3 days of life. Because most neonates (20 out of 23) were given antibiotics in the first
3 days of life, we also calculated the median days of antibiotic exposure in three different
periods of life (from 0 to 15, 30 and 90 days of life, respectively). According to our local
protocol, ampicillin plus gentamicin (from birth to three days of life) and oxacillin plus
amikacin (beyond three days of life) were given as empirical antibiotics in most cases,
pending cultures and laboratory results. Clinical data regarding length of stay in NICU,
common morbidities, parenteral infusions and enteral feeding were collected (Table 1).

Exclusion criteria were major malformations and/or the administration of probiotics.
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4.2. DNA Extraction from Fecal Samples

Meconium and fecal samples were collected from neonates and subsequently stored
at −80 ◦C. Samples were subject to DNA extraction using QIAamp DNA Stool Mini
Kit (Qiagen, West Sussex, UK) with a slight modification of the standard protocol: a
supplementary incubation at 95 ◦C for five minutes of the stool sample with the lysis
buffer was added to enhance the bacterial cell rupture [21]. The purity of the DNA was
determined by measuring the ratio of the absorbance at 260 and 280 nm (Infinite R 200 PRO
Nano Quant, Tecan, Mannedorf, Switzerland) and the concentration was evaluated by
Qubit R 3.0 Fluorometer (Invitrogen, Life Technologies, CA, USA).

4.3. Absolute Quantification of Selected Microbial Groups Using Quantitative PCR (qPCR)

A qPCR analysis was performed on DNA extracted from fecal samples by using the
Fast SYBR®Green Master Mix (Applied Biosystems, Foster City, USA) assay and optimized
concentrations of primers [23,24]. We quantified total bacteria and selected microbial
groups, which are usually investigated in studies targeted to infants [25,26], i.e., Bidobac-
terium spp., Bacteroides fragilis group (which includes the most abundant species in the
human gut: B. fragilis, B. distasonis, B. ovatus, B. thetaiotaomicron, B. vulgatus), Clostridium
cluster I and Enterobacteriaceae. For each target microorganism, standard curves were
created by using 16S rRNA PCR product of type strains [23,27]. Data were then converted
to obtain the number of microorganisms as Log CFU/g feces, according to the rRNA
copy number [26]. For total bacteria, the average of the 16S rRNA genes calculated on
10,996 records for bacteria according to rrDB was used as the rRNA copy number [60].

4.4. Statistical Analysis

Data are expressed as median ± interquartile and percentages. Nonparametric sta-
tistical analysis was performed by using SPSS (version 20). Chi-squared tests were used
to compare discrete variables. Inter-group comparison for continuous variables was per-
formed with the Mann–Whitney U test and Kruskal–Wallis when appropriate; for the first
test, the Z test statistic and Asymptotic Significance were corrected for ties and for the
second one, Bonferroni correction was used. Correlation between variables was determined
by using the Spearman test. The association between potential predictors and bacterial
counts was evaluated using a multiple linear regression model; beta has been reported
as standardized coefficient and standard error as unstandardized coefficient. Statistical
significance was set at p value ≤ 0.05.

5. Conclusions

This study addresses a population at high risk of developing an abnormal gut micro-
biota, such as infants of a lower birth weight and gestational age. Although the underlying
mechanisms are not entirely clear, many common morbidities of preterm neonates may
affect counts of both total bacteria and targeted microbial groups from birth to 90 days
of age. Prolonged exposure to antibiotics in the first weeks of life affects the intestinal
microbiota, although differences seem to no longer persist at the age of 90 days. Further
studies in larger cohorts would assess more accurately how common morbidities affect
changes in the intestinal microbiome of very preterm neonates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics11020237/s1, Table S1: Changes in bacterial counts at each time point following a
multiple linear regression analysis.

Author Contributions: Conceptualization, A.B., D.D.G.; formal analysis and data curation, N.B.C.,
L.L. (Laura Lucaccioni), E.P., M.F., C.S., P.T., L.B., L.L. (Licia Lugli); writing—original draft preparation,
N.B.C., A.B., L.L. (Laura Lucaccioni); visualization and supervision, D.D.G., N.B.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/antibiotics11020237/s1
https://www.mdpi.com/article/10.3390/antibiotics11020237/s1


Antibiotics 2022, 11, 237 11 of 13

Institutional Review Board Statement: The study project was approved by the local Ethics Commit-
tee (Protocol AOU N 192/16).

