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Mexico is experiencing an epidemiological and nutritional transition period, and Mexican
children are often affected by the double burden of malnutrition, which includes
undernutrition (13.6% of children) and obesity (15.3%). The gut microbiome is a
complex and metabolically active community of organisms that influences the host
phenotype. Although previous studies have shown alterations in the gut microbiota
in undernourished children, the affected bacterial communities remain unknown. The
present study investigated and compared the bacterial richness and diversity of the fecal
microbiota in groups of undernourished (n = 12), obese (n = 12), and normalweight
(contral) (n = 12) Mexican school-age children. We used next-generation sequencing
to analyze the V3-V4 region of the bacterial 16S rRNA gene, and we also investigated
whether there were correlations between diet and relevant bacteria. The undernourished
and obese groups showed lower bacterial richness and diversity than the normal-
weight group. Enterotype 1 correlated positively with dietary fat intake in the obese
group and with carbohydrate intake in the undernourished group. The results showed
that undernourished children had significantly higher levels of bacteria in the Firmicutes
phylum and in the Lachnospiraceae family than obese children, while the Proteobacteria
phylum was overrepresented in the obese group. The level of Lachnospiraceae
correlated negatively with energy consumption and positively with leptin level. This is
the first study to examine the gut microbial community structure in undernourished
and obese Mexican children living in low-income neighborhoods. Our analysis revealed
distinct taxonomic profiles for undernourished and obese children.
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INTRODUCTION

The human gut microbiome is considered a metabolic organ
due to its myriad benefits (O’'Hara and Shanahan, 2006), which
include the degradation of indigestible dietary polysaccharides
into short-chain fatty acids (SCFAs) by fermentative enzymes
in the microbiome (Flint et al., 2008; den Besten et al., 2013).
Furthermore, several types of bacteria in the distal intestine can
synthesize vitamins and essential amino acids (Metges, 2000;
Martens et al., 2002; Morowitz et al., 2011). The gut microbiota
matures around 3 years after birth. At that time, it is characterized
by the presence of anaerobic microorganisms and is dominated
by two bacterial phyla, Firmicutes and Bacteroidetes, which
account for more than 90% of the gut microbiota population
(Matamoros et al., 2013; Meehan and Beiko, 2014). When the
bacterial ecosystem is disrupted (dysbiosis), some of the benefits
of this metabolic organ may be reduced, and the microbiome
may even harm the host (Hawrelak and Myers, 2004; Larsen
and Dai, 2015). Early-life exposures, including those known
to impact the composition of the gut microbiome, have been
associated with an increased risk of childhood obesity, which can
impact the subsequent development of obesity, type 2 diabetes,
hypertension, and dyslipidemia in adulthood (Munyaka et al.,
2014; Wallace et al., 2016). The gut microbiome also regulates
obesity by increasing the energy harvest from the diet and by
regulating peripheral metabolism (Yamashiro et al., 2015). In
fact, the gut microbiota of individuals who are obese seem to
have less bacterial richness, an increased level of Firmicutes,
and a reduced level of Bacteroidetes (Turnbaugh et al., 20065
Le Chatelier et al,, 2013). Notably, elevated fat consumption
stimulates a bloom of Proteobacteria. The abundance of these
bacterial lineages has been suggested as a potential diagnostic
criterion for dysbiosis (Hildebrandt et al, 2009). Children
with moderate and severe undernutrition have gut microbiota
that are less mature and less diverse than those of healthy
controls (Subramanian et al, 2014). Consequently, dysbiosis
of gut microbiota is linked to undernutrition (Ghosh et al,
2014). Notably, gnotobiotic mice who received fecal microbiota
transplants from children with kwashiorkor showed marked
weight loss and metabolic abnormalities, including disturbances
in amino acid, carbohydrate, and intermediary metabolism.
This finding supports the idea that the gut microbiome is
implicated in this type of severe undernutrition (Smith et al.,
2013; Kane et al., 2015). Stunting, or low height-for-age, is the
most common form of undernutrition and is very prevalent in
resource-limited areas of the world. Stunting is considered the
main indicator of childhood undernutrition, and the etiology
of stunting is poorly understood (Ahmed et al, 2014; Dinh
et al., 2016). Several studies have reported associations between
stunting and altered body composition and fat distribution that
predispose individuals to excess adiposity and abdominal fat
distribution, which is strongly associated with the development
of obesity, insulin resistance, and diabetes (Lear et al., 2009;
Wilson et al,, 2012; Pomeroy et al, 2014; Hardikar et al,
2015).

Mexico is going through a nutritional transition that affects
school-age children, who bear the double burden of malnutrition,

which includes undernutrition and obesity (13.6% and 15.3%,
respectively) (Shamah-Levy et al, 2017). An undernourished
population often moves from undernutrition to overnutrition,
resulting in weight gain and central adiposity (Barquera et al,,
2007). There is a risk of obesity in populations who move
from famine early in life to abundance or even to excessive
nutrition in adulthood (Martorell et al., 2001; Tzioumis and
Adair, 2014). The mechanisms underlying these alterations
remain unknown. However, low-income families may have an
obesogenic environment due to the enrichment of sugar and
edible oils in inexpensive food, resulting in a diet that is
energy dense but micronutrient-poor that could alter their gut
microbiome (Sawaya et al., 2003; David et al., 2014; Doak et al.,
2016).

Considering this context, describing the gut microbiota in
nutrition-related diseases may provide insights into the roles
of microbiota in the pathogenesis of undernutrition and in
obesity risk over time (Gordon et al., 2012). Thus, the aim of
the present study was to describe and compare the richness
and diversity of the intestinal microbiota in undernourished
and obese Mexican school-age children living in low-income
(marginal) and vulnerable communities (Vite-Pérez and Pérez-
Zamorano, 2010; Moreno-Sanchez and Espejel-Mena, 2013).

MATERIALS AND METHODS
Subjects

The children recruited in this study were selected from a
cohort of 1,000 children attending to public schools located
in Chimalhuacdn, State of México. Thirty-six children aged
between 9 and 11 years old belonging to low-income families,
were selected and assigned to the study groups. Weight and
length/height were measured and nutritional status was defined
by height-for-age (HAZ) score, using the 2009 WHO child
growth standards as a reference (World Health Organization
United Nations Children’s Fund, 2009).

