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Abstract

The purpose was identify an association between meconium microbiome, extra-uterine
growth restriction, and head circumference catch-up. Materials and methods: Prospective
study with preterm infants born <33 weeks gestational age (GA), admitted at Neonatal Unit
and attending the Follow-Up Preterm Program of a tertiary hospital. Excluded out born
infants; presence of congenital malformations or genetic syndromes; congenital infections;
HIV-positive mothers; and newborns whose parents or legal guardians did not authorize
participation. Approved by the institution’s ethics committee. Conducted 16S rRNA
sequencing using PGM lon Torrent meconium samples for microbiota analysis. Results:
Included 63 newborns, GA 30+2.3 weeks, mean weight 1375.80+462.6 grams, 68.3% ade-
quate weight for GA at birth. Polynucleobacter (p = 0.0163), Gp1 (p = 0.018), and Prevotella
(p =0.038) appeared in greater abundance in meconium of preterm infants with adequate
birth weight for GA. Thirty (47.6%) children reached head circumference catch-up before 6
months CA and 33 (52.4%) after 6 months CA. Salmonella (p<0.001), Flavobacterium (p =
0.026), and Burkholderia (p = 0.026) were found to be more abundant in meconium in the
group of newborns who achieved catch-up prior to 6th month CA. Conclusion: Meconium
microbiome abundance was related to adequacy of weight for GA. Meconium microbiome
differs between children who achieve head circumference catch-up by the 6th month of cor-
rected age or after this period.

Introduction

The balance between the host and intestinal microbes is protective to health [1-3]. Gut micro-
biota is essential for suitable nutrient absorption, energy storage, and immune response, and
it’s also responsible for multiple metabolic tasks, including production of essential vitamins,
fermentation and breakdown of oligosaccharides and production of short-chain fatty acids
and gases [4, 5]. However, for the microbiota to perform such tasks, the host must maintain a
favorable gut environment.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238632 September 21, 2020

1/18


http://orcid.org/0000-0002-7681-5463
http://orcid.org/0000-0002-2982-2652
https://doi.org/10.1371/journal.pone.0238632
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238632&domain=pdf&date_stamp=2020-09-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238632&domain=pdf&date_stamp=2020-09-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238632&domain=pdf&date_stamp=2020-09-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238632&domain=pdf&date_stamp=2020-09-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238632&domain=pdf&date_stamp=2020-09-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238632&domain=pdf&date_stamp=2020-09-21
https://doi.org/10.1371/journal.pone.0238632
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Meconium microbiome and neonatal catch growth

The mechanisms by which microbiota formation occurs via placenta and amniotic fluid are
still not fully elucidated. Some studies support the hypothesis that fetal intestinal microbiome
is derived from the swallowing of amniotic fluid containing bacteria [6, 7]. The mechanism
related to this hypothesis is that maternal bacteria might translocate through maternal blood-
stream, achieving other organs and systems, reaching amniotic fluid also [8] Yet, more studies
are needed in order to better elucidate mechanisms involved in microbiota formation via pla-
centa and amniotic fluid [9, 10].

There is evidence of a gut-brain axis, linking gut microbiota and the development of ner-
vous system function. The maintenance of this bidirectional communication between central
and enteric nervous system evolves endocrine, immune and neuronal pathways and it’s essen-
tial for neurological development and brain growth [11, 12].

For many reasons preterm infants are also high-risk infants for impaired growth, nutrition
and neurodevelopment; and the possible early dysbiosis might interfere on microbiota meta-
bolic capacity, and consequently alter nutrient absorption, influencing growth and neurodeve-
lopment [1, 13].

A better understanding of microbiome variation may allow the early detection of a subpop-
ulation of preterm infants at higher risk for growth and developmental impairment during fol-
low-up. Thus, we aimed to identify and describe the composition of the microbiota of the first
meconium of preterm infants. We also aimed to verify if there was an association between
microbiota composition with restricted extra-uterine growth and with head circumference
catch-up after discharge, both important growth variables that may influence the neurodeve-
lopmental outcomes.

Material and methods

The study was approved by the Institutional Ethics Committee of Hospital de Clinicas de Porto
Alegre and Brazilian review board. All mother or legal guardian had provided written informed
consent. This was a prospective cohort study including preterm infants gestational age <33
weeks, born and admitted at the Neonatal Unit and attending the Follow-Up Preterm Program
of a tertiary hospital in Porto Alegre, RS. Infants born in another hospital, presence of congeni-
tal malformations or genetic syndromes, congenital infections, and HIV+ mother were exclu-
sion criteria. Data collection started following Institution Ethics Committee approval (140009 -
n°1.388.950). Clinical data and sample characterization were prospectively recorded and associ-
ated to meconium microbiome sequencing data bank. Maternal variables studied were: mater-
nal age, mode of delivery, maternal antibiotics, presence of urinary tract infections (urine
culture test positive and clinical signs), or clinical chorioamnionitis (maternal fever, uterine
hypertonia, malodorous or purulent amniotic fluid, maternal leukocytosis or fetal tachycardia),
preeclampsia, and gestational diabetes. Preeclampsia was defined as presence of hypertension
(blood pressure > 140/90 mmHg after 20 weeks of gestation with significant proteinuria). For
gestational diabetes, fasting was > 92g/dL or glycemia of >153 g/dL following oral glucose tol-
erance test, with onset during pregnancy. Neonatal variables: gender, birth weight, gestational
age (determined by the best obstetrical estimate, including first trimester ultrasound and/or last
menstrual period date, confirmed by pediatric physical examination immediately after birth),
being appropriate-for-gestational-age (AGA), small-for-gestational-age (SGA: below the 10th
percentile according to reference curve), intrauterine growth restriction (below 3rd percentile).
We also looked at hospitalization data to verify periintraventricular leukomalacia, necrotizing
enterocolitis, early and late sepsis, hospitalization after discharge, and use of anticonvulsant.

