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Maternal obesity is associated with gut microbial metabolic
potential in offspring during infancy
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Abstract Children born to obese mothers are at increased risk
for obesity, but the mechanisms behind this association are not
fully understood. Our study aimed to investigate differences in
the functions encoded by the microbiome of infants at
18 months of age when the transition from early infant-
feeding to solid family foods is established. To investigate
the impact of maternal prepregnancy body mass index on
infants’ gut microbiome, faecal samples from infants born to
normoweight (n = 21) and obese mothers (n = 18) were
analysed by 16S rRNA gene sequencing and a functional-
inference-based microbiome analysis. Our results indicated
that Firmicutes was significantly enriched in infants born to
normoweight mothers whereas Bacteroidetes was

significantly enriched in infants born to obese women. In both
microbiomes, the greatest number of genes (>50%) that were
assigned a function encoded for proteins involved in
Bmetabolism^ among tier 1 KEGG Orthology (KO) catego-
ries. At lower KO functional categories, the microbiome of
infants born to normoweight mothers was characterized by a
significant enrichment in the abundances of Bpentose phos-
phate pathway^ (p = 0.037), Blysine biosynthesis^
(p = 0.043), Bglycerolipid metabolism^ (p = 0.042), and
BC5-branched dibasic acid metabolism^ (p = 0.045).
Notably, the microbiome of infants born to obese mothers
was significantly enriched in Bstreptomycin biosynthesis^
(p = 0.047), Bsulphur metabolism^ (p = 0.041), Btaurine and
h y p o t a u r i n e m e t a b o l i s m ^ ( p = 0 . 0 3 6 ) , a n d
Blipopolysaccharide biosynthesis^ (p = 0.043). In summary,
our study showed that maternal prepregnancy obesity may
imprint a selective gut microbial composition during late in-
fancy with distinct functional performances.
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Introduction

The human gut is a bioreactor with evolutionarily conserved
roles in the biotransformation of dietary ingredients into prod-
ucts that affect our physiology, metabolism, immune function,
and development [7, 24, 53]. This ensemble of organisms con-
sists mainly of bacterial taxa of Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria phyla that have coevolved
with the human host complementing the coding potential of our
own genome [20, 27]. Although research interest has tradition-
ally aimed at cataloguing the microbial species of the adult
human gut microbiota and its relationship to complex diseases
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[2, 30, 38, 49, 57], few studies have focused on the infant gut
microbiota that have historically relied on culture-based enu-
meration and, more recently, on taxonomic profiling by16S
rRNA gene sequence analyses [1, 4, 18]. Infancy is a critical
period for gut microbial de novo assembly during which a
constant dialogue with the immune system and a metabolic
crosstalk with the host influences healthy growth and develop-
ment [3, 11, 19]. These studies have shown that there is a rapid
rate of colonization and expansion of gut bacteria from birth, a
shift from a gut dominated by Proteobacteria to an adult-like
one dominated by Firmicutes and Bacteroidetes, that achieves
compositional diversity and stability by the third year of life
[14]. Differential modes of birth (vaginal vs. C-section) and of
type of feeding (breast milk vs. formula) are important aspects
influencing the composition of the gut microbial ecosystem
[48, 62]. Medical factors like prenatal and postnatal exposures
to antibiotics and maternal factors like mother’s prepregnancy
weight affect the infant microbiota and increase the predisposi-
tion to obesity, with long-lasting effects [12, 58]. Thus, it is
important to understand how these environmental factors con-
tribute to the overall composition and function of the gut mi-
crobiota, what is the metabolic crosstalk of the gut microbiota
and the infant body with potential long-term consequences.

Taking into account all of the above, the present study
explores the gut microbial composition and function of
healthy infants at 18 months of age born to mothers with
prepregnancy normoweight or obesity. We have collected fae-
cal samples to obtain the phylogenetic composition. As a nov-
el approach, we have used a functional-inference-based
(PICRUSt) analysis to identify the KEGG metabolic path-
ways of the microbial communities [31]. This strategy has
allowed us to depict the potential metabolic pathways encoded
by the microbiota of the infants and associate differential rates
with mother’s prepregnancy weight.