Children were classified as stunted if their HAZ score
was more than two standard deviations below the median
of the WHO reference standard. Obesity was considered as
z-score > +2 standard deviations, according to the cut-offs
determined by WHO (de Onis et al., 2007). Normal weight group
was defined according to BMI z-score as well. Children with any
of the exclusion criteria below were not eligible for entry for
the present study: antibiotic therapy or hospitalization history
(>24 h) anytime 6 months prior to the study, any gastrointestinal
or underlying pathology, any chronic illness, any infection
requiring antibiotic therapy, diarrheal disease (World Health
Organization definition) during the month prior to the study and
gastro-intestinal-related medication (antibiotics prescription).
The parents or legal guardians were interviewed in order to
obtain socioeconomic and demographic information. The study
was performed according to the latest version of the Declaration
of Helsinki and was approved by the Human Research Ethical
Committee of Hospital Juarez de México. All parents or legal
guardians and children provided written informed consent.
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Anthropometric and Biochemical

Measurements

The following anthropometric measurements were obtained:
weight, height, waist circumference, tricipital and subscapular
skinfolds using standardized techniques applied by trained
personnel. All measurements were obtained with children
wearing light clothing and no shoes. Height was measured with
the child standing up and barefoot, using a stadiometer with
a support and an inextensible ruler. The participants stood up
erect, with arms along the body and head on the Frankfurt plane.

The tricipital skinfold was measured in the posterior midpoint
of the arm between the acromion and olecranon and the
subscapular skinfold was measured 2 cm below the margin of
the lower angle of the scapula using a caliper (Lange Skinfold
Caliper, Beta Technology, Santa Cruz, CA, United States) with
a limit measurement of 40 mm. Body fat percent evaluation for
girls and boys was derived from triceps and subscapular skinfold
using prepubescent Slaughter equation (Kavak, 2006).

Fasting blood samples were collected and kept at 2-
8°C, centrifuged within the first 15 min and stored at
—80°C, until their processing in the Molecular Endocrinology
Laboratory of Hospital Juarez de México. Glucose, triglycerides,
total cholesterol, LDL-cholesterol and HDL-cholesterol, hepatic
transaminases, prealbumin and transferrin serum levels were
determined by automatic chemistry analyzer (Advia 1800
Siemens, Atlanta, EEUU). Insulin serum levels were determined
by electrochemiluminescence using an Elecsys 2010 equipment
(Roche® Diagnostics Corp., Indianapolis, IN, United States).
Both leptin and adiponectin serum levels were measured by
a commercial ELISA kit, following manufacturer’s instructions
(Human Leptin Quantikine and Adiponectin/Acrp30, R&D
Systems, respectively).

Dietary Assessment

Dietary intake data were obtained by using unannounced 24-h
dietary recalls. The assessment of energy intake, macronutrients
and micronutrients were examined through NutriKcal® VO
software (Consinfo, S.C., Mexico) validated for Mexican
population.

DNA Extraction and Preparation of 16S

rRNA Gene Amplicon Libraries

The parent of each child was instructed to collect the first bowel
movement of the day. After collection, fecal samples, placed in a
sterile polypropylene container and immediately transported to
the laboratory facilities in ice-filled coolers. Aliquots with 200 mg
were made and stored at —80°C until processing. Bacterial
DNA was extracted by using QIAamp DNA stool kit (QIAGEN,
Hilden, Germany) following manufacturer’s instructions. DNA
concentrations were measured by using Nano Drop V3.8.1
spectrophotometer. The V3-V4 hypervariable region of bacterial
16S rRNA gene was amplified by GeneAmp PCR system 9700
(Applied Biosystems). The First PCR conditions were as follows:
5 min at 95°C, followed by 30 cycles of 1 min at 95°C, 1 min
at 45°C, and 30 s at 72°C; and a final 5 min extension at
72°C. Each 50 pL PCR reaction contained 10 ng DNA, 1 pL

of each universal primers (319F/806R), 13 nL DNAse free
water and 25 pL Platinum Super Mix (Invitrogen, Carlsbad,
CA, United States). PCR products were purified by using
magnetic AMPure XP Beads (Beckman Coulter, Danvers, MA,
United States), and then quantified using the Qubit system
(Invitrogen, United States) according to the manufacturer’s
specifications. A second PCR was applied to the resulting
products in which dual indices (containing a 6-nt unique
sequence to identify samples when pooled for sequencing) and
sequencing adapters were incorporated using the Nextera XT
Index kit (Illumina, United States), in order to generate complete
libraries. The cycling conditions were 95°C for 5 min, followed by
five cycles at 95°C for 1 min, 50°C for 1 min, 72°C for 1 min and
a final 5 min extension at 72°C. Thereafter, AMPure XP beads
were repeated to clean up the library. Finally, the resulting library
in each sample was qualified and quantified using an Agilent 4200
TapeStation (Agilent, Santa Clara, CA, United States).

Sequencing and Data Analysis

The 36 libraries were mixed in equimolar concentrations to
generate a 4 nM library pool using 10 mM Tris (pH 8.5)
as diluent. In addition, libraries were denatured with 0.2 N
NaOH and diluted to a final concentration of 10 pM, including
a 10% PhiX Control v3 (Illumina, Cat. No. FC-110-3001).
DNA library was sequenced at Sequencing Unit in National
Institute of Genomic Medicine (INMEGEN) by Illumina Miseq
platform (Illumina, San Diego, CA, United States) as described
by Caporaso et al. (2012). Illumina fastq reads were processed
using the QIIME (quantitative insights into microbial ecology)
software package (Caporaso et al., 2010). Forward and reverse
reads were first merged using join_paired_ends.py script. The
resulting sequences were filtered using split_libraries.py script
with the following parameters: (r = 3, p = 0.75 total read length;
q = 3; n = 0) as recommended by Bokulich et al. (2013).
UCHIME algorithm was implemented to safely detect and
remove chimeric sequences (Edgar et al., 2011). Briefly, sequences
were clustered into operational taxonomic units (OTUs) using
a 97% identity threshold with UCLUST tool, wrapped within
QIIME (Edgar, 2010). Representative sequences were aligned
against the Greengenes database (DeSantis et al., 2006), and
taxonomy was assigned using the Ribosomal Database Project
(RDP) classifier with a minimum support threshold of 80%
(Wang et al, 2007). The taxonomic composition of the gut
microbiota was assessed using METAGENassist (Arndt et al.,
2012).

Community diversity was calculated by using the
alpha_rarefaction.py script including estimator Chaol (species
richness), Shannon index (species diversity) and species metrics
(Chao et al., 2006).

Statistical Analysis

Statistical analyses of biochemical, anthropometrical, hormonal,
and nutrients variables were performed using the IBM SPSS
statistic version 22 (SPSS, Inc., Chicago, IL, United States) and
R software’ (R Core Team, 2013). Parameters with normal

'https://www.r-project.org/
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distribution were compared by one-way ANOVA followed by
Bonferroni post hoc. The non-parametric Kruskall-Wallis test
and subsequent Tukey’s multiple comparison were used to
determine which specific variables were significantly different
among groups. Data were expressed as mean £ SD and
median (25th-75th percentiles) and a P-value < 0.05 was
considered statistically significant (Supplementary Tables S1,
§2). Principal components analysis (PCA) was applied to
biochemical, anthropometrical, hormonal, and nutrimental data.
In order to standardize variables, a log-transformation using the
prcomp function from the stats package was done (R Core Team,
2015).

