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A B S T R A C T

Objectives: Childhood obesity continues to rise worldwide. Family gut microorganisms may be associated
with childhood obesity. The aim of the study was to analyze bacterial similarities in fecal microbiota compo-
sition between parent�offspring pairs as linked to body weight.
Methods: A total of 146 father/mother and offspring pairs were categorized into four groups according to the
weight status of the parent�child pair as follows: group 1, parent and child with normal weight; group 2,
parent and child with overweight/obesity; group 3, parent with normal weight and child with overweight/
obesity; group 4, parent with overweight/obesity and child with normal weight. Anthropometric measure-
ments and lifestyle assessments were performed in all participants. Microbiota characteristics were deter-
mined by 16S ribosomal RNA gene sequencing. Logistic regression models were performed to determine
whether the abundance of any bacteria was able to predict childhood obesity. Moreover, receiver operating
characteristic curves were fitted to define the relative diagnostic strength of bacterial taxa for the correct
identification of childhood obesity.
Results: The absence/abundance of Catenibacterium mitsuokai, Prevotella stercorea, Desulfovibrio piger, Massili-
prevotella massiliensis, and Phascolarctobacterium succinatutens was involved in body weight family associa-
tions. A positive relationship between P. succinatutens richness from parents and M. massiliensis from
children was observed with regard to body weight status (odds ratio, 1.14, P = 0.013).
Conclusions: This study describes five potential gut bacteria that may be putatively involved in family weight
status relationships and appear to be useful for predicting obesity.
© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Obesity is defined as an excessive or abnormal accumulation of
body fat, implying a remarkable health risk [1]. In fact, the rates of
overweight and obesity continue to increase worldwide, and it has
been estimated that 1 billion people are overweight, including
340 million adolescents and 39 million children [2]. In addition,
childhood obesity is associated with chronic diseases, such as type
2 diabetes, cardiovascular disorders, and some types of cancer,
which contribute to premature mortality in adulthood [3�6]. In
this context, obesity is the result of energy disequilibrium, with
the imbalance involving several causative factors, including (epi)
genetics, microbiota, and environmental factors [7,8].

The energy imbalance drives an increase in adipose tissue,
which is considered, in part, an “acquired” disease because of
the strong influence of lifestyle factors on overweight [9]. Con-
sidering that obesity is a complex and preventable multifactorial
disease, it is essential to analyze determinants at the individual
and population level, being associated with excess body weight
for height, in order to prevent obesity in both children and
adults [10]. In addition to the genetic factors that contribute to
determining overweight and obesity, the intestinal microbiota,
as well as the role of gene £ microbiota interactions, has been
identified as a potentially important mediator in the develop-
ment of this disease [11].

Mendelian randomization studies support the role of the
heritable background concerning obesity and related adiposity
genotypes [12]. A transgenerational increase in susceptibility to
obesity has been observed following exposure to various envi-
ronmental factors [13]. Indeed, the human genome is inherited
from parents to offspring and remains stable throughout life, in
contrast to the epigenome and gut microbiome, in which the
bacterial composition that is found at birth exhibits changes
over time due to environmental factors such as diet and life-
style [14,15]. In fact, the composition of the gut microbiota is
largely determined by maternal transmission and birth deliv-
ery; however, the relationship of the parental gut microbiota
and offspring fecal microorganisms with obesity is not yet well
studied or established [15].

In this context, numerous factors may influence the composi-
tion of the bacterial microbiota from birth and lactation, giving rise
to maternal�fetal microbial transmission, in which family dietary
patterns exert a notable impact on fecal abundance, thus influenc-
ing the onset and evolution of future diseases [16,17]. Further-
more, the intestinal microbiota in early childhood can be affected
by the milieu, such as environmental pollutants, dietary factors, or
exposure to antibiotics [18,19]. From this perspective, the aim of
this research was to analyze the possible association between the
composition of the parental and offspring microbiota and the
accompanying impacts on and relationships with overweight and
obesity.
Key messages

� A possible interaction exists between transgenerational gut
microbiota, specifically from parent to child, which is associated
with overweight and obesity.