Materials and methods

Subjects, experimental design, and ethical guidelines

The infants included in this study were part of the PREOBE
study cohort that recruited 331 mothers with normoweight,
overweight, obesity, and gestational diabetes [5]. The preg-
nant women were recruited between 2008 and 2012 through
collaboration with the two university tertiary hospitals in
Granada, the San Cecilio and Mother-Infant Hospitals
(Spain). Pregnant womenwith singleton pregnancies and aged
between 18 and 45 years were included during their 12th to
34th weeks of pregnancy. The study exclusion criteria were
simultaneous participation in any other research study, mater-
nal drug use during pregnancy, diagnosed diseases other than
obesity (e.g. pregestational diabetes, hypertension or pre-
eclampsia, foetal intrauterine growth retardation, maternal

infection during pregnancy, hypo/hyperthyroidism, hepatic
diseases, and renal disease), or having a vegan diet. At the
recruitment visit, information was collected regarding mater-
nal prepregnancy weight and used for calculation of the
prepregnancy BMI [6]. Due to drop out and availability of
stool, 21 faecal samples from infants born to normoweight
mothers (18.5 ≤ BMI ≤ 25 kg/m2) and 18 faecal samples from
infants born to obese mothers (≥30 kg/m2) were further used
in this study.

The project was approved by the Bioethical Committees
for Clinical Research of the Clinical University Hospital San
Cecilio and of the Mother-Infant University Hospital of
Granada, Granada, Spain. An ethical approval was also ob-
tained by the Research Bioethical Committee of the
University of Granada. Written informed consent was obtain-
ed from all participants at study entry, and after, they had
received full information from a research group member.

Sample collection and DNA extraction

Parents were provided with instructions and sterile bottles for
sample collection. Fresh faecal samples were collected at home
by the parents when children were 18 months old and stored at
−20 °C for a maximum of 24 h until delivery to the laboratory,
where they were frozen to −80 °C and stored until processing.
Genomic DNAwas extracted from faecal bacteria as previously
described [22]. Briefly, faecal samples were resuspended in
1 ml of TN150 buffer (10-mM Tris-HCl pH 8.0 and 150-mM
NaCl) and incubated at 80 °C for 30min. Lysozyme (1mg)was
added to the suspension and incubated at 37 °C for 15 min.
Zirconium glass beads (0.3 g) and 150 μl of buffered phenol
were added and bacteria were disrupted with a mini bead beater
set to 5000 rpm at 4 °C for 15 s (Biospec Products, Bartlesville,
OK, USA). After centrifugation, genomic DNA was purified
from the supernatant using phenol-chloroform extraction.
Phenol-chloroform extractions were performed with 150 μl of
phenol buffered and 150 μl of chloroform-isoamylalcohol
(24:1) (v/v) solution. After an additional chloroform extraction,
DNAwas precipitated with two volumes of ethanol at −20 °C
for 30min. After centrifugation andwashingwith 70% ethanol,
the pellet was resuspended in 50 μl of milliQ water. Five units
of DNase-free RNase (Promega, USA) were added, and the
sample was incubated at 37 °C for 15min. Quality was checked
by agarose gel electrophoresis and quantified with the Quant-iT
PicoGreen dsDNA reagent and kit (Invitrogen, Darmstadt,
Germany).

16S rRNA gene sequencing and data processing

Genomic DNA from faecal bacteria was used as template for
16S rRNA gene amplification using 27F and 338R universal
primers for V1-V2 region as previously described [8]. Two
consecutive PCR reactions integrated the sequence of the
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specific Illumina multiplexing sequencing and index primers.
The library was prepared by pooling equimolar ratios of
amplicons and was sequenced using an Illumina MiSeq plat-
form (University of Granada, Spain). Reads were
demultiplexed and sorted, and paired ends were matched to
give 240-nt reads. The data set was filtered and operational
taxonomic units (OTUs) were defined at 99% similarity with
MOTHUR programs unique.seqs and pre.cluster [55].
Taxonomic classifications of OTUs were assigned using the
naïve Bayesian algorithm CLASSIFIER of Ribosomal
Database Project [15]. OTUs were considered unassigned
when confidence value score was lower than 0.8 and were
annotated using upper taxonomic ranks.