Plots were generated using the ggplot2 package (Wickham,
2009). Parametric one-way ANOVA with Tukey test was
used in order to detect significant differences on OTU and
phylum, species richness or diversity indices. Correspondence
analysis (CA) between bacterial communities (Lachnospiraceae,
Proteobacteria, and Prevotella) and specific variables of diet
intake (Energy and fat intake and beans consumption) was
applied using FactoMineR (Lé and Husson, 2008) and factoextra
(Kassambara and Mundt, 2016) packages. We used the
partitioning around medoids (PAM) clustering algorithm and
Jensen-Shannon divergence (JSD) to determine the genus-level

relative abundance in the three groups and to cluster the gut
microbial enterotypes.

The analysis among enterotypes and important diet
parameters derived from the variables factor map (PCA),
was carried out by a correlation matrix (Spearman’s rank
correlation) constructed using the hmisc, and corrplot packages
(Harrell and Dupont, 2016; Wei and Simko, 2016). The Lineal
Discriminant Analysis (LDA) Effect Size (LEfSe) method was
used to evaluate differences in microbial communities with an
LDA score of at least 2 (Segata et al., 2011).

RESULTS

Significant differences (P < 0.05) in the groups of
undernourished, obese, and normal-weight Mexican school-age
children in anthropometrical characteristics, such as BMI,
waist circumference, tricipital and subscapular skinfolds, and
body fat percentage. Regarding biochemical parameters, there
were significant differences (P < 0.05) in glucose, triglycerides,
insulin, ALT, and leptin levels (Supplementary Table SI).
Division and discrimination achieved between the groups are
shown in the Principal Component Analysis (Figure 1). The first

oC

*UN

PC2 (18.1% explained var.)
o

-2 -1 0

e OB

PC1 (53.1% explained var.)

FIGURE 1 | Principal component biplot of biochemical, anthropometric, and hormonal variables. The first principal component accounted for 53.1% while the
second principal component accounted for 18.1% variance of the performance measures data. Arrows show the contribution and correlation of each variable on the
PC1 and PC2. The central circle indicates the theoretical maximum extent of the arrows. The ellipses indicate 68% confidence intervals for the study groups.

& Features
1. Subscapular skinfold
2. Weight
3. Waist circumference
4. Body fat
S. Hip circumference
6. Tricipital skinfold
7. BMI Z-score
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1. Creatinine
2. Globulin
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principal component (PC1) accounted for 53.1% of the variance
of the performance measures data, while the second principal
component (PC2) accounted for 18.1%. The correlations between
variables and the contribution of each variable to PC1 and PC2
are shown in Supplementary Figure S1.

Inadequate Nutritional Intake Among the

Obese and Undernutrition Groups

The obese group diet was characterized by high total fat intake,
which comprised 36.1% of the total energy intake. The mean
daily intake of saturated fatty acids (25.6 g), monounsaturated
fatty acids (31.0 g), and polyunsaturated fatty acids (13.6 g)
was notably higher than in the other groups (Supplementary
Table S2). Carbohydrate intake accounted for about 66% of
the total daily energy of undernourished children, due mainly
to sugar consumption. However, the obese group consumed
more kcal per kg per day than the other groups kcal per kg
per day. Supplementary Table S2 shows the daily intake of

micronutrients (nine vitamins and six minerals). Obese children
had higher sodium intake than the other two groups. We
generated a variable factor map that shows the projection,
contribution, and correlations between the dietary variables
(Supplementary Figures S2A,B)

Decrease in Alpha Diversity in

Malnutrition Groups

From the Illumina 250 bp paired-end sequencing of the
amplicon targeting the V3-V4 region of 16S rRNA gene, we
generated a total of 9,935,304 sequences, with a mean = 275,981
reads per sample. The three “non-phylogeny-based” metrics
(the observed species, Chaol and Shannon index) were used
to describe alpha diversity (Figures 2A-C). The normal-
weight group had more richness and observed species than
the undernourished and obese groups (P = 0.007, P = 0.02,
respectively). Regarding the Shannon diversity index, there
was a significant difference between the normal-weight

3500
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FIGURE 2 | (A) Alpha rarefaction curves representing the observed number of species in the three study groups. The y-axis indicates the average number of OTUs
per sample in each group. The error bars denote standard deviation. (B) Boxplots for comparison of species diversity (Shannon index) between the three study
groups. (C) Boxplots for comparison of species richness (Chao1 index) between the three study groups. Diamonds indicate means and horizontal lines indicate
medians *denotes P < 0.05 compared to the control group; **denotes P < 0.01 compared to the control group.
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group and the undernourished (P = 0.02) and obese groups
(P < 0.01), with the normal-weight group showing greater
diversity.

Characterization of Intestinal Microbiota

A total of eight phyla were detected. The predominant phyla
were Firmicutes and Bacteroidetes, followed by Proteobacteria,
Actinobacteria, Tenericutes, Actinobacteria, and Lentisphaerae,
which were less abundant. In regard to phyla, Firmicutes
showed greater abundance in the undernourished group (57.9%)
than in the normal-weight group (43.2%) (P = 0.028). The
intestinal microbiota of children in the undernourished and
obese groups had lower proportions of Bacteroidetes (38.3% and
33%, respectively) compared to the normal-weight group (48.3%)
(Figures 3A-C).

The ratio of Firmicutes to Bacteroidetes (F/B) was greater in the
malnourished group than in the normal-weight group. However,
these differences were not significant (Figure 3D). Proteobacteria
were substantially more abundant in the obese group (15.1%)
than in the undernourished group (3.1%) (P = 0.002). The most
abundant genera belonged to the three dominant phyla: three
genera belonged to Bacteroidetes, Ruminococcus, and Roseburia
belonged to Firmicutes, and Sutterella and Succinivibrio belonged
to Proteobacteria (Supplementary Figure S3).

We used the LEfSe algorithm to determine whether any taxa
at different taxonomic levels were enriched in the undernutrition
and obese groups (Figure 4A). Proteobacteria and Bilophila
were overrepresented in the obese group (LDA score > 4
and LDA score > 2, respectively), while Lachnospiraceae was
enriched in the undernourished group (LDA score > 4.5).

Proteobacteria correlated positively with total fat intake (p = 0.48,
P = 0.01), whereas Lachnospiraceae correlated negatively with
energy intake (p = —0.77, P = 0.02) (Figure 4B) and correlated
positively with leptin (p = 0.24, P = 0.001) (Supplementary
Figure S5). There was also a positive correlation between
Prevotella and bean consumption (p = 0.52, P = 0.03)
(Figures 4B,C).

Association of Enterotypes 1 and 2 With
Dietary Intake

Bacteroides (enterotype 1) showed a higher relative abundance
in the control group compared to the undernourished and obese
groups, while the relative abundance of Prevotella (enterotype 2)
was higher in the undernourished group than in the control and
obese groups (Supplementary Figure S3).

