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BACKGROUND: Preterm infants are generally fed through nasogastric enteral feeding tubes (NEFTs). The aim of this work was to
evaluate the role of NEFTs in the initial colonization of the preterm gut and its evolution within the first 2 weeks after birth.
METHODS: For this purpose, fecal and NEFT-derived samples from 30 preterm infants hospitalized in a neonatal intensive care unit
(NICU) were collected from birth to the second week of life. Samples were cultivated in ten culture media, including three for the
isolation of antibiotic-resistant microorganisms.
RESULTS: Isolates (561) were identified by 16S ribosomal RNA gene sequencing. Although the first NEFTs inserted into the
neonates after birth were rarely colonized, analysis of NEFTs and fecal samples over time revealed a significant increase in bacterial
abundance, diversity, and detection frequency. Results showed a parallel colonization between time-matched NEFTs and fecal
samples, suggesting an ongoing bidirectional transfer of bacteria from the neonatal gut to the NEFTs and vice versa.
CONCLUSIONS: In short-term hospitalization, length is by far the determinant factor for the early colonization of preterm infants.
As NEFT populations reflect the bacterial populations that are colonizing the preterm in a precise moment, their knowledge could
be useful to prevent the dissemination of antibiotic-resistant strains.
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IMPACT:

● The hospital environment modulates preterm colonization immediately after birth.
● The colonization of preterm feces and NEFTs occurs in parallel.
● There is an ongoing bidirectional transfer of microorganisms from the neonatal gut to the NEFTs and vice versa.
● Bacterial communities inside NEFTs could act as reservoirs of antibiotic resistance genes.
● NEFT populations reflect the bacteria that are colonizing the preterm at a precise moment.

INTRODUCTION
Prematurity is the main cause of mortality in children under five
years.1 Preterm infants are exposed to a stressful vital experience
early in life, including maternal separation, frequent medical
interventions, and a harsh environment, in which nosocomial
microorganisms may represent a serious health threat.2,3 Overall,
these factors have a profound impact on the establishment of
their intestinal microbiota.4–8

The suck-swallow mechanism is not fully developed at birth in
many preterm neonates.9 Consequently, their nutrition may be
dependent on nasogastric enteral feeding tubes (NEFTs) for some
weeks. Despite following good hygienic practices, a plethora of
microorganisms unavoidably and rapidly colonize the surfaces of
NEFTs and other invasive devices. The duration of a single NEFT
placement depends on the institution and it can be shortened if

necessary in case of suspicion of an infection and/or tube
clogging. Previous work has demonstrated that microorganisms
usually require <48 h to colonize their inner surface.10

The NEFT-associated microbiota reflects the environment of
each patient and includes both vertically and horizontally
transmitted microorganisms.11–13 Concretely, preterm-associated
NEFTs are exposed to the oral, nasopharyngeal, and skin
microbiota of the infant, to the microorganisms carried by the
food they receive (own mother’s milk [OMM], donor human milk
[DHM], and/or infant formula), to those harbored by the mother
and other relatives, the medical staff and their clothing, and to
those present in aerosols and surfaces.14,15 Imaging of the internal
surfaces of NEFTs has revealed that the microbes present in such
devices are forming complex biofilms.16,17 Once such structures
are formed, microorganisms may become highly resistant to
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antimicrobial agents, including antibiotics, antiseptics, and disin-
fectants,18 and, consequently, they can act as a shelter for high-
risk nosocomial clones within the neonatal intensive care units
(NICUs).19–21 Dispersed cells and clumps detached from the
biofilm can be introduced into the preterm gastrointestinal tract
every time that feeding is injected through the NEFT. This
situation may increase the dysbiosis state that usually charac-
terizes the preterm gut microbiota and, ultimately, lead to
infections and sepsis.11,22 Indeed, many infectious diseases in
preterm infants have been linked to contamination of NEFTs and
other medical devices.23,24