Following NICU discharge, patients were referred to the Follow-Up Program. According to
the routine of the institution, all children have monthly appointments up to 6 months of
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corrected age. Routine also includes anthropometric measurement (weight, length, head cir-
cumference). For this study, we evaluated head circumference at 2, 4, and 6 months corrected
age in order to identify those patients for whom catch-up head circumference was achieved
before or after 6 months corrected age. Catch-up was defined as a > 0.67 z-score variation
between two consecutive z-scores [14]. Fenton Growth Calculator for Preterm Infants (2013)
[15] was used to generate birth data z-scores, as well as to determine adequacy of weight for
gestational age; and WHO Anthro, 3.2.2 version (2011) was used for z-scores from follow-up
period. Both software take into account gender and age, with age being corrected for preterm
infants. Standardized equipment for measuring the infants was used by a trained researcher
(ACT). Weight was measured using a digital scale, accurate to within 5g (ELP, 25BBA, Bal-
mak®), with the infant wearing no clothes. Length was measured to the nearest centimeter in
horizontal position using a length board accurate to 0.1 cm, with the infant lying down. Head
circumference was measured using a non-stretch tape, accurate to 0.1 cm, placed on the broad-
est part of the forehead above eyebrows, above the ears, and around the most prominent part
of the back of the head.

Feeding practices, regarding type of milk the infants were receiving (mother’s milk, infant
formula, or cow’s milk) were evaluated, from hospital discharge up to six months corrected
age.

Meconium collection samples

After the mother or legal guardian had provided written informed consent, the first meconium
passed by the infant was collected from diaper in sterile conditions, immediately stored at
-80°C in a cryogenic storage Dewar, and transported to a laboratory where microbial DNA
extraction and microbial community composition analysis was performed. This collection
occurs mandatorily before the newborn receives any enteral feeding, as some studies suggest
differences in microbial colonization between breastfed infants and formula-fed infants [16].

Microbial DNA extraction, amplification, and sequencing

Microbial DNA was isolated from 180 mg of each meconium sample using the QIAamp Fast
DNA Stool Mini Kit (Qiagen, Valencia, CA, USA), in accordance with manufacturer instruc-
tions. DNA quality was verified by spectrophotometry in a NanoVue™ system (GE Healthcare,
Chicago, IL, USA). All DNA samples were stored at -80°C until use. V4 region of 16S rRNA
gene was amplified and sequenced using ION PGM™ Ion Torrent (Thermo Fisher Scientific,
Waltham, MA, USA), with primers 515F and 806R. Multiple samples were amplified by poly-
merase chain reaction (PCR) using barcoded primers linked to adapter “A” sequence (5'-CC
ATCTCATCCCTGCGTGTCTCCGACTCAG-3’) and “P1” sequence (5'-CCTCTCTATGGGC
AGTCGGTGAT-3') to obtain a primer sequence composed for the A-barcode-806R and P1-
515F adapter and primers. PCR reaction final volume was 25 pL. Each mix consisted of 2U
Platinum® Taq DNA High Fidelity Polymerase (Invitrogen, Carlsbad, CA, USA), 4 L 10X
High Fidelity PCR Buffer, 2 mM MgSO4, 0.2 mM dNTPs, 0.1 uM of both primers described
above, 25 pg UltraPure BSA (Invi-trogen, Carlsbad, CA, USA), and approximately 50 ng of
template DNA.

PCR conditions used were: 95°C for 5 min, 35 cycles at 94°C for 45 s, 56°C for 45 s, and
72°C for 1 min, followed by 72°C for 10 min. Resulting PCR products were purified with
Agencourt® AMPure® XP Reagent (Beckman Coulter, La Brea, CA, USA) and quantified
using the Qubit Fluorometer kit (Invitrogen, Carlsbad, CA, USA), following manufacturer
recommendations.
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Finally, reactions were combined in equimolar concentrations to create a mixture com-
posed of amplified fragments of 16S gene from each sample. This composite sample was used
for library preparation with OneTouch™ 2 Ion system using the ION™ PGM Template 400
OT2 kit (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing was performed using
commercially available ION PGM™ Sequencing 400 kit on an ION PGM™ System, using an
Ion 318™ Chip v2, with a maximum of 40 samples per microchip.