A total of 19 (52.7%) of the 36 samples were assigned
to enterotype 1, and 17 (47.2%) were assigned to enterotype
2 (Figure 5). These enterotypes did not show significant
correlations with any of the biochemical, hormonal, or
anthropometric parameters (Supplementary Figure $4). We also
investigated the correlations between enterotypes 1 and 2 and the
dietary patterns of each group. Bacteroides correlated positively
with fat intake and with carbohydrate consumption (Figure 6).

DISCUSSION

Previous studies have shown that obesity is associated with
changes in gut microbiota (Ridaura et al., 2013), but few studies
have investigated the microbiota composition in undernourished
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FIGURE 3 | (A) Comparison of microbial composition at phylum-level among the three groups [Control (A), Undernutrition (B), Obese (C)]. The pie charts show the
relative proportion of each phylum detected by METAGENassist analysis. n = 12 in each group. (D) Ratio F/B of the three study groups. Error bars indicate standard
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FIGURE 4 | (A) Bacterial taxa differentially represented between the undernutrition and obesity groups identified by linear discriminant analysis (LDA) effect size
(LEfSe). Only taxa with an alpha value of 0.05 and with an LDA score of at least 2 are shown. (B) Biplot of correspondence analysis (between important bacterial
lineages and relevant dietary parameters). Arrows pointing to the same position indicate a positive correlation and arrows pointing to an opposite position indicate a
negative correlation. (C) Correlation between beans consumption and Prevotella. The graph shows a positive correlation between the two variables (p = 0.52,

P =0.03) including a regression line and a 95% confidence interval represented by the shaded area.
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children, including those affected by poverty in developing
countries. The undernourished population tends to shift from
undernutrition to overnutrition, but the mechanisms underlying
the associated alterations remain unknown (Barquera et al.,
2007). However, they may involve dysbiosis in the gut microbiota.

The present study categorized children into normal-
weight, obese, and undernourished groups. Independent of
nutrition status, the gut microbiota of the children were
dominated by Bacteroidetes (including Bacteroides and Prevotella
genera) and Firmicutes (including Clostridium, Enterococcus,
Lactobacillus, and Ruminococcus), which account for more
than 90% of the phylogenetic lineages (Sagheddu et al,
2016).

Microbiota diversity and richness was lower in the
undernourished and obese groups than in the normal-weight
group. Interestingly, this pattern has also been reported in
undernourished mice (Preidis et al., 2015). Studies indicate that
individuals with low intestinal bacterial richness have more
overall adiposity and insulin resistance and gain more weight
over time (Le Chatelier et al., 2013). Indeed, significant decreases
in diversity and phylum-level changes have been associated

with obesity (Turnbaugh et al., 2009a). Ley et al. (2006) found
a higher F/B ratio in obese people than in thin people. In the
present study, the F/B ratio was higher in the undernutrition
group than in the other groups; however, this difference was not
significant.

Bacteroidetes have a very large repertoire of genes that are
involved in the acquisition and metabolism of polysaccharides
(Mahowald et al., 2009). Bacteroidetes can easily adapt to any
environmental niche, owing in part to the plasticity of their
genomes, which undergo continuous genetic rearrangements,
duplications, and lateral gene transfers between species (Thomas
et al, 2011). The relative abundance of Bacteroidetes was
lowest in the obese group and was higher in the normal-
weight group compared to the wundernourished group.
This is in accordance with data from undernourished
neonatal mice, who have a relatively lower proportion of
Bacteroidetes compared to controls and are deficient in multiple
microbial pathways, including the N-glycan pathway. This
deficiency may result in less efficient energy extraction from
non-digestible polysaccharides or diet fiber (Preidis et al,
2015).
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FIGURE 5 | Identification of enterotypes in Mexican children using Principal
Coordinate Analysis. Samples colored by enterotype: orange color
corresponds to enterotype 1 (Bacteroides) and pink color corresponds to
enterotype 2 (Prevotella).

In addition, we found that the F/B ratio in the gut
microbiota of the undernourished group was higher than in the
obese and normal-weight groups. This might be because the
undernourished group had a diet high in sugar and low in fiber,
which could predispose them to future obesity. There is evidence
that high-glucose or -sucrose consumption induces changes in
gut microbiota, increasing the F/B ratio (Magnusson et al., 2015;
Do et al, 2018). On the other hand, a so-called Western diet,
which is high in sugar and fat, has been associated with an
overgrowth of Firmicutes and a parallel decrease in Bacteroidetes

(Turnbaugh et al., 2009b). The Western lifestyle, including the
diet, is associated with high incidences of chronic diseases, such
as cardiovascular disease and type II diabetes, which individually
and collectively have a hefty socioeconomic burden (Turnbaugh
et al., 2009b). Most Western populations have omnivorous diets
that are rich in refined food and of poor nutritional quality
(Conlon and Bird, 2015).

We found that the Lachnospiraceae family within the phylum
Firmicutes was significantly overrepresented in undernourished
children and correlated negatively with energy intake. Early
blooms of this family have been associated with adiposity, weight
gain, and diabetes (Cho et al., 2012; Kameyama and Itoh, 2014).
According to Turnbaugh et al. (2006), the gut microbiomes
of obese people with the lowest levels of microbiota diversity
and richness had higher energy harvesting. The mechanisms
involved in this phenomenon are not yet clear, but a recent
study showed that Lachnospiraceae, which was detected in the
microbiomes of animals with more efficient energy harvesting,
could be a contributing factor (Shabat et al., 2016). Considering
these data, we hypothesize that having high Lachnospiraceae
levels contributes to a process of adaptation that protects against
poor nutrition. In this context, although the microbial alpha
diversity was low in undernourished children, this type of
bacteria helps improve the energy balance, suggesting that the
Lachnospiraceae family might serve as a metabolic regulator in
individuals with an undernourished phenotype. As mentioned
above, we found that Firmicutes, particularly Lachnospiraceae,
was enriched in the undernourished group. Notably, the
presence of Lachnospiraceae is closely related to obesity.
Hence, we hypothesize that an expansion of Firmicutes could
improve energy homeostasis and protect against undernutrition,
but it could also have negative cumulative effects on the
children’s health in the future. Interestingly, Lachnospiraceae
abundance correlated with leptin levels; moreover, malnourished
children had higher concentrations of leptin than normal-
weight children. Studies indicate that independent of body fat,
high serum leptin levels may be an indicator of increased
leptin resistance, which predisposes children who are at high
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FIGURE 6 | Spearman (rank) correlation matrix between enterotypes and dietary intakes in fecal samples of selected groups of children. Control (A), Undernutrition
(B), Obese (C). Strong correlations are indicated by big circles, whereas weak correlations are indicated by small circles. Colors in scale bar denote the type of
correlation: 1 indicates perfect positive correlation (dark purple) and -1 indicates perfect negative correlation (dark yellow).
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risk of adult obesity to weigh more and to have more body fat
during childhood (Fleisch et al., 2007). According to the nutrition
transition theory, populations tend to shift from undernutrition
to overnutrition as they experience the dietary and demographic
changes associated with socioeconomic development (Barquera
et al,, 2007). Undernutrition in early life results in an increased
risk of hyperinsulinemia, high blood pressure, obesity, diabetes,
and cardiovascular diseases in adulthood (Guerrant et al., 2013).
In Mexico, child stunting is one of the biggest nutritional public
health problems, particularly in underserved groups, including
those in rural areas (Kroker-Lobos et al., 2014). Interestingly
the prevalence of stunting in Mexico has decreased in recent
decades, but this has been coupled to a dramatic change in the
prevalence of overweight and obesity in children (Shamah-Levy
et al,, 2017). Thus, our data suggest that Lachnospiraceae may be
linked to increased energy harvest by gut microbiota. Additional
studies are needed to determine whether the abundance
of Lachnospiraceae early in life predisposes undernourished
children to obesity later in life.