� The relationship of Catenibacterium mitsuokai, Prevotella ster-
corea, Desulfovibrio piger, Massiliprevotella massiliensis, and
Phascolarctobacterium succinatutens with excess body weight
was evidenced.

� These findings are of relevance as part of a pioneering study
anticipating adult obesity.
Materials and methods

Study design and population

This cross-sectional study is ancillary to the CORAL study, an ongoing multi-
center study in schoolchildren ages 3 to 6 y old with a planned follow-up of 10
y, which aims to identify potential risk factors in the development of childhood
obesity (CORALS). To be included in the study, parents or guardians had to sign
an informed consent form, attend the inclusion visit, and complete several
questionnaires about physical activity, dietary habits, and lifestyle factors. A
detailed description of the CORAL study can be found elsewhere [20]. To be
enrolled in this study, only those children and their parents who collected sam-
ples for microbiota analysis were counted (n = 68 from Pamplona, n = 5 from
Zaragoza).

The relevant ethics committee (CEIm) of each recruitment center—Navarra
(CEIm) and Zaragoza (CEIm Arag�on)—approved the study protocol, which was con-
ducted following the code of ethics of the World Medical Association (Declaration
of Helsinki) as well as the law regarding clinical studies with humans. The CORAL
study is registered in ClinicalTrials.gov (NCT06317883).
Study measurements

Body weight (kg) and body composition of the children were assessed with a
beam balance, incorporating a bioelectrical impedance system (MC780SMA;
Tanita Europe B.V., Amsterdam, the Netherlands), which is based on measurement
of the resistance and reactance to electrical currents in the human body. Height
(cm) was measured standing, without the participants wearing shoes, using a cali-
brated portable stadiometer (seca 213; seca, Hamburg, Germany). Body mass
index (BMI) was calculated as weight in kilograms divided by the square of height
in meters and categorized as underweight/normal weight or overweight/obesity
according to the cutoff points described by Cole and Lobstein [21]. The BMI z score
was calculated through the following formula: observed BMI value � median
value of the reference population / standard deviation of the reference population
[22]. Waist circumference (cm) was measured at the midway point between the
lowest rib and the top of the iliac crest using a stretchable measuring tape (Cescorf,
Porto Alegre, Brazil). All of these measurements as well as parental weight and
height that were self-reported at the beginning of the study followed standardized
protocols.

Blood pressure (mm Hg) in children was determined using an automatic vali-
dated monitoring device (M3/HEM-705CP-II Intellisense; OMRON Healthcare,
Hoofddorp, the Netherlands) three times in each arm, applying a cuff adapted for
each child. Blood samples were drawn after 8 h of overnight fasting via venipunc-
ture and processed (15 min, 3500 rpm, 4°C) at the Center for Nutrition Research
facilities in the University of Navarra or University of Zaragoza. The biochemical
analyses included glucose, total cholesterol, high-density lipoprotein cholesterol,
triglycerides (TGs), uric acid, alanine aminotransferase, aspartate aminotrans-
ferase, urea, creatinine, total protein, bilirubin, gamma-glutamyl transferase,
alkaline phosphatase, and calcium, which were processed in an automatic
analyzer (Pentra C200; HORIBA ABC Diagnostics, Montpellier, France). Low-
density lipoprotein cholesterol levels were calculated using the Friedewald
formula [23]: low-density lipoprotein cholesterol = total cholesterol � high-
density lipoprotein cholesterol � TG / 5. Insulin was analyzed in serum with
enzyme-linked immunosorbent assay kits (Mercodia, Uppsala, Sweden;
Immuno Diagnostics, Woburn, MA, USA) in a Triturus autoanalyzer (Grifols
SA, Barcelona, Spain). The homeostasis model assessment of insulin resistance
(HOMA-IR) was estimated according to the following formula: HOMA-
IR = (fasting insulin (mU/mL) £ fasting glucose (mmol/L)) / 22.5 [24]. The TG
glucose (TyG) index was computed using the following formula: TyG = ln [TG
(mg/dL) £ fasting glucose (mg/dL) / 2]. All of these determinations were ana-
lyzed under validated guidelines and protocols.
Lifestyle and health determinants

To evaluate the adherence of children to the Mediterranean diet, an ad hoc 18-
question questionnaire adapted for children was administered to assess if the con-
sumption of nine foods or nutrient groups fit with the recommendations [20].
Parental adherence to the Mediterranean diet was assessed using a validated 14-
point screening questionnaire, considering the consumption of nine food groups
or nutrients [25].