Sequence processing for analysis

Fastq files exported from ION PGM™ system were analyzed following recommendations from
Brazilian Microbiome Project (BMP) [17], using the BMP Operating System [18]. Briefly, an
Operational Taxonomic Unit (OTU) table was compiled using UPARSE pipeline [19] wherein
sequences were truncated at 200 base pairs and quality filtered using a maximum expected
error cutoff of 0.5. Sequences were clustered into OTUs using a 97% similarity cutoff, and chi-
meric sequences were removed. Taxonomic classification was performed in QIIME software
environment [20], based on UCLUST method, against Greengenes 13.5 database [21], with a
confidence limit of 80%. Sampling effort was estimated using Good’s coverage formula [22].
For downstream analysis, the data set was filtered by removing Chloroplast/Cyanobacteria
sequences and only OTUs with more than 5 sequence reads were kept before rarefying all sam-
ples to 5379 sequences each [23].

Functional prediction for the gut microbiome was performed using PICRUSt 24]. For that,
the raw 16S rRNA dataset was prepared following the instructions of Langille et al. (2013) [24].
After quality filtering and trimming, OTUs were picked against the Greengenes [21] database.

Statistical analyses

Data obtained were stored in a database constructed for this specific purpose, using Excel soft-
ware. Afterwards, data were processed and analyzed using PASW (SPSS) software, 18.0 version
(Statistical Package for Social Sciences). Results are expressed as mean + Standard Deviation
(SD), minimum and maximum values, or median and interquartile (p25-p75). Differences
between medians were analyzed with Mann-Whitney test. Between-groups differences were
analyzed by T test, Qui Square, and ANOVA when more than two groups were analyzed.

Microbiome database was imported into R (R Development Core Team, 2008) to assess
structural differences in the microbial community and detect possible confounders; a compo-
sitional dissimilarity matrix was generated based on the Bray-curtis distances between samples
using the phyloseq package [25]. The matrix was used in a nonparametric Multivariate Analy-
sis of Variance (PERMANOVA) with the Adonis function available in the vegan package [26].
To estimate alpha diversity, microbial dominance and Shannon diversity index were calculated
and plotted using the "phyloseq" package [25]. Alpha diversity measurements were tested for
normality with Shapiro-Wilk test and variables were compared by Kruskal-Wallis rank sum
test. Differential abundance analysis was performed with DESEq2 [27]. The p-values were
adjusted for multiple comparisons using the FDR method.

For the functional prediction of the gut microbiota, functions were categorized by the third
KEGG Pathway Hierarchy Level and hypothesis testing was performed with two-sided White’s
non-parametric t-test. Hypothesis testing and plotting were done using STAMP [28] Only fea-
tures with a difference in proportion of 0.1 (Effect size > 0.1) were considered as active.

Results

Eighty-seven samples were collected. Eleven were excluded for not being sterile, six did not
have enough material for analysis, and in seven it was not possible to determine microbial
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DNA. In total, for this study we analyzed 63 meconium samples of preterm infants, of whom
30 (47.6%) were boys, with mean gestational age of 30+2.3 weeks. Mean weight, length, and
head circumference at birth were 1375.80+462.6 grams, 38.0+4.0 centimeters, and 27+2.7 cen-
timeters, respectively. Mean maternal age was 25.95+6.5 years, and 45 (71.4%) infants were
delivered by C-section. Prevalence of preeclampsia, gestational diabetes, and urinary tract
infection was 16(25.4%), 7 (11.1%), and 7 (11.1%), respectively. At discharge, mean gestational
age was 3813 weeks and mean weight was 2573.05+292.18 grams.

Forty-nine (68.3%) were AGA, and of these 57.14% (n = 36) were also discharged AGA.
Thirteen (20.63%) were born AGA and were SGA at discharge. Twelve (19.4%) were born
SGA and were discharged also SGA. Only two (3.17%) of those born SGA were LGA at dis-
charge (this group was excluded from data analysis, because of its limited size). The growth
pattern was significantly higher among the AGA neonates. Regarding use of breast milk or for-
mula during the hospital stay, no difference was found according to adequacy of weight for
gestational age at birth and discharge. (Table 1).

In total, we identified 5,309 different OTUs across all samples, of these, 16 OTUs had mean
abundance higher than 1%. Microbial composition was similar when compared according to
weight at birth and at discharge. Alpha diversity measurements between groups AGA-AGA vs.
AGA-SGA vs. SGA-SGA were similar (Observed OTUs, p-value = 0.745) and Shannon Diver-
sity Index, p-value = 0.127 (Fig 1).

Table 1. Clinical characteristics of preterm infants according to adequacy of weight for gestational age at birth and discharge.