On the other hand, some authors have suggested that NEFTs
colonization is partly due to gastroesophageal reflux, which is
physiological in newborns because of cardiac immaturity.25 This
can be aggravated by both the placement of an NEFT that keeps
the lower esophageal sphincter continuously open and the supine
position of the preterm infant.26 Indeed, the same bacterial strains
have been found both in milk (after passing through NEFTs) and in
the feces of preterm infants.16 Similarly, microorganisms from the
oropharynx of elderly patients are particularly frequent in the
gastric juice of those fed through an NEFT, suggesting that these
devices may act as the connectors for a bidirectional transmission
between these two anatomic sites.27

Several studies have evaluated the type of microorganisms
related to preterm-inserted NEFTs depending on different factors,
such as the type of feeding.25,28–30 However, the role of the first
NEFT inserted into a neonate immediately after birth in the early
gut colonization remains unknown. In this context, the main
objective of this study was to evaluate the initial bacterial
colonization of the first NEFT in hospitalized preterm infants and
the evolution of the bacterial populations in subsequent NEFTs

and in their feces using a culturomic approach. The impact of the
type of feeding, the antibiotherapy, and the use of probiotics in
the colonization pattern of NEFT-derived and fecal samples was
also evaluated.

MATERIALS AND METHODS
Ethics statement
The Ethical Committee on Clinical Research of La Paz University Hospital,
Madrid (Spain) approved the study (Code: HULP PI-3199; date 27 June
2018). The collection of samples and clinical information was done after
gathering the written consent from the legal guardians of the children who
participated in this study, who were previously informed of all the
protocols.

Subjects and study design
This study included 30 preterm children born at the La Paz University
Hospital, Madrid (Spain) from April to October 2018, whose demographic
characteristics and relevant clinical data are summarized in Table 1.
Subjects recruited for this study were born at a gestational age <32 weeks
and admitted to the NICU. Exclusion criteria included preterm infants with
malformations or congenital metabolic diseases. Enteral feeding was
introduced after birth using NEFTs. All participants were fed by gravity,
every 3 h and eight times a day (as a general rule). More details regarding
nutrition policy in the NICU are included in the Supporting information file
(S1). Infants were arbitrarily classified into three groups according to the
type and the proportion of feeding received, as follows (Table 1): (a) those
for whom OMM represented >75% of the feeds (OMM group; n= 13); (b)
those for whom DHM represented >75% of the feeds (DHM group; n= 5);
and (c) those receiving OMM and/or DHM in other proportions and/or
formula milk (mixed feed, MF group; n= 12). Feeding type was daily
assessed all over the study. The feeding of 12 infants (40%) was
supplemented with Limosilactobacillus reuteri (formely known as Lactoba-
cillus reuteri) DSM 17938 (BioGaia ProTectis drops) (five drops a day,
equivalent to 108 CFU).
Samples of meconium (Me), feces, and NEFTs were collected over the

first 17 days of life of the preterm following the experimental design
shown in Fig. 1. The first spontaneously evacuated Me was collected at day
1.1 (0.3–1.8) (median [interquartile range [IQR]), the first set of samples
(NEFT-1 and F1) were collected on day 3. The second set of samples (NEFT-
2 and F2) were collected on day 9 and the third set (NEFT-3 and F3) on day
17 (see Supplementary Table S1 for individual data). All NEFTs obtained in
this study were inserted into the infants (per protocol) for 2.0 (2.0–2.2) days
(median [IQR]) (Fig. 1; see Supplementary Table S2 for individual data).
All samples were collected by the medical staff and nurses of the

Neonatology Unit of the hospital. Fecal samples were collected from the
diaper of each infant using disposable sterile spatulas, placed in a sterile
tube, and stored at −80 °C until processing. NEFTs were removed from the
infants at different times (Fig. 1) after the last feeding received (3 h post-
feeding as standard, except in case of hypoglycemia, in which feeding
needs to be more frequent and this interval could have been shortened)
using sterile gloves, placed into sterile plastic bags and frozen at −80 °C.
Collected samples were then transferred to the laboratory where they were
kept at −80 °C until processing. An ID number was assigned to all the
NEFTs and fecal samples to unequivocally carry out data analysis at the
end of the study.