Physically related lifestyle features were estimated through an ad hoc 13-
item questionnaire based on leisure physical activity, including sedentary
behavior score [20]. Sleep and screen time was calculated using different
questions via a general physical activity questionnaire based on the Outdoor
Playtime Checklist and the Outdoor Playtime Recall Questions [26]. Parental
physical activity was calculated using the validated Spanish version of the
16-item global physical activity questionnaire developed by the World Health
Organization [26,27].
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Fecal sample collection and metagenomic data

Parents (mothers/fathers) collected their own fecal samples and their child-
ren’s fecal samples using the cryotubes of OMNIgene�GUT kits from DNA Genotek
(Ottawa, Ontario, Canada) in compliance with the standard guidelines provided by
the supplier [28]. Samples were immediately stored at �80°C for further analyses.

Isolation of DNA from fecal samples and bacterial DNA sequencing were per-
formed by Navarra Services and Technologies (Pamplona, Spain). Genomic DNA
was isolated to 250 mL of stabilizing liquid from the OMNIgene�GUT-collected
samples using MagMAX CORE Nucleic Acid Purification Kit reagents with the Mag-
MAX CORE Mechanical Lysis Module (Thermo Fisher Scientific, Paisley, UK) on the
automated extraction platform. Two different hypervariable regions (V3-V4) of
the bacterial 16S ribosomal RNA gene were amplified to characterize the phylog-
eny and taxonomy of the microbial samples. Library preparation was performed
according to the standard instructions for the protocol of the 16S V3-V4 Library
Preparation Kit for Illumina (Norgen Biotek, Thorold, Ontario, Canada). Sequences
were obtained on the NovaSeq 6000 platform (Illumina, San Diego, CA, USA).
Briefly, sequencing consisted of two polymerase chain reactions (PCRs) in which
the V3 and V4 regions of the 16S ribosomal RNA gene were amplified, creating an
amplicon of approximately 460 base pairs. In the process, two PCRs were carried
out. In the first, 12.5 ng of genomic DNA and 16S-F and 16S-R primers were
used (16S amplicon PCR forward primer = 50 TCGTCGGCAGCGTCAGATGTGTAT-
AAGAGACAGCCTACGGGNGGCWGCAG; 16S amplicon PCR reverse primer = 50

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC).
The protocol followed for the first PCR was 95°C for 3 min and 25 cycles of

95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, as described elsewhere [29]. We
used 72°C for 5 min for later refrigeration and held at 4°C. After the cleansing pro-
cess, 5 mL was taken from the first PCR sample to use for the second PCR. For the
second PCR, the protocol followed was 95°C for 3 min and eight cycles of 95°C for
30 s, 55°C for 30 s, and 72°C for 30 s. Finally, we used 72°C for 5 min for later refrig-
eration and held at 4°C. After each PCR, a cleansing process was carried out to clear
the sample of primers.

Microbiome bioinformatics analyses were performed by Navarra Services and
Technologies and BatchX (San Jose, CA, USA) using QIIME 2 2023.2, a next-genera-
tion microbiome bioinformatics platform [30]. Briefly, raw sequence data were
demultiplexed and subsampled before any downstream analysis. Subsampling
was set to 2 million reads to obtain the maximum number of informative sequen-
ces, avoiding redundant information. A quality filtering step was performed fol-
lowed by a reduction of sequencing errors via denoising with DADA2 [31,32] to
identify all possible amplicon sequence variants (ASVs). The truncation and trim-
ming parameters in DADA2 were set to �p-trim-left-f 18, �p-trim-left-r 22 and
�p-trunc-len -f 240, �p-trunc-len-r 240. Illumina quality score binning was con-
sidered during data preprocessing and denoising [32]. ASV identification was
Table 1
General features and biochemical markers of the child population according to group dist