Variables AGADbirth-AGAdischarge AGADbirth-SGAdischarge SGAbirth-AGAdischarge SGAbirth-LGAdischarge | p value
(n=36) (n=13) (n=12) (n=2)
Male** 16 (44.4%) 7 (53.85%) 6 (50.%) 1 (50%) 0.944
Maternal Age*(years) 25.92+6.69 25.62+6.13 26.58+6.62 27.5£10 0.973
C-section** 15 (41.7%) 2 (15.4%) 1(8.3%) 0 0.062
Preeclampsia** 4(11.1%) * 4 (30.8%)*° 6 (50%)° 2 (100%)° 0.003
GDM** 5 (13.9%) 1(7.7%) 1(8.3%) 0 0.855
UTI* 5 (13.9%) 1(7.75) 1(8.3%) 0 0.855
GA at birth* (weeks) 30.11+2.35 29.85+2.44 29.58+2.74 31.5+0.7 0.744
BW* (kg) 1.5000.507 1.3800+0.506 *° 1.000+0 ® 1.000+0 ** 0.010
BW z-score*** 0.16 (-1.42-2.46) * -0.28 (-1.11-1.51)*¢ -1.65 (-2.08--1.35) ® -1.44 (-1.55--1.34)>< <0.001
L at birth* (cm) 40.18+3.28 38+3.69 34.5+5.1° 38+1.41 0.001
BL z-score *** 0.20 (-2.0-1.69) -0.53 (-1.60--0.67) ® -1.83 (-3.42--0.12) © -1.40 (-1.45--1.35) *>¢ | <0.001
CP at birth* (cm) 27.94+2.54° 27.38+2.3 %P 24.9242.9° 25.340.49 *° 0.008
CP at birth z-score *** 0.13 (-1.66-2.05) * -0.14 (-1.48-1.35) ® -1.67 (-2.40--0.53) ® -1.24 (-1.57--0.92)*" <0.001
Length of hospitalization** 47.4(14-114) 63.3 (29-122) 72.8 (25-137) 48 (25-71) 0.104
(days)
GA discharge* (weeks) 36.8+2.24° 38.9+2.95%° 39.9+3.86° 38.3+3.9 %0 0.008
Weight at discharge* (kg) 2.63+0.572 2.49+0.335 2.440+0.489 2.777+0.682 0.625
Type of milk at discharge**
EBM 5 (13.9%) 2 (15.4%) 1(8.3%) 1 (50%) 0.176
BM-+formul 19 (52.8%) 6 (46.2%) 10 (83.3%) 1(50%)
Formula 12 (33.3%) 5 (38.5%) 1(8,3%) 0

*Mean * SD;
**Absolut frequency (%);

***Mean (Min-Max); AGA: Appropriate-for-Gestational-Age; SGA: Small-for-gestational-age BW: Birth weight; L: Length; CP: Head circumference; GA: Gestational

Age; GDM: gestational diabetes mellitus; UTI: Urinary Tract Infection; EBM: Exclusive Breast Milk; BM; Breast Milk

https://doi.org/10.1371/journal.pone.0238632.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0238632 September 21, 2020

5/18


https://doi.org/10.1371/journal.pone.0238632.t001
https://doi.org/10.1371/journal.pone.0238632

PLOS ONE

Meconium microbiome and neonatal catch growth

Observed Shannon
800
5 -
® ?
(O]
| =
3 600 -
) -
© 4
()
=
>
=
(2] 34
o 400 - °
=
o
P B
o
< 200+
4]
1
0+ : : ! : :
AGA at birth SGA at birth AGA at birth AGA at birth SGA at birth
AGA at discharge SGA at discharge  SGA at discharge AGA at discharge SGAat discharge  SGA at discharge

Fig 1. Alpha diversity measurements of meconium microbial communities from preterm infants comparing weight adequacy at birth and at discharge. The
left panel presents the number of observed Operational Taxonomic Unities (OTUs) (p-value = 0.745). The right panel presents the Shannon microbial index of
diversity (p-value = 0.127). Boxes span the first to third quartiles; the horizontal line inside the boxes represents the median. Whiskers extending vertically from the
boxes indicate variability outside the upper and lower quartiles, and single circles indicate outliers. AGA: adequate for gestational age; SGA: small for gestational
age. (The group SGA-LGA was excluded from data analysis, because of its limited size).

https://doi.org/10.1371/journal.pone.0238632.g001

The overall microbial composition at phylum level according to weight adeqacy at birth is
presented in Fig 2A, and at discharge in Fig 2B. Four phyla were found to be dominant across
the samples irrespective of weight adequacy at birth or delivery. They were Proteobacteria, Bac-
teroidetes, Firmicutes, and Actinobacteria. On average, infants in the SGA group at birth or dis-
charge had higher Firmicutes while those in the AGA group had higher Proteobacteria then
their couterparts.

When compared to the SGA at birth group, those born AGA had an increased abundance
of OTUs belonging to genus Polynucleobacter (p = 0.0163), phylum Proteobacteria, Gpl
(p = 0.018) phylum Acidobacteria, and Prevotella (p = 0.038) phylum Bacteriodetes (Fig 3A).