Our results showed that the obese group had higher
levels of Proteobacteria, and we also found a positive
correlation between Proteobacteria and fat intake. Preliminary
investigation showed that an increase in Proteobacteria
represents a risk factor for human health, including dysbiosis,
and therefore the abnormal growth of Proteobacteria may
represent an imbalance in the gut microbial community
and be a potential marker of disease risk (Shin et al,
2015). Moreover, the combination of low alpha diversity and
Proteobacteria expansion may reflect intestinal dysbiosis in
obese children. A recent study in mice found an association
between increased abundance of Bilophila and fat feeding,
inflammation, and colitis (Devkota et al., 2012). In the present
study, the Bilophila level was increased in the obese group of
children.

To determine whether the enterotypes of the human gut
microbiome are linked to the Western diet, we analyzed possible
correlations between Bacteroides and Prevotella and energy and
macronutrient intake. The Bacteroides enterotype was positively
associated with energy intake and fat intake, including the
intake of monounsaturated, polyunsaturated, and saturated fat.
Bacteroides are associated with consumption of a long-term fat-
enriched diet (Lim et al., 2014). These results indicate that, despite
the alterations of the gut microbiota in undernourished and obese
children, enterotype 1 (Bacteroides) can be considered a potential
bacterial marker of a Western diet that predisposes them to
chronic diseases. A recent study showed that Prevotella was
associated with long-term consumption of dietary fiber. Likewise,
we found a strong, positive correlation between Prevotella
and bean consumption. Beans are one of the most widely
consumed foods in the Mexican population (Mojica and de
Mejia, 2015).

This is the first study to examine the gut microbial community
structure in undernourished and obese Mexican children living
in low-income neighborhoods. Our analysis revealed distinct
taxonomic profiles for undernourished and obese children.
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FIGURE S1 | Scree plot graphs derived from principal components analysis.
Purple bars show the first selected variables that explain 95% of the total variance.
The x-axis contains the principal components. The y-axis contains the fraction of
the explained total variance, indicated by bold horizontal red lines that define the
most important parameters and relegates the variables without relevance in the
PCA.

FIGURE S2 | (A) PCA variables factor map representing projection of variables on
the plane defined by the first two dimensions based on 28 variables. (B) Variable
contribution for Dimensions 1 and 2 with the most variance percentage (57%).

FIGURE S3 | Comparison of taxonomic composition at genus-level among the
three groups. The pie charts show the overall microbiota structure for each group
at the genus level. (A) Control; (B) Under nutrition and (C) Obese. n = 12 in each
group.

FIGURE S4 | Spearman (rank) correlation matrix between enterotypes and
anthropometrical, hormonal, and biochemical variables which derived from PCA
(Figure 1). Strong correlations are indicated by big circles whereas weak
correlations are indicated by small circles.

FIGURE S5 | Correlation between serum leptin concentration and
Lachnospiraceae. The graph shows a positive correlation between the two
variables (p = 0.2403, P = 0.001) including a regression line and a 95% confidence
interval represented by the shaded area.

TABLE S1 | Anthropometric, biochemical, and hormonal characteristics in
malnutrition and normal-weight groups. Data are mean + SD and median
(25th-75th percentiles). @Statistically significant difference compared with the
normal-weight group at p < 0.05. bStatistically significant difference compared
with the undernutrition group at p < 0.05. *Raw data; 'z (standard) score vs.
normal-weight, (o < 0.001).

TABLE S2 | Daily energy and dietary assessment in malnutrition and
normal-weight groups. Data are mean £+ SD and median (25th — 75th percentile).
aStatistically significant difference compared with the normal-weight group at

p < 0.05. PStatistically significant difference compared with the undernutrition
group at p < 0.05.

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2494


https://www.frontiersin.org/articles/10.3389/fmicb.2018.02494/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02494/full#supplementary-material
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Méndez-Salazar et al.

Firmicutes Undernourished Children Susceptibility Obesity

REFERENCES

Ahmed, T. D., Auble, J. A., Berkley, R., Black, R., Ahern, P. P., Hossain, M., et al.
(2014). An evolving perspective about the origins of childhood undernutrition
and nutritional interventions that includes the gut microbiome. Ann. N. Y.
Acad. Sci. 1332, 22-38. doi: 10.1111/nyas.12487

Arndt, D., Xia, J., Liu, Y., Zhou, Y., Guo, A. C., Cruz, J. A, et al. (2012).
METAGEN assist: a comprehensive web server for comparative metagenomics.
Nucleic Acids Res. 40, W88-W95. doi: 10.1093/nar/gks497

Barquera, S., Peterson, K. E., Must, A., Rogers, B. L., Flores, M., Houser, R., et al.
(2007). Coexistence of maternal central adiposity and child stunting in Mexico.
Int. J. Obesity 31, 601-607. doi: 10.1038/s).ij0.0803529

Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I, Knight, R.,
etal. (2013). Quality-filtering vastly improves diversity estimates from Illumina
amplicon sequencing. Nat. Methods 10, 57-59. doi: 10.1038/nmeth.2276

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 75, 335-336. doi: 10.1038/nmeth.
£303

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, ., Fierer, N.,
et al. (2012). Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621-1624. doi: 10.1038/isme;.
2012.8

Chao, A., Chazdon, R. L., Colwell, R. K., and Shen, T. J. (2006). Abundance-based
similarity indices and their estimation when there are unseen species in samples.
Biometrics 62, 361-371. doi: 10.1111/j.1541-0420.2005.00489.x

Cho, I., Yamanishi, S., Cox, L., Methe, B. A., Zavadil, J., Li, K, et al. (2012).
Antibiotics in early life alter the murine colonic microbiome and adiposity.
Nature 488, 621-626. doi: 10.1038/nature11400

Conlon, M. A, and Bird, A. R. (2015). The impact of diet and lifestyle on gut
microbiota and human health. Nutrients 7, 17-44. doi: 10.3390/nu7010017