Variable Group 1 y Group 2 z

(n = 75) (n = 12)

Child general characteristics
Sex, %, boys/girls 47.1/55.1 7.4/9.0
Age, y 4.2 (1.0) 4.3 (1.3)
Weight, kg 17.7 (15.8, 19.6) 22.9 (20.3, 28.1
Height, cm 107.5 (100.0, 111.0) 109.5 (101.6, 1
BMI z score 0.1 (�0.5, �0.8) 2.3 (1.9, 2.6)
Waist circumference, cm 54.0 (51.5, 56.0) 60.7 (58.8, 67.3
Body fat mass, kg 3.8 (3.6, 4.2) 6.4 (5.3, 7.7)
Muscle mass, kg 13.2 (11.6, 14.4) 15.0 (14.2, 19.7
Total body water, kg 10.2 (9.1, 11.3) 11.7 (11.0, 15.2

Clinical blood biochemical markers
Insulin, mU/mL 2.3 (1.1, 3.6) 8.4 (5.7, 10.8)
HOMA-IR 0.5 (0.3, 0.7) 2.1 (1.3, 2.5)
Triglycerides, mg/dL 47.0 (42.0, 58.0) 64.0 (51.0, 107.
TyG 4.2 (4.1, 4.3) 4.3 (4.2, 4.6)

BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance; IQ
Variables are shown as mean (SD) or median (IQR) according to the distribution; categori
yNormal-weight parent and children.
zParent and children with excess body weight.
xNormal-weight parent and children with excess body weight.
{Parent with excess body weight and normal-weight children.
rP value of the comparison among the four groups.
aDifference among groups 1�2.
bDifference among groups 1�3.
cDifference among groups 1�4.
dDifference among groups 2�3.
eDifference among groups 2�4.
fDifference among groups 3�4.
performed with QIIME 2, employing classify-sklearn for taxonomic classification
[33], used against version 11.5 of the Ribosomal Database Project [34]. Phylogeny
was constructed with fasttree2 [35] after the corresponding alignment with mafft
[36] using q2-alignment and q2-phylogeny. The abundance matrices were then fil-
tered and normalized at each level of classification: ASV, species, genus, family,
order, class, and phylum.
Statistical analyses

Considering the group heterogeneity of the study population and to analyze
the possible relationship with the microbiota, the families were studied in paren-
t�child pairs (PCPs). Thus, families with several children, parents, or both gave
rise to several pairs. For example, families with both parents and two children
resulted in four different PCPs: father�child1, father�child2, mother�child1, and
mother�child2. Next, the entire group of PCPs (N = 146) was categorized into four
groups corresponding to parent�child weight status: 1) normal-weight parent
and child (n = 75), 2) parent and child with overweight/obesity (n = 12), 3) nor-
mal-weight parent and child with overweight/obesity (n = 12), and 4) parent with
overweight/obesity and normal-weight child (n = 47).

Microbiota analyses were performed using the MicrobiomeAnalyst web server
(http://www.microbiomeanalyst.ca). Alpha diversity was evaluated using Shannon
and Chao1 indexes and beta diversity was determined using Bray�Curtis index
and the permutational multivariate analysis of variance test. Comparative analysis
of the microbiota between groups according to weight status was performed by
Student’s t test. Abundance data were normalized with centered log ratio before
statistical treatment. Data normality was first studied using the Shapiro�Wilk
test. Variables were expressed as mean (standard deviation) or median (interquar-
tile range) according to their distribution. The mean of group 2 was used to estab-
lish the cutoff point for high or low bacterial abundance. Moreover, categorical
variables were expressed as percentage and differences were examined using the
x2 test. Comparisons between groups were performed using the analysis of vari-
ance test. Tukey’s post hoc test was used for multiple group comparison. Logistic
regression analyses were performed to determine whether any bacterial taxa
were able to predict childhood obesity. Receiver operating characteristic curves
were devised to assess the relative diagnostic strength of the different bacterial
taxa for the correct assignment of childhood obesity. We used the area under the
curve (AUC) to quantify accuracy. We interpreted an AUC between 0.90 and 0.80
as indicative of a good diagnostic test, an AUC between 0.80 and 0.70 as indicative
of a fair diagnostic test, and an AUC between 0.70 and 0.60 as indicative of a poor
diagnostic test. All P values were two-tailed and considered statistically significant
if P < 0.05. The software used for the statistical analysis was Stata 12.1 (StataCorp,
College Station, TX, USA), the manual of which was used as support.
ributionc