Between most abundant OTUs observed, when comparing preterm AGA or SGA at dis-
charge, those OTUs belonging to Escherichia fergusoni (p = 0.014) and Streptococcus dentisani
(p = 0.043) genus were more abundant in the AGA at discharge group, and this difference was
statistically significant. By contrast, the SGA at discharge group presented increased abundance
of Prevotella copri (p = 0.002), Roseburia inulinivorans (p = 0.003), Staphylococcus sp. (p = 0.003),
Staphylococcus capitis subsp. Capitis (p = 0.004), Sutterella stercoricanis (p = 0.027), Corynebacte-
rium tuberculostearicum (p = 0.033), and Ruminococcaceae (p = 0.043) (Fig 3B)
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Regarding head circumference (HC) catch-up growth, 30 (47.6%) infants completed HC
catch-up growth by the age of 6 months corrected age and 33 (52.4%) after 6 months of cor-
rected age. Also, catch-up occurred independently of weight adequacy for gestational age at
birth or at discharge. There were no statistically significant differences regarding clinic vari-
ables at birth, sepsis during NICU stay, use of anticonvulsant, and rehospitalizations after dis-
charge. As expected, the group that completed HC catch-up growth by the age of 6 months
corrected age had higher z-score and measures of weight and head circumference between 2
and 6 months of corrected age. There was a difference between groups only at 6 months of cor-
rected age, with a higher number of infants receiving infant formula in those whose HC catch-
up growth was completed by the 6th month of corrected age (Table 2).

According to the PERMANOVA (Table 3) there was no statistically significant difference
for microbial beta diversity between infants with early HC catch-up growth (up to 6 months)
and late HC catch-up growth (after 6 months) (p = 0.093). However, after analyzing differ-
ences in microbial alpha diversity, Shannon Index was statistically significant (p = 0.045), indi-
cating more microbial diversity in meconium from infants who had their HC catch-up growth
later, after 6 months of corrected age (Fig 4). Pre-eclampsia was not associated to differences
in the meconium microbiota (p-value = 0.64).

The overall microbial composition at phylum level within groups with the head circumfer-
ence catch-up by 6 months and after 6 months is presented in Fig 5B. Four phyla were found
to be dominant within the samples irrespective of the group. They were Proteobacteria, Bacter-
oidetes, Firmicutes, and Actinobacteria.

Differential abundance analysis showed increased abundance of Bacterioidetes and Proteo-
bacteria phylum, with OTUs belonging to Salmonella (p<0.001), Flavobacterium (p = 0.026),
and Burkholderia (p = 0.026) genus being the most abundant in meconium from infants who
achieved HC catch-up growth by the 6th month of corrected age. Prevotella (p = 0.005), Enhy
drobacter (p = 0.036), Brevundinomonas (p = 0.043), Bradyhizobium (p = 0.018), and
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Fig 3. Differential abundance analysis according to weight adequacy. Each dot represents an individual OTU, organized by their Genus. (A) Differential abundance
analysis according to weight adequacy at birth: Polynucleobacter (p = 0.0163), Gp1 (p = 0.018) and Prevotella (p = 0.038) were more abundant in meconium of preterm
born AGA. (B) Differential abundance analysis according to weight adequacy for gestational age at discharge: Escherichia fergusoni (p = 0.014) and Streptococcus dentisani
(p = 0.43) were more abundant in meconium of preterm AGA at discharge; Prevotella copri (p = 0.002), Roseburia inulinivorans (p = 0.003), Staphylococcus sp. (p = 0,003),
Staphylococcus capitis subsp. Capitis (p = 0.004), Sutterella stercoricanis (p = 0.014), Corynebacterium tuberculostearicum (p = 0.033) and Ruminococcaceae (0.043) were
more abundant in meconium of preterm SGA at discharge.

https://doi.org/10.1371/journal.pone.0238632.g003

Acinetobacter (p = 0.007) genus were more abundant in meconium of those infants who
achieved HC catch-up growth after 6 months of corrected age (Fig 5A and 5B).

In order to better understand the differences of the gut microbiota in relation with the time
of HC catch up, we also explored the functional prediction of these communities, using
PICRUSt [24]. Infants with HC catch up before the 6™ month of corrected age presented a
microbiota with higher predicted genes relateted with transportation (Transporters and ABC
transporters), while those with HC cacth up after 6 months had more genes related with sugar
and amino acid metabolism (Fig 6).

When analysing functional gene prediction according with weight adequacy at birth or dis-
charge, there were no significant differences, considering the treshold of effect size > 0.1 (S1 Fig).
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Table 2. Clinical characteristics, growth and type of milk received according to catch-up before or after 6 months of corrected age.