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E.,
Wolfe, B. E., et al. (2014). Diet rapidly and reproducibly alters the human gut
microbiome. Nature 505, 559-563. doi: 10.1038/nature12820

de Onis, M., Onyango, A. W., Borghi, E., Siyam, A., Nishida, C., and Siekmann, J.
(2007). Development of a WHO growth reference for school-aged children and
adolescents. Bull. World Health Organ. 85, 660-667. doi: 10.2471/blt.07.043497

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D. J., and
Bakker, B. M. (2013). The role of short-chain fatty acids in the interplay between
diet, gut microbiota, and host energy metabolism. J. Lipid Res. 54, 2325-2340.
doi: 10.1194/jlr. R036012

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,
et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069-5072.
doi: 10.1128/AEM.03006-05

Devkota, S., Wang, Y., Musch, M. W,, Leone, V., Fehlner-Peach, H., Nadimpalli, A.,
et al. (2012). Dietary-fat-induced taurocholic acid promotes pathobiont
expansion and colitis in I110-/- mice. Nature 487, 104-108. doi: 10.1038/
naturel1225

Dinh, D. M., Ramadass, B., Kattula, D., Sarkar, R., Braunstein, P., Tai, A., et al.
(2016). Longitudinal analysis of the intestinal microbiota in persistently stunted
young children in South India. PLoS One 11:¢0155405. doi: 10.1371/journal.
pone.0155405

Do, M. H,, Lee, E,, Oh, M. J,, Kim, Y., and Park, H. Y. (2018). High-glucose
or-fructose diet cause changes of the gut microbiota and metabolic disorders
in mice without body weight change. Nutrients 10:761. doi: 10.3390/nu1006
0761

Doak, C. M., Campos, M., Vossenaar, M., and Solomons, N. W. (2016). The
stunted child with an overweight mother as a growing public health concern
in resource-poor environments: a case study from Guatemala. Ann. Hum. Biol.
43, 122-130. doi: 10.3109/03014460.2015.1136356

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Edgar, R. C.,, Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194-2200. doi: 10.1093/bioinformatics/btr381

Fleisch, A. F., Agarwal, N., Roberts, M. D., Han, J. C., Theim, K. R., Vexler, A.,
et al. (2007). Influence of serum leptin on weight and body fat growth in

children at high risk for adult obesity. J. Clin. Endocr. Metab. 92, 948-954.
doi: 10.1210/jc.2006- 1390

Flint, H. J., Bayer, E. A, Rincon, M. T., Lamed, R,, and White, B. A. (2008).
Polysaccharide utilization by gut bacteria: potential for new insights from
genomic analysis. Nat. Rev. Microbiol. 6, 121-131. doi: 10.1038/nrmicro
1817

Ghosh, T. S., Gupta, S. S., Bhattacharya, T., Yadav, D., Barik, A., Chowdhury, A.,
et al. (2014). Gut microbiomes of Indian children of varying nutritional status.
PL0S One 9:¢95547. doi: 10.1371/journal.pone.0095547

Gordon, J. L, Dewey, K. G., Mills, D. A., and Medzhitov, R. M. (2012). The human
gut microbiota and undernutrition. Sci. Transl. Med. 4:137s112.

Guerrant, R. L., DeBoer, M. D., Moore, S. R., Scharf, R. J., and Lima, A. A. (2013).
The impoverished gut-a triple burden of diarrhoea, stunting and chronic
disease. Nat. Rev. Gastroenterol. Hepatol. 10, 220-229. doi: 10.1038/nrgastro.
2012.239

Hardikar, A. A., Satoor, S. N., Karandikar, M. S., Joglekar, M. V., Puranik,
A. S, Wong, W,, et al. (2015). Multigenerational undernutrition increases
susceptibility to obesity and diabetes that is not reversed after dietary
recuperation. Cell Metab. 22, 312-319. doi: 10.1016/j.cmet.2015.06.008

Harrell, F. E., and Dupont, C. (2016). Hmisc: Harrell Miscellaneous. R Package
Version 4.0-0. Available at: https://CRAN.R-project.org/package=Hmisc

Hawrelak, J. A., and Myers, S. P. (2004). The causes of intestinal dysbiosis: a review.
Altern. Med. Rev. 9, 180-197.

Hildebrandt, M. A., Hoffmann, C. Sherrill-Mix, S. A., Keilbaugh, S. A,
Hamady, M., Chen, Y. Y., et al. (2009). High-fat diet determines the
composition of the murine gut microbiome independently of obesity.
Gastroenterology 137, 1716.e1-2-1724.e1-2. doi: 10.1053/j.gastro.2009.08.042

Kameyama, K., and Itoh, K. (2014). Intestinal colonization by a Lachnospiraceae
bacterium contributes to the development of diabetes in obese mice. Microbes
Environ. 29, 427-430. doi: 10.1264/jsme2.ME14054

Kane, A. V., Dinh, D. M., and Ward, H. D. (2015). Childhood malnutrition and the
intestinal microbiome. Pediatr. Res. 77, 256-262. doi: 10.1038/pr.2014.179

Kassambara, A., and Mundt, F. (2016). Factoextra: Extract and Visualize the Results
of Multivariate data Analyses. Available at: http://www.sthda.com/english/
rpkgs/factoextra

Kavak, V. (2006). The determination of subcutaneous body fat percentage by
measuring skinfold thickness in teenagers in Turkey. Int. J. Sport Nutr. Exerc.
Metab. 16, 296-304. doi: 10.1123/ijsnem.16.3.296

Kroker-Lobos, M. F., Pedroza-Tobias, A., Pedraza, L. S., and Rivera, J. A. (2014).
The double burden of undernutrition and excess body weight in Mexico. Am. J.
Clin. Nutr. 100, 16525-1658S. doi: 10.3945/ajcn.114.083832

Larsen, P. E,, and Dai, Y. (2015). Metabolome of human gut microbiome is
predictive of host dysbiosis. Gigascience 4:42. doi: 10.1186/s13742-015-0084-3

Lé, S., and Husson, F. (2008). FactorMineR: an R package for multivariate analysis.
J. Stat. Softw. 25, 1-18. doi: 10.18637/jss.v025.i01

Le Chatelier, E. T., Nielsen, J., Qin, E., Prifti, F., Hildebrand, G., Falony, M., et al.
(2013). Richness of human gut microbiome correlates with metabolic markers.
Nature 500, 541-546. doi: 10.1038/nature12506

Lear, S. A., Kohli, S., Bondy, G. P., Tchernof, A., and Sniderman, A. D. (2009).
Ethnic variation in Fat and lean body mass and the association with insulin
resistance. J. Clin. Endocrinol. Metab. 94, 4696-4702. doi: 10.1210/jc.2009-1030

Ley, R. E., Turnbaugh, P. J., Klein, S., and Gordon, J. I. (2006). Microbial ecology:
human gut microbes associated with obesity. Nature 444, 1022-1023. doi: 10.
1038/4441022a