Sample processing
For bacterial analysis of NEFTs, the external part of NEFTs was first cleaned
with 70% (v/v) ethanol. To determine the bacterial population inside the
NEFTs, a three-step procedure was followed. The first two steps were based
on the protocol described by Petersen et al.10 In the first step, the residual
liquid inside the tube lumen was flushed into a 50ml tube. Then, 4 ml of
0.85% (w/v) sterile saline were pumped into the NEFT with a syringe to
remove loosely attached microorganisms, and the collected fluid was
added to the first tube. Finally, we proceed to remove the biofilm from the
inner surface of the NEFT; for this purpose, the cleaned device was first cut
into several pieces of ~2 cm length using sterilized scissors. Then, all the
pieces were placed into a tube containing 10ml of sterile saline and the
tube was vortexed for 1 min. The suspension was mixed with the fluid
obtained after the first two steps and centrifuged at 31,231 × g for 10 min
at 4 °C. The pellet was suspended in 4 ml of sterile saline and divided into
four aliquots (1 ml each), which were stored at −80 °C for further analysis.

Table 1. Demographic and clinical characteristics of the preterm
infants.

Characteristics N (%)

Gender

Male 10 (33)

Female 20 (67)

Delivery type

Vaginal 5 (17)

Cesarean section 25 (83)

Birth

Single birth 11 (37)

Multiple birth 19 (63)

Antibiotherapy

No 10 (33)

Yes 20 (67)

Probiotic treatment

No 18 (60)

Yes 12 (40)

Type of feeding

OMM (>75%) 13 (43)

DHM (>75%) 5 (17)

Mixed feeda 12 (40)

Median Range

301 246–315

1273.7 (321.7) 560.0–1860.0

OMM own mother’s milk, DHM donor human milk.
aMixed feed: infants received OMM and/or DHM and/or formula milk from
birth (Supplementary Table S3 for Supplementary information).
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Culture analysis and identification of the isolates
To determine the viable bacterial counts in NEFTs, the cell suspension
obtained in the section “Sample processing,” and immediately after
processing (i.e., prior freezing) was decimally diluted, and 20 μl of the
pertinent dilutions were plated on different culture media: Man, Rogosa,
and Sharpe (MRS; Oxoid, Basingstoke, UK) agar plates supplemented with
L-cysteine (0.5 g/l) (MRScys) (Sigma, St. Louis, MO) for isolation of
lactobacilli and other lactic acid bacteria; Columbia agar with nalidixic
acid and colistin (CNA, Oxoid) for isolation of Gram-positive cocci;
Pseudomonas Agar Base (PAB, Oxoid) for isolation of Pseudomonas spp.;
and MacConkey (MCK, Oxoid) for isolation of Enterobacteriaceae. In
addition, Brilliance MRSA 2 Agar (MRSA), Brilliance VRE Agar (VRE), and
Brilliance CRE Agar (CRE) (Oxoid) were also included for the isolation of
methicillin-, vancomycin-, and carbapenem-resistant bacteria, respectively.
All plates were incubated for 48 h at 37 °C under aerobic conditions, except
MRScys plates that were incubated anaerobically (85% nitrogen, 10%
hydrogen, and 5% carbon dioxide) in an anaerobic workstation (MINI-
MACS, DW Scientific, Shipley, UK). For microbial analysis of infant feces, 0.1
g of each stool sample was mixed with 0.9 g of peptone water. Once fully
homogenized, the sample was decimally diluted and 20 μl of the pertinent
dilutions were spread on the culture media described above. Bacterial
counts were expressed as colony-forming units (CFU) per ml of Me or
feces, or and as CFU/cm2 in the case of the NEFT content.
At least one representative of each colony morphology was selected from

the agar plates and spread on Brain Heart Infusion (Oxoid) or MRScys agar
plates to check for purity. Identification of the isolates at the species level was
carried out by Sanger sequencing of the 16S ribosomal RNA (rRNA) gene
following the protocol described in ref. 31. For this, purified PCR products were
sequenced (STAB VIDA, Caparica, Portugal) and after obtaining the partial 16S
rRNA region nucleotide sequence, all sequences were identified using BlastN
(version 2.10) with the 16S rRNA database of NCBI.