Variables Catch up <6m (n = 30) Catch up >6m (n = 33) P value
Male** 16 (53.3%) 14 (42.4%) 0.454
Maternal age(years)* 25.33+6.26 27+6.77 0.299
C-section** 12 (40%) 18 (60%) 0.093
Preeclampsia** 4 (13.3%) 12 (36.4%) 0.046
Gestational Diabetes** 4 (13.3%) 3 (9.1%) 0.700
Urinary tract infection** 4 (13.3%) 3 (9.1%) 0.700
Maternal antibiotics** 20(66.7%) 21(63.6%) 1.000
GA at birth (weeks)* 30.4£2.29 29.6+2.4 0.209
AGA at birth** 22(73.3%) 26(78.8%) 0.612
Weight at birth (kg)* 1.434 +0.443 1.323+0.479 0.345
Z-score Weight at birth*** -0.33 (-2.08-1.25) -0.31 (-1.87-2.46) 0.933
Length at birth(cm)* 38.7+3.84 38.2+4.32 0.654
z-score Length at birth *** -0.34 (-3.4-1.5) -0.42 (-3.04-1.69) 0.788
Head circunference at birth* (cm) 27.52 +2.66 26.55+2.92 0.247
Z-score Head circunference at birth *** -0.27 (-2.36-1.79) -0.34 (-2.4-2) 0.785
NICU stay (days)*** 49 (14-114) 61 (29-122) 0.137
Periventricular leukomalacia 2 (6.7%) 3(9.1.%) 0.546
Necrotizing enterocolitis 4(13.3%) 6(18.2%) 0.430
Early sepsis 0 1 (3%) 0.625
Late sepsis 2 (6.6%) 3 (9%) 0.423
Gestational age at discharge (weeks)* 37.442.3 38.4+3.4 0.174
Weight at discharge (kg)* 2.63+0.572 2.49+0.335 0.625
Weight z-score at discharge *** -0.94 (-3.2-1.38) -1.35(-3.33-0.27) 0.104
AGA at discharge™* 18(60%) 19 (57.6%) 0.845
Hospitalization after discharge ** 4 (13.3%) 10 (30.3%) 0.106
Use of anticonvulsant ** 5(16.7%) 10 (30.3%) 0.204
Weight at 2 months CA (kg) 5.450+0.970 4.98+0.810 0.055
Weight Z-score at 2 months CA 0 (-3.82-2.30) -0.55 (-2.64-2.12) 0.134
Head circumference at 2 months CA (cm) 39.44+1.78 38.43+1.70 0.084
Head circumference Z-score at 2 months CA 0.75 (-2.69-2.87) 0 (-3.51-2.44) 0.040
Weight at 4 months CA (kg) 7.130£1.00 6.240v1.13 0.008
Weight Z-score at 4 months CA 0.37 (-1.81-2.66) -0.68 (-4.31-2.44) 0.012
Head circumference at 4 months CA (cm) 42.57+1.14 40+2.0 <0.001
Head circumference Z-score at 4 months CA 1.13(-0.54-3.23) -0.27 (-3.63-2.81) 0.001
Weight at 6 months CA (kg) 7.80+1.21 7.0£1.15 0.021
Weight Z-score at 6 months CA 0.05(-4.75-2.55) -0.72(-4.38-2) 0.050
Head circumference at 6 months CA (cm) 44.1£1.25 41.71£1.96 <0.001
Head circumference Z-score at 6 months CA 0.94 (-1.92-2.75) -0.39 (-3.55-2.14) <0.001
Type of milk
Milk at discharge
EBM 4(13.3%) 5(15.2%) 0.090
BM+Formula 18 (60%) 18 (54.4%)
Formula 8 (26.7%) 10 (30.3%)
Milk at 2 months CA
EBM 4 (14.3%) 6(17.9%) 0.0752
BM+Formula 9 (28.6%) 11 (33.3%)
Formula 15(53.6%) 16 (48.4%)

(Continued)
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Table 2. (Continued)

Cows milk

Milk at 4 months CA
EBM

BM+Formula
Formula

Cows milk

Milk at 6 months CA
EBM

BM+Formula
Formula

Cows milk

Mean + SD;

**Absolut frequency (%);

Catch up <6m (n = 30) Catch up >6m (n = 33) P value
1(3%) 0
2 (6.6%) 5(14.8%) 0.404
8 (27.3%) 11(33.3%)
19(63.6%) 17(51.9%)
1(3%) 0
2(6.9)*° 3 (7.4%)*° 0.038
3(10.3%) 12 (37%)
21 (69.9%) 18(55.6%)°
4(13.8%) o°

***Mean (Min-Max); CA: corrected age; AGA: Appropriate-for-Gestational-Age; SGA: Small-for-gestational-age BW: Birth weight; L: Length; CP: Head circumference;
GA: Gestational Age;; GDM: gestational diabetes mellitus; UTI: Urinary Tract Infection; EBM: Exclusive Breast Milk; BM; Breast Milk

https://doi.org/10.1371/journal.pone.0238632.t1002

Discussion

Increased abundance of OTU belonging to Prevotella, Polynucleobacter, and GplI genus in pre-
term infants born AGA was observed. Preterm AGA at discharge showed increased abundance
of OTU belonging to Escherichia fergusoni and Streptococcus dentisani genus. We also found
more abundance of OTUs Salmonella, Flavobacterium, and Burkholderia genus in the meco-
nium of infants who achieved HC catch-up growth by the 6th month of corrected age. There
are few studies with similar data; the great majority of studies consider the microbiome of full-
term infants, and those that assess prematurity take into account only gestational age, without
relating it to adequacy of weight for gestational age [29, 30].