Phylogenetic investigation of communities
by reconstruction of unobserved states (PICRUSt)
analysis

Functional capacity of the microbiota was predicted based on
the microbiota composition using PICRUSt [31]. Independent
of the taxonomic analysis, 97% of the OTUs were picked
using a closed-reference OTU picking protocol [10] and the
Greengenes database (database/13_8) [40] preclustered at
97% identity. The obtained OTU table was normalized by
16S rRNA copy number, and functional genes were predicted
from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) catalogue [29].

Statistical and data analysis

Statistical analyses were carried out using SPSS version 19.0
(IBM SPSS, Inc., Chicago, IL) R statistical package (R
Development Core Team, 2011) and STAMP. To examine
the samples’ taxonomic and functional profiles more general-
ly, Statistical Analysis of Metagenomic Profiles [46] was used
to compare the abundances of taxa, KEGG categories, and
subcategories between infants born to normoweight and obese
mothers. Data were not normally distributed and significant
differences were identified with the White’s non-parametric t
test. The Benjamini-Hochberg procedure was used to control
the false-discovery rate due to multiple testing. Results with a
q value (corrected p value) <0.05 were retained.

α-Diversity indexes were calculated with PAST software
(PAleontological STatistics free software). β-Diversity was
calculated as Unifracs distance with GUnifrac package and
permanova analysis of the distance between different study
groups was calculated with Adonis function from vegan pack-
age in R software [45]. Bray-Curtis dissimilarity measures
were calculated with vegan package and anosim test was used
to establish the significant difference between infants born to
obese and normoweight pregnant women in R software.

Results

Characteristics of participants

Two groups of infants were defined based on prepregnancy
BMI calculated from self-reported prepregnancy bodyweight:
normoweight 18.5 ≤ BMI ≤ 25 kg/m2 and obese group
≥30 kg/m2 (Table 1). All mothers and infants were in good
health during pregnancy and infants were born at term.
General characteristics were similar between the two study
groups. The groups did not differ in maternal age, cultural
level, smoking or alcohol consumption during pregnancy,
sex, breast-feeding, and mode of delivery. Birth weight and
Röhrer Ponderal index were 3265.71 ± 431.61 g and
26 ± 3.16 kg/cm3 in infants born to normoweight mothers
and 3428.33 ± 460.44 g and 27 ± 5.25 kg/cm3 in infants born
to obese mothers. We found lower weight gain during preg-
nancy in obese mothers compared to normoweight mothers, as
it has been previously described [65]. At 18 months of age,
weight and BMI of infants did not differ between study
groups. As previously described [44], we observed a strong
correlation between prepregnancy BMI and BMI at first pre-
natal study contact, which took place at 12 weeks of gestation
(Pearson’s correlation coefficient = 0.931, p < 0.001).

Gut microbial community structure is different in infants’
gutmicrobiota depending onmaternal prepregnancy BMI

A total of 1.848.304 high-quality 16S rRNA sequences
were obtained from the 39 samples. Sequences were clus-
tered into 662 OTUs and classified into 76 bacterial
groups at genus level. We first examined the α-diversity
(within sample ecological diversity) of the gut microbial
communities. We used the Shannon diversity (SDI)
(p = 0.815), Chao-1 indexes (estimates richness)
(p = 0.740), and the taxa number (calculates unique
OTUs) (p = 0.743). These diversity scores were not sig-
nificantly different between the gut microbiota of infants
born to normoweight and obese mothers (data not shown).