Statistical analysis
Microbiological data (recorded as CFU/ml) were transformed to logarithmic
values before statistical analysis. The statistical analyses were performed
with the R software (×64) 4.0.3 desktop version. The normality of data
distribution was analyzed using the Shapiro–Wilk test, evidencing non-
normal distribution for all tested variables (p < 0.05). Accordingly,
concentrations of microorganisms were expressed as median and IQR

values and analyzed using nonparametric statistical tests. Differences over
time in median bacterial counts in NEFTs and fecal samples where bacterial
growth was detected in the culture media tested were evaluated using
Friedman’s tests with pairwise comparisons using Nemenyi post hoc tests
for unreplicated blocked data using the R package PMCMRplus.32

Detection frequency (n) comparisons over time in NEFTs and fecal samples
in the culture media tested were performed using the Cochran’s Q tests
with false discovery rate post hoc tests for pairwise comparisons using the
R packages RVAideMemoire33 and rcompanion,34 respectively.
In order to evaluate differences in the microbial populations in NEFTs

and feces in the culture media tested according to the type of feeding, the
antibiotic therapy, and the probiotic treatment, the Wilcoxon’s rank tests
for variables with two factors and the Kruskal–Wallis tests for variables with
three factors were applied using Bonferroni p value adjustment for
pairwise comparisons. Differences were considered significant at p < 0.05
for all analyses. Heatmaps were performed with the Gplots package 3.1.1
version of the R software.35 The cladograms were performed with the
Hclust hierarchical cluster analysis with complete linkage method from the
R’s core package “stats”. To estimate the diversity of the samples, Shannon
and Simpson diversity indexes were performed with the R vegan package
(version: 2.5.6).36 Comparisons over time of diversity indexes in NEFT and
fecal samples were performed with the Friedman’s test with pairwise
comparisons using Nemenyi post hoc tests.

RESULTS
Culture analysis of NEFTs and fecal samples
In total, 90 NEFT-derived and 120 Me/fecal samples were
collected. In Fig. 2 are displayed the median (IQR) counts over
time on different culture media in NEFTs (a) and in Me/fecal (b)
samples where growth was detected.
Regarding NEFT-1 samples (N= 30) bacterial populations were

dominated by Gram-positive microorganisms detected in 33%, 13%,
and 23% of the samples plated on CNA, MRScys, and MRSA,
respectively, with a median count of about 3 log10 CFU/cm

2. Growth
was not detected in four of the culture media tested: VRE, MCK, PAB,
and CRE (Fig. 2a). The detection frequency (n) or the number of
samples where bacterial growth was detected significantly increased

Me: meconium NEFTs insertion time (days) [median (IQR)]

NEFT-3: 2.0 (2.0–2.2) d

17159731Delivery 16141312111086542

F3: 17 (17–18) d

NEFT-2: 2.0 (2.0–2.2)dNEFT-1: 1.9 (1.8–2.1) d
F1: 3 (2–3) d

Me
1.1 (0.3–1.8) d

NEFT-1
lnsertion

0.4 (0.2–0.4) d

NEFT-2
lnsertion
7 (6–8) d

NEFT-3
lnsertion

15 (14–15) d

F2: 9 (9–11) d

Time at sample collection (days) [median (IQR)]

Time at Me collection (days) [median (IQR)]

NEFT: nasogastric enteral feeding tube

F: feces

Fig. 1 Experimental design. Fecal (F) and nasogastric enteral feeding tube (NEFT) samples were collected over the first 17 days of life of 30
preterm children. Days highlighted in light grey correspond to those of NEFTs insertion. The median (IQR) time (days) of this step is included
in the boxes below. Days highlighted in light orange correspond to those in which samples (F and NEFTs) were taken. Median (IQR) values of
the time at sample collection (days) are included in the boxes marked with the same color. In grey is represented the day samples of the first
spontaneously evacuated meconium (Me) were taken. In the box below is included the median (IQR) value of the time (days) at Me collection.
In all the children, NEFT-1 is the first device inserted into the preterm after birth. In the end, for every participant, the following set of samples
were collected: one sample of Me and three sets of NEFT-F matching samples at day 3 (NEFT-1 and F1), day 9 (NEFT-2 and F2), and day 17
(NEFT-3 and F3) of the study.