Ardissone et al. (2014) [31] found several taxonomic families within Firmicutes phylum cor-
related to gestational age, including Staphylococcus genus, which were most abundant among
preterms born at <33 gestational weeks. Jacquot et al. [32] found an association between gesta-
tional age less than 28 weeks and lower microbial diversity score at first week of life, where
Staphylococcus spp genus was found in 67% of the patients. The authors also enlight that
although it is clear that preterm infants can also present an important Staphylococcus coloni-
zation, these infants are at higher risk of late onset sepsis related to coagulase negative Staphy-
lococcus during the first weeks of life [32].

Itani et al. (2017) [33] also described increased Staphylococcus abundance in feces from pre-
term infants less than 33 weeks of gestational age. Our data represent meconium microbiome,
and we observed significantly increased Staphylococcus genus abundance in preterm infants
who were SGA at discharge, with hospital discharge being equivalent to the term of gestational

Table 3. Nonparametric Multivariate Analysis of Variance of bacterial community structure used for controlling
confounding variables.

Variables F Model R? p-value
Weight Adequacy 0.961 0.101 0.536
HC Catch-up 1.255 0.033 0.201
Preeclampsia 0.836 0.022 0.640

https://doi.org/10.1371/journal.pone.0238632.t003
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Fig 4. Alpha diversity measurements of meconium microbial communities from preterm infants comparing head circumference (HC) catch up until or after 6
months of corrected age. The left panel presents the number of observed Operational Taxonomic Unities (OTUs) (p-value = 0.225). The right panel presents the Shannon
microbial index of diversity (p-value = 0.045). Boxes span the first to third quartiles; the horizontal line inside the boxes represents the median. Whiskers extending
vertically from the boxes indicate variability outside the upper and lower quartiles, and single circles indicate outliers.

https://doi.org/10.1371/journal.pone.0238632.9004

age. We hypothesize that besides gestational age, adequacy of weight for gestational age at
birth is also related to microbial community structure. Also, although Staphylococcus coloniza-
tion is a normal characteristic of healthy gut microbiota [34], we understand that a microbiota
more abundant in Staphylococcus might interfere for nutrient absorption e metabolism, lead-
ing to a worse weigh gain during NICU stay, despite the efforts of nutrition therapy.

Nataro and Guerrant (2017) [35] suggest that Prevotella genus is associated to better
growth, while Streptococcus lutetiensis and Escherichia coli are associated to growth failure, but
they do not distinguish preterm from full-term infants. In our study, AGA at birth presented
significant higher abundance of Prevotella genus, we believe this may reflect fetal period, once
this microbe has been associated to improved glucose metabolism by promoting increased gly-
cogen storage [36].

On the other hand, in contrast to Nataro and Guerrant (2017) [35] results, when we evalu-
ate the adequacy of weight for gestational age at discharge, AGA preterms were the ones who
presented increased Escherichia fergusoni and Streptococcus dentisani abundance in meco-
nium, while SGA at discharge preterms presented increased Prevotella copri abundance in
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Fig 5. Differential abundance analysis according to head circumference catch up. Each dot represents an individual OTU, organized by their Genus. (A) Differential
abundance analysis according to early or late HC catch up. Data plotted as log2 fold change; OTUs to the right of the zero line were more abundant in HC catch up until 6
months corrected age group, and OTUs to the left of the zero line were more abundant in HC catch up after 6 months corrected age group. (B) Difference for microbial
composition between infants with early HC catch up growth (up to 6 months) and late HC catch up growth (after 6 months); HC: head circumference.

https://doi.org/10.1371/journal.pone.0238632.9g005

meconium. Through our results, we cannot infer about microbiota changes during the hospital
stay, however, we have some hypothesis: a) Those infants with better growth (AGA at dis-
charge) possibly had earlier contact with their parents and better evolution of dietary accep-
tance, both factors that can favor benefic changes in the microbiota. b) As we already
mentioned, SGA infants at discharge also had abundant Staphylococcus in meconium and
maybe during hospital stay this microbe was more resistant or had more impact host metabo-
lism than Prevotella copri, influencing to the worse weigh gain. We understand that other
external factors act together with the microbiome, being important influences in weight gain
during hospital stay. Future studies, evaluating progressive changes in the microbiota, in asso-
ciation with dietary characteristics may answer this hypothesis.

Preterm infants miss an important phase of brain growth and maturation, which would
occur during the last trimester of pregnancy [37]. During this phase the cortical gray matter is
already matured, but some of the most important developing stages such as the increase in the
complexity of connections, axons, glial cells, and oligodendrocytes in the withe matter, will be
concluded as the 3rd trimester goes by [38, 39]. Therefore prematurity is associated with
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https://doi.org/10.1371/journal.pone.0238632.g006

neurodevelopmental disability, with long term effects [3, 40, 41]. Catch down during hospital
stay and during the first months of life are associated to increased risk of neurologic
impairment in preterm infants, nevertheless the mechanisms that guarantee this association
are not yet completely elucidated [6]. On the other hand, catch-up growth of head circumfer-
ence in the first years of life is a protective factor for neurodevelopment, being associated to
better cognitive and behavioral performance in early childhood [42, 43].