We calculated Unifrac distances (β-diversity) to deter-
mine the between-sample diversity in the gut microbial
communities of infant groups. Permutational multivariate
ANOVA using Adonis function showed that infants born to
obese mothers had a significantly different microbial com-
munity structure (p = 0.006 for weighted and p = 0.001 for
unweighted Unifrac distances) compared to those born to
normoweight mothers . Two dist inct populat ions
representing normoweight and obese samples clustered in
the principal coordinate analysis (PCoA) plot (Fig. 1a–b).
Clustering analysis of individual samples using Bray-
Curtis distances also showed that the gut microbial com-
munity structures were significantly different between in-
fant groups (Fig. 1c). To exclude confounding variables
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that may affect the relationship between maternal
prepregnancy BMI and the composition of infants’ gut mi-
crobiota, we examined the effect of gender, mode of deliv-
ery, and type of feeding using Unifrac β-diversity dis-
tances and redundancy analysis (RDA). The significance
of separation in RDA analysis was estimated with a per-
mutation test using 5000 permutations. Type of feeding
was categorized into three groups, exclusively breast-fed,
mixed fed (formula plus breast-feeding), and exclusively
formula-fed at 3 and 6 months of age. To assess the influ-
ence of duration of breast-feeding in infants’ gut microbi-
ota, infants were categorized into two groups: breast-
feeding with solid foods and exclusive solid food feeding
at 12 and 18 months of age. No significant effect on the
total microbiota profile was found except for prepregnancy
mothers’ BMI (Supplementary Table S1). Although the
mode of delivery was not significant, we replicated a sen-
sitivity analysis only on data from vaginally delivered in-
fants. We found no significant association between any of
these variables except for mothers’ BMI (Supplementary
Table S2). Thus, our findings concluded that mother’s BMI
is a strong factor influencing gut microbial community
structure and composition of infants.

Maternal prepregnancy BMI and phylogenetic shifts
in infants’ gut microbiota

To address significant differences in the mean abundances of
taxa, we used the White’s non-parametric t test due to skewed
distributions and Benjamini-Hochberg tests for multiple com-
parisons with a q value set at 0.05. On a compositional level,
the gut microbiota of the infant was significantly different
between our study groups (Fig. 2, Supplementary Tables S3,
S4, and S5). In infants born to normoweight, Firmicutes was
the dominant phylum (81.50%), followed by Bacteroidetes
(17.20%), Proteobacteria (0.72%), Unclass_Bacteria
(0.29%), and Actinobacteria (0.28%) (Fig. 2a–b). In infants
born to obese mothers, Firmicutes was also the main phyla
(56.95%), fo l lowed by Bacteroidetes (41.83%),
Proteobacteria (0.81%), Unclass_Bacteria (0.24%), and
Actinobacteria (0.17%) (Fig. 2c–d).We observed a significant
overabundance of Bacteroidetes (p = 0.004) in infants born to
obese mothers whereas infants born to normoweight mothers
had a significant overabundance of Firmicutes (p = 0.004) in
the gut microbiota (Supplementary Table S3). At family level,
Clostridiaceae 1 (p = 0.007) and Lachnospiraceae (p = 0.036)
were significantly enriched in infants born to normoweight

Table 1 General characteristics
of the studied population Normal weight

(n = 21)

Obese

(n = 18)

Mother
Maternal age (year) 32.52 ± 4.16 33 ± 5.62
Preconceptional maternal height (m) 1.63 ± 0.07 1.61 ± 0.07
Preconceptional maternal weight (Kg) 58.18 ± 6.29a 91.67 ± 13.61b

Preconceptional maternal BMI (kg/cm3) 21.94 ± 1.67a 35.05 ± 4.27b

Weight gain during pregnancy (kg) 10.12 ± 5.68a 4.83 ± 8.66b

Maternal education level Primary/secondary 10(47.62%) 11(61.11%)
University/doctor 11(52.38%) 7(38.89%)

Smoking during pregnancy Yes 3(14.29%) 2(11.11%)
No 18(85.71%) 16(88.89%)

Alcohol consumption during pregnancy Yes 2(9.52%) 0(0%)
No 19(90.48%) 18(100%)

Mode delivery Vaginal 17(80.95%) 14(77.78%)
Cesarean 4(19.04%) 4(22.22%)

Newborn infant
Gestational age (weeks) 39.85 ± 1.53 39.72 ± 1.40
Birth weight (g) 3265.71 ± 431.61 3428.33 ± 460.44
Length at birth (cm) 50.38 ± 1.71 50.44 ± 2.30
Röhrer Ponderal index (kg/cm3) 26.00 ± 3.16 27.00 ± 5.25
Breast-feeding Yes 15(71.43%) 11(61.11%)