J. Jara Pérez et al.

840

Pediatric Research (2022) 92:838 – 847



from sampling times 1 to 2 (p≤ 0.001), except in VRE and CRE plates
where bacterial growth was only detected in one and seven NEFTs
samples, respectively (Fig. 2a and Supplementary Table S4). Bacterial
median counts followed the same trend, increasing significantly (p<
0.001) from NEFT-1 to NEFT-2, particularly the populations of
Enterobacteriaceae, Pseudomonas spp., and carbapenem-resistant
microorganisms (Fig. 2a and Supplementary Table S4).
As for fecal samples, vancomycin- and carbapenem-resistant

microorganism were not recovered from Me and F1 samples,
respectively. In all the culture media, fecal median counts
increased significantly over time (p < 0.001), especially from
sampling times 1 to 2 (Fig. 2b and Supplementary Table S5). At
the end of the study (F3) median counts in the three media for the
detection of resistant microorganisms (i.e., MRSA, VRE, and CRE)

were 5.6, 4.3, and 4.0 log10 CFU/ml, respectively (Fig. 2b and
Supplementary Table S5).
A heatmap of the NEFT samples according to the bacterial

growth in the different media showed four well-defined groups
(Fig. 3). The central cluster (cluster I) included most of the
collected NEFT-1 samples, which was characterized by the
absence of cultivable bacteria in the media and incubation
conditions tested in this study. A second cluster (cluster II)
included samples belonging to the three sampling times although
it was richer in NEFT-1 and NEFT-2 samples. They were
characterized by the presence of Gram-positive bacteria (able to
grow on CNA) and, less frequently, of methicillin-resistant
microorganisms. A third group (cluster III) included most of the
NEFT-2 samples and some of the NEFT-1 and NEFT-3 ones,
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Fig. 2 Median counts on different culture media in positive samples of NEFTs and feces over time. Comparisons over time of median
counts on different culture media in NEFTs (a) and fecal (b) samples where bacterial growth was detected. Boxes show the median and
interquartile range (IQR) of the samples where growth was detected. Numbers in brackets below each time point indicate the number of
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Brilliance: MRSA 2 Agar for the isolation of methicillin-resistant bacteria, VRE Brilliance: VRE Agar for the isolation of vancomycin-resistant
bacteria, MCK: MacConkey for isolation of Enterobacteriaceae; PAB: Pseudomonas Agar Base for isolation of Pseudomonas spp., CRE Brilliance:
CRE Agar for isolation of carbapenem-resistant bacteria.
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displaying an abundance of Gram-positive microorganisms able to
grow on CNA, MRScys, and MRSA plates and the absence or low
counts (<2 log10 CFU) in the media supporting growth of Gram-
negative bacteria. In contrast, the fourth cluster (cluster IV)
included most of the NEFT-3 samples, which showed a wider
diversity and higher Enterobacteriaceae (MCK) counts (Fig. 3).
Fecal samples were also clustered in four groups (Fig. 4). Cluster

I grouped most of the Me and F1 samples. Cluster II showed a
profile similar to NEFT-related cluster II (concretely, Gram-positive
bacteria able to grow in CNA and MRSA). Cluster III included some
F1 and F2 samples, while cluster IV grouped F2 and F3 samples
with a profile similar to that of NEFT-related cluster II.