Lim, M. Y., Rho, M., Song, Y. M., Lee, K., Sung, J., and Ko, G. (2014). Stability
of gut enterotypes in Korean monozygotic twins and their association with
biomarkers and diet. Sci Rep. 4:7348. doi: 10.1038/srep07348

Magnusson, K. R., Hauck, L., Jeffrey, B. M, Elias, V., Humphrey, A., Nath, R,, et al.
(2015). Relationships between diet-related changes in the gut microbiome and
cognitive flexibility. Neuroscience 300, 128-140. doi: 10.1016/j.neuroscience.
2015.05.016

Mahowald, M. A., Rey, F. E.,, Seedorf, H., Turnbaugh, P. J., Fulton, R. S,
Wollam, A., et al. (2009). Characterizing a model human gut microbiota
composed of members of its two dominant bacterial phyla. Proc. Natl. Acad.
Sci. U.S.A. 14, 5859-5864. doi: 10.1073/pnas.0901529106

Martens, J. H., Barg, H., Warren, M. J., and Jahn, D. (2002). Microbial production
of vitamin B12. Appl. Microbiol. Biotechnol. 58, 275-285. doi: 10.1007/s00253-
001-0902-7

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2494


https://doi.org/10.1111/nyas.12487
https://doi.org/10.1093/nar/gks497
https://doi.org/10.1038/sj.ijo.0803529
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1111/j.1541-0420.2005.00489.x
https://doi.org/10.1038/nature11400
https://doi.org/10.3390/nu7010017
https://doi.org/10.1038/nature12820
https://doi.org/10.2471/blt.07.043497
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1038/nature11225
https://doi.org/10.1038/nature11225
https://doi.org/10.1371/journal.pone.0155405
https://doi.org/10.1371/journal.pone.0155405
https://doi.org/10.3390/nu10060761
https://doi.org/10.3390/nu10060761
https://doi.org/10.3109/03014460.2015.1136356
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1210/jc.2006-1390
https://doi.org/10.1038/nrmicro1817
https://doi.org/10.1038/nrmicro1817
https://doi.org/10.1371/journal.pone.0095547
https://doi.org/10.1038/nrgastro.2012.239
https://doi.org/10.1038/nrgastro.2012.239
https://doi.org/10.1016/j.cmet.2015.06.008
https://CRAN.R-project.org/package=Hmisc
https://doi.org/10.1053/j.gastro.2009.08.042
https://doi.org/10.1264/jsme2.ME14054
https://doi.org/10.1038/pr.2014.179
http://www.sthda.com/english/rpkgs/factoextra
http://www.sthda.com/english/rpkgs/factoextra
https://doi.org/10.1123/ijsnem.16.3.296
https://doi.org/10.3945/ajcn.114.083832
https://doi.org/10.1186/s13742-015-0084-3
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1038/nature12506
https://doi.org/10.1210/jc.2009-1030
https://doi.org/10.1038/4441022a
https://doi.org/10.1038/4441022a
https://doi.org/10.1038/srep07348
https://doi.org/10.1016/j.neuroscience.2015.05.016
https://doi.org/10.1016/j.neuroscience.2015.05.016
https://doi.org/10.1073/pnas.0901529106
https://doi.org/10.1007/s00253-001-0902-7
https://doi.org/10.1007/s00253-001-0902-7
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Méndez-Salazar et al.

Firmicutes Undernourished Children Susceptibility Obesity

Martorell, R,, Strein, A. D., and Schroeder, D. G. (2001). Early nutrition and later
adiposity. J. Nutr. 131, 8745-8805. doi: 10.1093/jn/131.3.874S

Matamoros, S. C., Gras-Leguen, F., Le Vacon, F., Potel, G., and de La Cochetiere,
M. F. (2013). Development of intestinal microbiota in infants and its impact on
health. Trends Microbiol. 4, 167-173. doi: 10.1016/j.tim.2012.12.001

Meehan, C. J., and Beiko, R. G. (2014). A phylogenomic view of ecological
specialization in the Lachnospiraceae, a family of digestive tract-associated
bacteria. Genome Biol. Evol. 6, 703-713. doi: 10.1093/gbe/evu050

Metges, C. C. (2000). Contribution of microbial amino acids to amino acid
homeostasis of the host. J. Nutr. 130, 18575-1864S.

Mojica, L., and de Mejia, E. G. (2015). Characterization and comparison of protein
and peptide profiles and their biological activities of improved common bean
cultivars (Phaseolus vulgaris L.) from Mexico and Brazil. Plant Foods Hum.
Nutr. 70, 105-112. doi: 10.1007/s11130-015-0477-6

Moreno-Sénchez, E., and Espejel-Mena, J. (2013). Chimalhuacdn en el Contexto
Local, Sociourbano y Regional. Quivera. Available at: http://www.redalyc.org/
articulo.0a?id=40128395005

Morowitz, M. J., Carlisle, E. M., and Alverdy, J. C. (2011). Contributions of
intestinal bacteria to nutrition and metabolism in the critically ill. Surg. Clin.
North Am. 91, 771-785. doi: 10.1016/j.suc.2011.05.001

Munyaka, P. M., Khafipour, E., and Ghia, J. E. (2014). External influence of early
childhood establishment of gut microbiota and subsequent health implications.
Front. Pediatr. 2:109. doi: 10.3389/fped.2014.00109

O’Hara, A. M., and Shanahan, F. (2006). The gut flora as a forgotten organ. EMBO
Rep. 7, 688-693. doi: 10.1038/sj.embor.7400731

Pomeroy, E., Stock, J. T., Stanojevic, S., Miranda, J. J., Cole, T. J., and Wells,
J. C. K. (2014). Stunting, adiposity, and the individual-level “dual burden”
among urban lowland and rural highland peruvian children. Am. J. Hum. Biol.
26, 481-490. doi: 10.1002/ajhb.22551

Preidis, G. A., Ajami, N. J., Wong, M. C,, Conner, M. E., and Petrosino, J. F. (2015).
Composition and function of the undernourished neonatal mouse intestinal
microbiome. J. Nutr. Biochem. 26, 1050-1057. doi: 10.1016/j.jnutbio.2015.
04.010

R Core Team. (2013). R: A Language and Environment for Statistical Computing.
Vienna: R. Foundation for Statistical Computing.