No 6(28.57%) 7 (38.89%)
Infant at 18 months
Height (cm) 81.14 ± 3.14 80.32 ± 3.68
Weight (kg) 10.96 ± 1.06 10.73 ± 1.08
BMI (kg/m2) 16.64 ± 1.41 16.62 ± 1.13
Gender Male 16(76.19%) 9(50%)

Female 5(23.80%) 9(50%)

Values listed are total for the variable (percent of total value n) or means ± SD

Across rows (a, b) indicate means that are significantly different (p < 0.05) using analysis of variance (White’s
non-parametric t test)

Lack of superscript letters indicate means that are not significantly different. p > 0.05
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mothers. Conversely, we observed a significant overabun-
dance of Porphyromonadaceae (p = 0.013), Bacteroidaceae
(p = 0.014), and Prevotellaceae (p = 0.037) in the gut micro-
biota of infants born to obese mothers (Supplementary
Table S4). At genus level, the relative abundances of
Clostridium XVIII (p = 0.031) and Unclass_Clostridiaceae
1 (p = 0.031) were significantly higher in infants born to
normoweight mothers. In infants born to obese mothers, we
observed a significant overabundance of Parabacteroides
(p = 0.020), Bacteroides (p = 0.014), and Oscillibacter
(p = 0.019) (Supplementary Table S5).

Profiling the metabolic capacity of bacterial communities

To identify microbial functions enriched or decreased in the
infants gut microbiome depending on maternal prepregnancy
BMI, an assessment of the microbial community functional
potential was performed using PICRUSt metagenome predic-
tions. Our analysis revealed similarities in the predicted func-
tions of tier 1 KO functions between infant groups (Fig. 3).
The greatest number of genes (>50%) that were assigned a
function encoded for proteins involved in Bmetabolism^
among tier 1 KO categories in the gut microbiome of infants

born to normoweight and obese mothers. At tier 3 KO cate-
gories, we identified 226 predicted functions encoded in the
microbiomes that were collapsed into higher categories using
KEGGPathways database (Supplementary Tables S6 and S7).
To simplify analysis, a comparison of predicted functions in-
volved in metabolism among tier 1 KO categories between
both study groups was performed.

Between infant groups, a high number of significant differ-
ences in the abundances of second- and third-tier KO functional
annotations were observed (Fig. 4a–b). At tier 2 KO functional
annotations, the microbiome of infants born to normoweight
mothers was characterized by a significant enrichment in the
functional abundance of Bnucleotide metabolism^ (p = 0.039);
whereas in infants born to obese mothers, the abundances of
Bglycan biosynthesis and metabolism^ (p = 0.042),
Bmetabolism of terpenoids and polyketides^ (p = 0.036),
Bmetabolism of other amino acids^ (p = 0.042), and
Bbiosynthesis of other secondary metabolites^ (p = 0.048) were
significantly increased (Fig. 4a). At tier 3 KO categories, the
highest abundances of significant functional annotations in the
microbiome of infants born to normoweight mothers were ob-
served in Bpurine metabolism^ (p = 0.04), Bpentose phosphate
pathway^ (p = 0.037), Bporphyrin and chlorophyll

Fig. 1 Bacterial microbial community structure in infants born to
normoweight and obese mothers at 18 months of age. PCoA plots of
bacterial α-diversity based on weighted (a) and unweighted (b) UniFrac

distances, and the Bray-Curtis dissimilarity values (c). Infants born to
normoweight (normal) and obese mothers (obese) are coloured in orange
and blue, respectively
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metabolism^ (p = 0.038), Blysine biosynthesis^ (p = 0.043),
Bglycerolipid metabolism^ (p = 0.042), and Bc5-branched di-
basic acid metabolism’ (p = 0.045). Notably, the microbiome of
infants born to obese mothers was significantly enriched in
low-abundant annotations of tier 3 KO categories. These cate-
gories were Bstreptomycin biosynthesis^ (p = 0.047), Bsulphur
metabolism^ (p = 0.041), Bprenyltransferases^ (p = 0.044), and
Bpolyketide sugar unit biosynthesis^ (p = 0.044). All categories
within glycan biosynthesis and metabolism were significantly
enriched in the microbiome of infants born to obese mothers:
Bglycosphingolipid biosynthesis globo and ganglio series^
(p = 0.044, p = 0.041), Blipopolysaccharide biosynthesis^
(p = 0.043), and Bglycosaminoglycan degradation^
(p = 0.042) (Fig. 4b).