Diversity of bacterial isolates in NEFT and fecal samples
A total of 561 isolates were obtained, including 205 (37%) from
NEFTs and 356 (63%) from Me and feces. In relation to NEFTs, 25
(12%), 63 (31%) and 117 (57%) isolates were recovered from NEFT-
1, NEFT-2, and NEFT-3 samples, respectively. In relation to fecal
samples, 61 (17 %) isolates were obtained from Me and
F1 samples, 117 (33%) from F2, and 178 (50%) from F3 (Fig. 5a).
Identification of the isolates revealed that most of them

belonged to 11 genera (Fig. 5b). The genus Staphylococcus was
the most abundant (216 out of the 561 isolates) in all the samples
independently of the collecting time (Fig. 5b), being particularly
dominant in Me and F1 samples (74% and 54 % of the isolates,
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respectively). The relative abundance of the 11 species belonging
to this genus is shown in Fig. 5d. Independently of the sampling
time, Staphylococcus epidermidis was the most abundant species,
followed by Staphylococcus capitis and Staphylococcus haemolyti-
cus. Other staphylococcal species were sporadically isolated as the
hospitalization time increased. The profiles of staphylococcal
species found in NEFTs samples were similar to those observed in
their matched fecal samples (Fig. 5d). Isolates belonging to the
genera Enterococcus and Lactobacillus were also identified in these
samples, although their detection frequencies were significantly
lower (p < 0.05) (Fig. 5c). The presence of members of the genus
Enterococcus (75 isolates) and the family Enterobacteriaceae (128
isolates) increased over time. Among the family Enterobacter-
iaceae, the genus Klebsiella was the most abundant (39 isolates)
(Fig. 5c).
Both types of samples showed a significant increase in bacterial

diversity from sampling times 1 to 3 (p < 0.05) assessed using the
Shannon and Simpson diversity indices (median [MIN–MAX])
(Supplementary Table S6 and Supplementary Fig. S1). Indeed, α-
diversity measured with the Shannon diversity index increased
significantly (p < 0.05) from 0.32 [<0.01–0.95] to 1.10 [<0.01–1.75]
from NEFT-1 to NEFT-3 and from 0.64 [<0.01–1.28] to 1.39
[<0.01–1.89] from Me/F1 to F3, respectively.
The diversity and number of isolates obtained from those media

specifically designed for the isolation of antibiotic-resistant

bacteria are shown in Fig. 6. The number of isolates able to grow
in the presence of methicillin (188 isolates) was six times higher
than that isolated in the presence of vancomycin and carbape-
nems, whose numbers were similar (30 and 27 isolates,
respectively). S. epidermidis (88 isolates) was the dominant species
among methicillin-resistant isolates. Most of the vancomycin-
resistant isolates belonged to the species Enterococcus faecalis and
Enterobacter hormaechei (33% and 26%, respectively).
Carbapenem-resistant isolates were detected in the samples
collected on day 17 and some species of Enterobacter were more
abundant in the NEFT samples than in the fecal ones. E.
hormaechei (33%) was also the most abundant species among
this group.

Effect of type of feeding, antibiotherapy, and probiotic
treatment in NEFTs and feces colonization
Potential associations between type of feeding, antibiotherapy,
and probiotic treatment and the median (IQR) counts on the
different culture media in NEFT-3 and F3 samples are included in
Table 2. A similar analysis was performed for samples taken at
times 1 and 2 and no statistically significant differences were
obtained (Supplementary Table S7). Globally, the feeding type was
not a significant driving factor neither in the bacterial profile of
NEFT samples nor in the fecal ones, except for the Enterobacter-
iaceae counts in the case of the NEFT samples (p= 0.018).
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Antibiotic treatments had no impact on the median values of the
bacterial counts, except for Pseudomonas spp. counts in NEFT
samples (p= 0.01), where antibiotherapy was linked to an increase
(>2 log10 CFU/cm2) in the median values. As for the probiotic
treatment, 94% of the L. reuteri isolates (in total, 34) were
recovered from those children whose feeding was supplemented
with L. reuteri DSM 17938 (BioGaia ProTectis drops). Genotyping of
these NEFTs and fecal isolates by random amplification poly-
morphism DNA showed that 53% (18) of the strains had the same
profile as the commercial one (data not shown). When comparing
the samples from infants with and without probiotic intervention,
a concomitant reduction was observed in the median values of
fecal MRSA and MRScys counts in the first group (p= 0.011 and
0.042, respectively).