Informed Consent Statement: Patient consent was obtained from parents of neonates.

Data Availability Statement: De-identified individual participant data presented in this study are
available on request from the corresponding author. The data are not publicly available due to the
need for use in further research.

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

References
1. Wassenaar, T.M.; Panigrahi, P. Is a foetus developing in a sterile environment? Lett. Appl. Microbiol. 2014, 59, 572–579. [CrossRef]
2. Underwood, M.A.; Sohn, K. The microbiota of the extremely preterm infant. Clin. Perinatol. 2017, 44, 407–427. [CrossRef]
3. Di Giulio, D.B.; Romero, R.; Amogan, H.P.; Kusanovic, J.P.; Bik, E.M.; Gotsch, F.; Chong, J.K.; Erez, O.; Edwin, S.; Relman,

D.A. Microbial prevalence, diversity and abundance in amniotic fluid during preterm labor: A molecular and culture-based
investigation. PLoS ONE 2008, 3, e3056.

4. Ardissone, A.N.; De la Cruz, D.M.; Davis-Richardson, A.G.; Rechcigl, K.T.; Li, N.; Drew, J.C.; Murgas-Torrazza, R.; Sharma, R.;
Hudak, M.L.; Triplett, E.W.; et al. Meconium microbiome analysis identifies bacteria correlated with premature birth. PLoS ONE
2014, 9, e90784. [CrossRef] [PubMed]

5. Ficara, M.; Pietrella, E.; Spada, C.; Della Casa Muttini, E.; Lucaccioni, L.; Iughetti, L.; Berardi, A. Changes of intestinal microbiota
in early life. J. Matern. Fetal. Neonatal. Med. 2019, 33, 1036–1043. [CrossRef]

6. Gibson, M.K.; Wang, B.; Ahmadi, S.; Burnham, C.A.D.; Tarr, P.I.; Warner, B.B.; Dantas, G. Developmental dynamics of the preterm
infant gut microbiota and antibiotic resistome. Nat. Microbiol. 2016, 1, 16024. [CrossRef] [PubMed]

7. Martin, C.R.; Walker, W.A. Probiotics: Role in Pathophysiology and Prevention in Necrotizing Enterocolitis. Semin. Perinatol.
2008, 32, 127–137. [CrossRef]

8. Di Gioia, D.; Aloisio, I.; Mazzola, G.; Biavati, B. Bifidobacteria: Their impact on gut microbiota composition and their applications
as probiotics in infants. Appl. Microbiol. Biotechnol. 2014, 98, 563–577. [CrossRef]

9. Abrahamsson, T.R.; Jakobsson, H.E.; Andersson, A.F.; Björkstén, B.; Engstrand, L.; Jenmalm, M.C. Low gut microbiota diversity
in early infancy precedes asthma at school age. Clin. Exp. Allergy 2014, 44, 842–850. [CrossRef]

10. Fujimura, K.E.; Slusher, N.A.; Cabana, M.D.; Lynch, S.V. Role of the gut microbiota in defining human health. Expert Rev. Anti
Infect. Ther. 2010, 8, 435–454. [CrossRef]

11. Wang, Y.; Hoenig, J.D.; Malin, K.J.; Qamar, S.; Petrof, E.O.; Sun, J.; Antonopoulos, D.A.; Chang, E.B.; Claud, E.C. 16S rRNA
gene-based analysis of fecal microbiota from preterm infants with and without necrotizing enterocolitis. ISME J. 2009, 3, 944–954.
[CrossRef]

12. Gill, S.R.; Pop, M.; Deboy, R.T.; Eckburg, P.B.; Turnbaugh, P.J.; Samuel, B.S.; Gordon, J.I.; Relman, D.A.; Fraser-Liggett, C.M.;
Nelson, K.E. Metagenomic analysis of the human distal gut microbiome. Science 2006, 312, 1355–1359. [CrossRef] [PubMed]

13. Mazmanian, S.K.; Liu, C.H.; Tzianabos, A.O.; Kasper, D.L. An immunomodulatory molecule of symbiotic bacteria directs
maturation of the host immune system. Cell 2005, 122, 107–118. [CrossRef] [PubMed]

14. Cash, H.L.; Whitham, C.V.; Behrendt, C.L.; Hooper, L.V. Symbiotic bacteria direct expression of an intestinal bactericidal lectin.
Science 2006, 313, 1126–1130. [CrossRef] [PubMed]