Discussion

Maternal obesity and weight gain modify the composition and
metabolism of the microbiota in the gut and breast milk during
pregnancy and lactation [16, 17, 47]. Such microbial changes
may be transferred to the offspring during delivery and lacta-
tion, altering microbial colonization of infant’s gut [26, 58]. It
is becoming increasingly clear that the gut microbiota in new-
borns and infants plays a key role in gut health and child
development [17]. Dysbiosis of the early infant gut microbiota

has been correlated with the development of childhood obesi-
ty and type 1 diabetes [11, 58]. Despite this link, few studies
have addressed how maternal obesity influences the gut mi-
crobial metabolic potential during early life. Our study aimed
to identify differences in the functions encoded by the
microbiome of infants at 18 months of age born to
prepregnancy normoweight and obese mothers. We analysed
the gut microbial community composition by 16S rRNA
amplicon high-throughput sequencing. Additionally, we used
PICRUSt functional prediction to construct a community-
level metabolic network of the microbiome and compare the
abundance of pathways across infant groups [31].

Several studies have shown that the gut microbial ecosys-
tem had higher α-diversity and lower β-diversity with no
distinct clustering in children born to obese mothers compared
to children born to normoweight mothers [16, 25]. These re-
sults disagree with those recently published by Laursen et al.
[34]. The authors found no association between infant’s gut
microbiota at 9 and 18months of age with maternal obesity. In
our study, we provide evidence that maternal obesity is related
to significant differences in gut microbial community struc-
ture becauseβ-diversity metrics showed two distinct clustered
groups according to maternal prepregnancy BMI. Mueller
et al. showed that maternal obesity was associated with altered
gut microbiota composition in neonates delivered vaginally,
though not by C-section [42]. We found no effect of mode of

Fig. 2 Phylogenetic compositions of infants born to normoweight and
obese mothers at 18 months of age. a and c Pie charts showing the
distribution of phyla in infants born to normoweight mothers and obese
mothers, respectively. b and d Inter-individual variation in the proportion

of major phyla in infants born to normoweight mothers and obese
mothers, respectively. Phyla are identified by colour shades: Firmicutes
(blue), Bacteroidetes (red), Proteobacteria (green), Actinobacteria
(purple), and Unclass_Bacteria (light-blue)
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delivery or breast-feeding on gut microbiota, probably ex-
plained by the time of our sampling (18 months of age), when
such variable is diluted by others like transition to comple-
mentary feeding. On a compositional level, we observed that
Firmicutes was significantly enriched in children born to
normoweight mothers whereas Bacteroidetes was significant-
ly enriched in children born to obese women, due mainly to a
significant increase in Lachnospiraceae and Clostridicaeae 1
and Bacteroidaceae families. At genus level, Collado et al.
showed that levels of Staphylococcus and Bacteroides were
significantly higher in infants born to overweight mothers
during the first 6 months of life than in infants born to
normoweight mothers, whereas levels of Bifidobacterium
spp. were lower [16]. In our study, a significant overabun-
dance of Bacteroides, Parabacteroides, and Oscillibacter
was observed in infants born to obese mothers. Our results
agree with those of Galley et al. [25]. They showed that these
genera were significantly enriched in infants (aged 18 to
27 months) born to obese mothers compared to infants born
to normoweight mothers. Although the genus Bacteroides is
often associated with leanness and other desirable health traits
[35, 51, 61, 63], some studies have linked these genera to
obesity [28, 32, 56, 59]. Of note, differences in Oscillibacter
have been found in prior studies of diet and obesity [13, 33,
39] that may be related to a higher consumption of fat [43]. It
is plausible that differences in the sampling point (1, 6, 9, and
18 months of age) affecting feeding pattern and microbial
ecosystem maturation, lifestyle, and maternal socioeconomic

status explain the lack of reproducible findings. Further stud-
ies controlling for those variables in bigger cohorts are re-
quired to confirm the link between maternal obesity and off-
spring gut microbiota.