DISCUSSION
Microbial colonization of preterm infants is highly conditioned by
prematurity itself but, also, by the circumstances that surround
them during their NICU stay. In fact, the length of hospitalization is
considered a factor that has a profound impact on the microbial
colonization of the preterm infant.37 Since a high proportion of
these infants are fed through NEFTs, these devices could serve as
connectors between the environment and the intestinal micro-
biota. Therefore, the objective of this work was to study the
potential parallelisms between NEFTs and fecal bacterial popula-
tions during the first 17 days from birth.
NEFT-1 showed a colonization profile different from the rest of

the samples (and dominated by staphylococcal isolates) suggest-
ing the first colonizers may arise from the feeding (OMM-fed
neonates), the skin microbiota of the neonates, parents and/or
hospital workers, and/or from the hospital environment. A
relevant proportion (23%) of the NEFT-1 cultivable bacteria were
isolated in the presence of methicillin, indicating that the impact
of the hospital environment on preterm colonization starts
immediately after birth as described in previous studies.37 On
the contrary, other authors did not find antibiotic-resistant isolates
in NEFTs samples during the first days of life despite almost half of
them received antibiotherapy.10,38

The culture-based analysis of NEFT samples revealed a
significant increase of the detection frequency and the bacterial
load with time, except for vancomycin- and carbapenem-resistant
microorganisms. In our study, NEFT-2 and NEFT-3 samples were
mostly colonized by species belonging to the genera

Staphylococcus and Enterococcus, and to the family Enterobacter-
iaceae. These results agree with the findings of previous studies in
which these bacterial groups were dominant inside
NEFTs.10,16,19,25,28 Their ability to form dense biofilms rapidly
may provide them with a competitive advantage to colonize the
inner surfaces of these devices.39 In addition, the lower gastric
acidity that characterizes preterm neonates may also favor their
growth in this environment.27

The role of NEFTs as reservoirs of potentially pathogenic
microorganisms has been described in previous works.19,40 The
inner surface of these devices is rather prone to be colonized by
biofilm-forming microorganisms, which find optimal conditions
for adhesion and proliferation, including a hydrophobic surface
(silicone, PVC), constant supply of nutrients, and optimal growth
temperature.41 Thick biofilm structures have already been
observed within NEFTs, even 24 h after their insertion in the
neonates.16 Probably, a relevant part of the bacterial load detected
inside the feeding tubes in our study were biofilm-associated
bacteria since the NEFTs remained 48 h inside the patients.
Residues of the feedings provided through the NEFTs can
positively influence the adhesion capacity of some
microorganisms.16,29 In addition, the initial establishment of
certain microorganisms, including Staphylococcus spp., on a
surface may facilitate the adhesion of others, which will contact
later with the same surface.42–44 All these features suggest that
NEFTs can function as bidirectional routes for microbial exchange
between the hospital environment and the infant gut.15