15. Morrow, A.L.; Lagomarcino, A.J.; Schibler, K.R.; Taft, D.H.; Yu, Z.; Wang, B.; Altaye, M.; Wagner, M.; Gevers, D.; Ward, D.V.; et al.
Early microbial and metabolomic signatures predict later onset of necrotizing enterocolitis in preterm infants. Microbiome 2013, 1,
13. [CrossRef]

16. Mai, V.; Young, C.M.; Ukhanova, M.; Wang, X.; Sun, Y.; Casella, G.; Theriaque, D.; Li, N.; Sharma, R.; Hudak, M.; et al. Fecal
microbiota in premature infants prior to necrotizing enterocolitis. PLoS ONE 2011, 6, e20647. [CrossRef]

17. De la Cochetiere, M.F.; Piloquet, H.; Des Robert, C.; Darmaun, D.; Galmiche, J.P.; Roze, J.C. Early intestinal bacterial colonization
and necrotizing enterocolitis in premature infants: The putative role of Clostridium. Pediatr. Res. 2004, 56, 366–370. [CrossRef]

18. Claud, E.C.; Keegan, K.P.; Brulc, J.M.; Lu, L.; Bartels, D.; Glass, E.; Chang, E.B.; Meyer, F.; Antonopoulos, D.A. Bacterial community
structure and functional contributions to emergence of health or necrotizing enterocolitis in preterm infants. Microbiome 2013, 1,
20. [CrossRef]

19. Tarr, P.I.; Warner, B.B. Gut bacteria and late-onset neonatal bloodstream infections in preterm infants. Semin. Fetal Neonatal. Med.
2016, 21, 388–393. [CrossRef]

20. Zwittink, R.D.; Renes, I.B.; van Lingen, R.A.; van Zoeren-Grobben, D.; Konstanti, P.; Norbruis, O.F.; Martin, R.; Groot Jebbink, L.;
Knol, J.; Belzer, C. Association between duration of intravenous antibiotic administration and early-life microbiota development
in late-preterm infants. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 475–483. [CrossRef]

21. Aloisio, I.; Mazzola, G.; Corvaglia, L.T.; Tonti, G.; Faldella, G.; Biavati, B.; Di Gioia, D. Influence of intrapartum antibiotic
prophylaxis against group B Streptococcus on the early newborn gut composition and evaluation of the anti-Streptococcus activity
of Bifidobacterium strains. Appl. Microbiol. Biotechnol. 2014, 98, 6051–6060. [CrossRef]

http://doi.org/10.1111/lam.12334
http://doi.org/10.1016/j.clp.2017.01.005
http://doi.org/10.1371/journal.pone.0090784
http://www.ncbi.nlm.nih.gov/pubmed/24614698
http://doi.org/10.1080/14767058.2018.1506760
http://doi.org/10.1038/nmicrobiol.2016.24
http://www.ncbi.nlm.nih.gov/pubmed/27572443
http://doi.org/10.1053/j.semperi.2008.01.006
http://doi.org/10.1007/s00253-013-5405-9
http://doi.org/10.1111/cea.12253
http://doi.org/10.1586/eri.10.14
http://doi.org/10.1038/ismej.2009.37
http://doi.org/10.1126/science.1124234
http://www.ncbi.nlm.nih.gov/pubmed/16741115
http://doi.org/10.1016/j.cell.2005.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16009137
http://doi.org/10.1126/science.1127119
http://www.ncbi.nlm.nih.gov/pubmed/16931762
http://doi.org/10.1186/2049-2618-1-13
http://doi.org/10.1371/journal.pone.0020647
http://doi.org/10.1203/01.PDR.0000134251.45878.D5
http://doi.org/10.1186/2049-2618-1-20
http://doi.org/10.1016/j.siny.2016.06.002
http://doi.org/10.1007/s10096-018-3193-y
http://doi.org/10.1007/s00253-014-5712-9


Antibiotics 2022, 11, 237 12 of 13

22. Palmer, C.; Bik, E.M.; Di Giulio, D.B.; Relman, D.A.; Brown, P.O. Development of the human infant intestinal microbiota. PLoS
Biol. 2007, 5, e177. [CrossRef] [PubMed]

23. Quagliariello, A.; Aloisio, I.; Bozzi Cionci, N.; Luiselli, D.; D’Auria, G.; Martinez-Priego, L.; Pérez-Villarroya, D.; Langerholc, T.;
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