Our metagenomic predictions with PICRUSt showed an
overall enrichment in genes involved in metabolic pathways
in the gut microbiota of infants born to obese mothers. Of
note, abundances of all KO modules involved in lipopolysac-
charide (LPS) biosynthesis were increased. LPS derived from
the outer membranes of Gram-negative bacteria has been in-
tensively studied and is known to induce metabolic
endotoxemia by promoting secretion of pro-inflammatory cy-
tokines. The LPS from gut microbiota can induce a chronic
subclinical inflammatory process and obesity, leading to insu-
lin resistance through activation of TLR4 [9, 54]. Studies in
both animal models and humans have shown that a high-fat
diet can modulate the gut microbiota and increase circulating
levels of LPS, probably by uptake of LPS in chylomicrons
secreted from intestinal epithelial cells or through increased
intestinal permeability. Therefore, the enrichment in LPS bio-
synthesis may predispose infants born to obese mothers to
insulin resistance [58].

Our functional annotations highlight the importance of sul-
phur metabolism in infants born to obese mothers. This path-
way is involved in the degradation of sulphur-containing com-
pounds, such as products from the fermentation of certain
amino acids (cysteine and methionine) and taurine bile acid
derivatives. According to this, we also found a significantly

Fig. 3 Distribution of KEGG functional functional in infants born to
normoweight and obese mothers. Tier 1 KEGG Orthology (KO)
categories from infants born to normoweight mothers (normal) and

infants born to obese mothers (obese) are identified by colour shades
blue and orange, respectively
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overrepresentation of genes involved in taurine and
hypotaurine metabolism in children born to obese mothers.
These pathways lead to a wide variety of compounds includ-
ing hydrogen sulphide, the principal by-product of sulphur-

reducing bacteria in the mammalian colon [60]. Hydrogen
sulphide has well-established detrimental effects on the colon-
ic microenvironment and epithelial health, since its excess
may be detrimental for colonic epithelium energy metabolism

Fig. 4 Significant differences in
potential metabolic capacities of
the gut microbiomes between
infants born to normoweight
mothers (blue) and obese mothers
(orange). Significance was
determined by White non-
parametric t test with Benjamini
and Hockberg FDR correction for
multiple comparisons. Only
functional capacities with
corrected p < 0.05 are shown
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and DNA integrity. This result may have important long-term
implications for bowel health in feeding patterns where exces-
sive protein diets are consumed [36, 37, 64].

Despite infants born to obese mothers had higher abun-
dances of Bacteroides, specialized in the degradation of dietary
non-digestible carbohydrates as well as host carbohydrates in-
cluding mucus, we found no enrichment in KO modules of
polysaccharide degradation. The microbiota hydrolyses non-
digestible carbohydrates into oligosaccharides and monosac-
charides that fuel central carbon metabolism [21, 23]. Major
bacterial metabolic routes are the Embden-Meyerhof-Parnas
pathway (glycolysis, for six-carbon sugars) and the pentose-
phosphate pathway (for five-carbon sugars) leading to phos-
phoenolpyruvate that is converted into fermentation products
such as butyrate and propionate [41]. In our study, the
microbiome of infants born to normoweight mothers has a
significantly higher proportion of genes involved in lipoic acid
metabolism, an essential cofactor of pyruvate dehydrogenase,
and pentose-phosphate pathway. Considering that the fermen-
tation routes were present in the gut microbiota, our results
suggest an increased ability to process the larger variety of
monosaccharides in the diet by the gut microbiota of infants
born to normoweight mothers. Indeed, previous reports showed
that normoweight children had higher levels of faecal SCFA,
the end products of monosaccharide fermentation, compared to
obese ones [47]. However, controversy still exists regarding the
role of SCFA in obesity [50, 52]

In summary, our study showed that maternal prepregnancy
obesity may imprint a selective gut microbial composition
during late infancy with higher metabolic capacity. We are
aware that the small sample size may preclude detecting other
important differences. Still, our results showed differences in
taxonomic composition and functionality of the gut microbi-
ota across infant groups that withstood stringent correction for
multiple testing. Nevertheless, future analyses enrolling a
greater number of participants will help to understand the
molecular factors associated to maternal prepregnancy weight
that alters the microbial ecosystem during early life.
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