R Core Team. (2015). R Package Stats: A Language and Environment for Statistical
Computing. Available at: https://www.R-project.org/

Ridaura, V. K, Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., et al.
(2013). Gut microbiota from twins discordant for obesity modulate metabolism
in mice. Science 341:1241214. doi: 10.1126/science.1241214

Sagheddu, V., Patrone, V., Miragoli, F., Puglisi, E., and Morelli, L. (2016). Infant
early gut colonization by Lachnospiraceae: high frequency of Ruminococcus
gnavus. Front. Pediatr. 4:57. doi: 10.3389/fped.2016.00057

Sawaya, A. L., Martins, P., Hoffman, D., and Roberts, S. B. (2003). The link between
childhood undernutrition and risk of chronic diseases in adulthood: a case study
of Brazil. Nutr. Rev. 61, 168-175. doi: 10.1301/nr.2003.may.168-175

Segata, N. ], Izard, L., Waldron, D., Gevers, D., Miropolsky, L., Garrett, W. S,,
etal. (2011). Metagenomic biomarker discovery and explanation. Genome Biol.
12:R60. doi: 10.1186/gb-2011-12-6-r60

Shabat, S. K., Sasson, G., Doron-Faigenboim, A., Durman, T., Yaacoby, S,
Berg Miller, M. E,, et al. (2016). Specific microbiome-dependent mechanisms
underlie the energy harvest efficiency of ruminants. ISME J. 10, 2958-2972.
doi: 10.1038/isme;j.2016.62

Shamah-Levy, T., Ruiz-Matus, C., Rivera-Dommarco, J., Kuri-Morales, P., Cuevas-
Nasu, L., Jiménez-Corona, M. E., et al. (2017). Encuesta Nacional de Salud
y Nutricion de Medio Camino 2016. Cuernavaca: Instituto Nacional de Salud
Publica.

Shin, N.R., Whon, T. W., and Bae, J. W. (2015). Proteobacteria: microbial signature
of dysbiosis in gut microbiota. Trends Biotechnol. 33, 496-503. doi: 10.1016/j.
tibtech.2015.06.011

Smith, M. I, Yatsunenko, T., Manary, M. J., Trehan, I., Mkakosya, R., Cheng, J.,
et al. (2013). Gut microbiomes of Malawian twin pairs discordant for
kwashiorkor. Science 339, 548-554. doi: 10.1126/science.1229000

Subramanian, S., Hugq, S., Yatsunenko, T., Haque, R., Mahfuz, M., Alam, M. A.,
etal. (2014). Persistent gut microbiota immaturity in malnourished Bangladeshi
children. Nature 510, 417-421. doi: 10.1038/nature13421

Thomas, F., Hehemann, J. H., Rebuffet, E., Czjzek, M., and Michel, G. (2011).
Environmental and gut bacteroidetes: the food connection. Front. Microbiol.
2:93. doi: 10.3389/fmicb.2011.00093

Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., Ley,
R.E., etal. (2009a). A core gut microbiome in obese and lean twins. Nature 457,
480-484. doi: 10.1038/nature07540

Turnbaugh, P. J., Ridaura, V. K., Faith, J. J., Rey, F. E., Knight, R., and Gordon,
J. I. (2009b). The effect of diet on the human gut microbiome: a metagenomic
analysis in humanized gnotobiotic mice. Sci. Transl. Med. 1:6ral4. doi: 10.1126/
scitranslmed.3000322

Turnbaugh, P. J., Ley, R. E.,, Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 444, 1027-1031. doi: 10.1038/nature
05414

Tzioumis, E., and Adair, L. S. (2014). Childhood dual burden of under- and over-
nutrition in low- and middle-income countries: a critical review. Food Nutr.
Bull. 35, 230-243. doi: 10.1177/156482651403500210

Vite-Pérez, M. A., and Pérez-Zamorano, A. (2010). Marginacién Urbana. Available
at: http://www.redalyc.org/articulo.oa?id=31226401008

Wallace, J. G., Gohir, W., and Sloboda, D. M. (2016). The impact of early life gut
colonization on metabolic and obesogenic outcomes: what have animal models
shown us? J. Dev. Orig. Health Dis. 7, 15-24. doi: 10.1017/52040174415001518

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/ AEM.000
62-07

Wei, T., and Simko, V. (2016). Corrplot: Visualization of a Correlation Matrix.
R package version 0.77. Available at: https://CRAN.R-project.org/package=
corrplo

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. Use R. New York,
NY: Springer-Verlag. doi: 10.1007/978-0-387-98141-3

Wilson, H. J., Dickinson, F., Hoffman, D. J., Griffiths, P. L., Bogin, B., and Varela-
Silva, M. I. (2012). Fat free mass explains the relationship between stunting
and energy expenditure in urban Mexican Maya children. Ann. Hum. Biol. 39,
432-439. doi: 10.3109/03014460.2012.714403

World Health Organization United Nations Children’s Fund (2009). WHO Child
Growth Standards and the Identification of Severe Acute Malnutrition in Infants
and Children: A Joint Statement by the World Health Organization and the
United Nations Children’s Fund. Geneva: World Health Organization.

Yamashiro, Y., Nagpal, R., and Nagata, S. (2015). Metabolic disease: obesity,
malnutrition, and intestinal microbiota. J. Pediatr. Biochem. 5, 65-70. doi: 10.
1055/5-0035-1564577

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Méndez-Salazar, Ortiz-Lopez, Granados-Silvestre, Palacios-
Gonzdlez and Menjivar. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2494


https://doi.org/10.1093/jn/131.3.874S
https://doi.org/10.1016/j.tim.2012.12.001
https://doi.org/10.1093/gbe/evu050
https://doi.org/10.1007/s11130-015-0477-6
http://www.redalyc.org/articulo.oa?id=40128395005
http://www.redalyc.org/articulo.oa?id=40128395005
https://doi.org/10.1016/j.suc.2011.05.001
https://doi.org/10.3389/fped.2014.00109
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.1002/ajhb.22551
https://doi.org/10.1016/j.jnutbio.2015.04.010
https://doi.org/10.1016/j.jnutbio.2015.04.010
https://www.R-project.org/
https://doi.org/10.1126/science.1241214
https://doi.org/10.3389/fped.2016.00057
https://doi.org/10.1301/nr.2003.may.168-175
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1038/ismej.2016.62
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1126/science.1229000
https://doi.org/10.1038/nature13421
https://doi.org/10.3389/fmicb.2011.00093
https://doi.org/10.1038/nature07540
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1177/156482651403500210
http://www.redalyc.org/articulo.oa?id=31226401008
https://doi.org/10.1017/S2040174415001518
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://CRAN.R-project.org/package=corrplo
https://CRAN.R-project.org/package=corrplo
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.3109/03014460.2012.714403
https://doi.org/10.1055/s-0035-1564577
https://doi.org/10.1055/s-0035-1564577
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Altered Gut Microbiota and Compositional Changes in Firmicutes and Proteobacteria in Mexican Undernourished and Obese Children
	Introduction
	Materials and Methods
	Subjects
	Anthropometric and Biochemical Measurements
	Dietary Assessment
	DNA Extraction and Preparation of 16S rRNA Gene Amplicon Libraries
	Sequencing and Data Analysis
	Statistical Analysis

	Results
	Inadequate Nutritional Intake Among the Obese and Undernutrition Groups
	Decrease in Alpha Diversity in Malnutrition Groups
	Characterization of Intestinal Microbiota
	Association of Enterotypes 1 and 2 With Dietary Intake

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