The fecal microbial pattern of NICU patients seems to be very
similar among those neonates that share the same unit. In fact, the
existence of a specific NICU-related microbiota has already been
proposed14,15 and, overall, our data reinforce such a proposal and
agree with previous works on the composition of the intestinal
microbiota of preterm infants.16,45–47 In our study, staphylococci
were dominant in the first samples but decreased over time,
coinciding with the increase in the populations of enterococci and
Enterobacteriaceae, which compete for nutrients and space to
colonize the same biological niche. Similar shifts in the fecal
cultivable bacteria after the first weeks of life have already been
described for both preterm and term infants.30,48,49 Moreover, the
probability of cross-transmission between patients hospitalized in
the same NICU increases over time,50,51 which may partly explain
why the bacterial profiles of NEFT-3 and F3 samples were more
homogeneous than those observed in NEFT-1, Me, and F1, in
which a higher degree of individual variability was observed.
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The impact of feeding on the development of the intestinal
microbiota of the newborn has been demonstrated in several
works. In general, infants fed with OMM have a higher relative
abundance in Lactobacillales and Clostridiales and more diversity
than those who receive other types of feeding (formula or
pasteurized DHM).52–54 In agreement with previous works,30,37 we
observed that Enterobacteriaceae counts were higher among
patients from the DHM group (who mostly received pasteurized
donor milk) than in those from the OMM or MF groups. This
suggests that some of the components of unpasteurized human
milk (soluble immune factors, immune cells, bacteria or human
milk oligosaccharides, among others) may participate in the
shaping of the preterm gut microbiota.54–56 Currently, the actual
impact of the feeding type in the colonization of preterm infants is
relatively unknown since, in practice, it is very difficult to form
groups of infants exclusively fed with OMM, exclusively fed with
DHM, and exclusively fed with formula. Interestingly, feeding
supplementation with the probiotic L. reuteri DSM 17938, a strain
originally isolated from human milk, led to reduced values of
methicillin-resistant counts, reinforcing the fact that some
probiotic strains can stimulate the growth of lactobacilli and
successfully compete with staphylococci.10,57,58 A concomitant
reduction in Gram-positive counts (MRScys) was registered,
probably due to the inhibition of the staphylococcal population
that grows in this medium (approximately 10% of the staphylo-
cocci in this study were isolated from MRScys).
The administration of antibiotics to the preterm significantly

increased the population of Pseudomonas spp. in the NEFTs,
suggesting that antibiotherapy confers certain advantages to
some specific Gram-negative bacteria that are intrinsically
resistant to several antibiotics as previously reported in the case
of Pseudomonas aeruginosa.59 Other studies have shown that
antibiotics can greatly disrupt the diversity of the intestinal
microbiota of preterm infants.38,60–62 In the short timespan
covered by our study we did not observe such changes (at least
in the microbial groups here analyzed) although 67% of the
preterm infants in this study took antibiotics during their hospital
stay. On the other hand, this approach only covers microorgan-
isms that are cultivable under these conditions. Thus, we cannot
discard other species that could be affected by these variables.
Interestingly, NEFTs and fecal samples of some of the infants

harbored E. hormaechei isolates that exhibited resistance to
methicillin in a sampling time, and resistance to vancomycin and
carbapenems in the following sampling time. Further studies are
required to elucidate if such isolates belong to different clones or if
they belong to the same clone or strain that, as a consequence of the
selective pressure, has acquired successive resistances through
chromosomal mutations or through the acquisition of transmissible
antibiotic resistance genes. Living within a biofilm, such as those
formed within NEFTs, facilitates the exchange of genetic material
through horizontal gene transference mechanisms,63 and, therefore,
bacterial communities inside NEFTs could act as reservoirs of
antibiotic resistance genes in the hospital setting.64,65

To summarize, this study demonstrates that the strong
influence exerted by the hospital environment on the colonization
of preterm infants starts immediately after birth. Our results show
a parallel colonization of feces and NEFTs during the first 2 weeks
of life, supporting the idea that there is an ongoing bidirectional
transfer of microorganisms from the neonatal gut to the NEFT and
vice versa. As NEFT populations seem to reflect the bacteria that
are colonizing the preterm infants in a precise moment, their
knowledge could be extremely useful to prevent the dissemina-
tion of antibiotic-resistant bacterial clones in the NICU and may
guide future strategies to modulate the composition of the biofilm
through the artificial creation of “healthier” NEFT bacterial
populations before their use in neonates.

Limitations
The samples collected for this work were frozen at the hospital
upon receipt and stored at −80 °C until processing. Under these
conditions, those microorganisms especially sensitive to
freeze–thaw cycles could have been not fully recovered. On the
other hand, freezing is the most widely used method for the
preservation of biological samples. Although we are conscious
that this is a limitation of the study, the results here obtained
represent a valuable contribution to the temporal evolution of the
living bacterial communities that are colonizing the preterm
complementing metataxonomic approaches in which the physio-
logical state of the microorganisms is disregarded.
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