Taken together, neurological immaturity and a dysbiotic and immature gut, both associated
with prematurity may disrupt the bidirectional communication between the nervous system
and enteric cells, leading to altered signaling and neurological development, and also altered
immune responses 3, 44, 45].

In the present study we were able to verify a higher microbial biodiversity in meconium
from those children who had head circumference catch-up growth after 6 months of corrected
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age, with Prevotella, Enhydrobacter, Brevundinomonas, Bradyhizobium, and Acinetobacter
being the most prevalent genus observed in the group. Moreover, in the group of infants
whose head circumference catch-up growth was completed until 6 months of corrected age,
Salmonella, Flavobacterium, and Burkholderia were most abundant. Community functional
prediction suggests that the gut mictobiota of infants with head catch up until the 6™ month
presented higher presence of transporter genes, including ABC transporters, while infants
with head catch up after the 6 month presented more genes predicted to be involved in the
metabolism of complex carbohydrates, such as starch, and amino acids. This difference might
influence energy intake from different sources and might influence growth.

Despite several studies aiming to explain the role of microbiome in the gut-brain axis,
interactions between neurologic mechanisms and microbiome development in preterm
infants are not well understood [38]. To our knowledge, this is the first study investigating
meconium microbial composition and its association to head circumference catch-up growth
in preterm infants. We suggest more studies should be conducted so that the pathways of this
relationship may be better understood.

Guney Varal et al (2018) [46] conducted a study with preterm infants, using a prepared
commercial symbiotic solution administered with enteral nutrition. Their results show a lower
odd to lower head circumference growth in the study group. Wejryd et al (2018) [47] related
supplementation with L. reuteri to better head circumference growth, also during hospital stay.
Both studies corroborate the hypothesis that a favorable gut microbiota might enhance the
chances of achieving better neurodevelopment/ growth via the beneficial effects on cytokines,
nervous and immune system. However, a recent systematic review conducted by Hortensius
et al (2019) [48] suggests that until the present, despite the positive results on head growth,
there is no significant data regarding the effect of supplementation with probiotics on neuro-
developmental outcome was found. Therefore, it’s indeed necessary more follow up studies.

Experimental studies with germ-free mice have observed systemic inflammation and neu-
roinflammation in the offspring as well as impaired myelination and blood-brain barrier for-
mation. These studies suggest a relationship between microbial colonization, immune system,
and brain activity, as well as an essential role for microbiota in neural, structural, and func-
tional development [45, 49]. Although animal model studies have already clearly elucidated
the role of gut microbiota in childhood development programming, and there is a window of
opportunity in which microbiota can affect physiological function of several systems, with
long-term consequences, there have been only a limited number of studies with humans, spe-
cifically preterm newborns, that would enable complete understanding of processes involving
microbiome and neurologic development [50].

Several factors such as infection, neurologic impairment, diet, and antibiotic use are crucial
in ensuring growth. In our study the groups were similar for sepsis. However, post-discharge
hospitalizations, anticonvulsant treatment, and milk feeding were different at 6 months of cor-
rected age, which may directly interfere with growth, neurodevelopment, and microbial colo-
nization. Thus, we cannot infer if meconium microbiota was the only determinant factor for
head circumference catch-up growth. Yet, considering the intimate relationship between brain
and gut [51], we suggest identifying microbiome variations associated and predisposing to
accelerated head circumference catch-up growth as a relevant tool for clinical practice in the
context of improving care and future health of preterm infants.

It is worth mentioning that food directly influences bacterial flora establishment, and
human milk is a greater promoter of Bifidobacteria and Lactobacillus colonization when com-
pared to formula based on cow’s milk [52]. Oligosaccharides (HMO) present in breast milk,
which are complex glycans and not digestible by humans, are the main microbiome substrate,
especially for Bifidobacteria, playing a fundamental role for beneficial bacterial community
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proliferation in children’s gut, due to both probiotic and prebiotic effects, highlighting the
importance of promoting breastfeeding in the NICU environment [52-54].

It was a challenge to analyze the relationship between microbiome, born SGA or AGA, and
head circumference catch-up growth, since there are so few studies and many unanswered
questions. This study encountered limitations, such as the lack of microbiome data at dis-
charge and follow up, which could give us more information regarding changes that occurred
during hospital stay. We also understand the sample size as a limitation of this study; on the
other hand, we emphasize the follow-up of preterm infants as strength.

Conclusion

Meconium microbial abundance seems to be related to adequacy of weight for gestational age
as well as to weight gain during neonatal period in low-birth-weight preterm infants. Also,
abundance of meconium OTUs from infants who achieved early head circumference catch-up
growth (defined in this study as up to the 6th month of corrected age) differs from those who
had late head circumference catch-up growth (in this study, after 6 months of corrected age).
Further studies following changes in microbial colonization, as well as its associations to diet
patterns, in order to verify associations between microbiota and medium-term outcomes, may
lead to new conduct definitions for clinical practice.
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portion, and error bars represents the difference between the two groups.
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