Group 3 x Group 4 { P value r

(n = 12) (n = 47)

10.3/6.4 35.3/24.5 0.654
5.0 (0.7) 4.1 (0.9) 0.042 b,f

) 23.6 (20.7, 28.1) 17.6 (15.6, 19.1) < 0.001 a,b,e,f

21.7) 114.2 (107.3, 122.8) 106.5 (99.7, 111.0) 0.002 b,f

1.6 (1.5, 2.0) 0.0 (�0.5, �0.8) < 0.001 a,b,e,f

) 59.7 (58.5, 62.5) 53.3 (50.1, 56.7) < 0.001 a,b,e,f

6.1 (5.2, 7.1) 3.9 (3.3, 4.9) < 0.001 a,b,e,f

) 16.3 (14.5, 19.4) 13.0 (11.4, 14.0) < 0.001 a,b,e,f

) 12.6 (11.3, 15.0) 10.2 (9.0, 10.8) < 0.001 a,b,e,f

4.5 (3.8, 6.4) 2.2 (1.3, 3.8) < 0.001 a,b,d,e,f

0.9 (0.8, 1.4) 0.5 (0.3, 0.8) < 0.001 a,b,d,e,f

0) 51.0 (41.0, 64.0) 48.0 (43.0, 60.0) < 0.001 a,d,e

4.2 (4.1, 4.3) 4.2 (4.1, 4.3) 0.001 a,d,e

R, interquartile range; TyG, triglyceride glucose index.
cal variables are shown as percentage and compared by x2 test.

http://www.microbiomeanalyst.ca


4 B. de Cuevillas et al. / Nutrition 130 (2025) 112603
Results

Baseline characteristics of the child study population are
reported in Table 1 according to the weight status of the PCP
(group 1, parent and child with normal weight; group 2, parent
and child with excess body weight; group 3, parent with normal
weight and child with excess body weight; group 4, parent with
excess body weight and child with normal weight). According to
the statistical analysis, the group of parents and offsprings with
excess body weight showed higher levels of TGs (P < 0.001), TyG
index (P = 0.001), insulin and HOMA-IR values (P < 0.001). Supple-
mentary Table 1 shows that systolic (P < 0.001) and diastolic
(P = 0.0028) blood pressure was lower in children with normal
weight than in children with excess body weight, whereas heart
rate (P < 0.001) was higher in normal-weight children. Other bio-
chemical data are also available in Supplementary Table 1. Adher-
ence to a Mediterranean diet (P = 0.042) and active lifestyle score
(P = 0.002) were significantly lower in children in group 2 (Table 2).
Both body weight and parental BMI were lower in groups with
normal-weight parents (groups 1 and 3). In addition, significant
differences were found among the four groups according to the
sex of the parents (P = 0.001), where it was noted that the parents
with the highest percentage of overweight or obesity were men.
By contrast, in groups 1 and 3, most of the normal-weight parents
were women.

After screening the fecal microbiota of the participants, signifi-
cant differences were found in the abundance of 26 bacterial spe-
cies of both individuals of the PCPs among the four groups
(Supplementary Fig. 1). Twenty-two of these species were found to
Table 2
General, anthropometric, and lifestyle characteristics of parents according to group distrib

Variable Group 1 y Group 2 z

(n = 75) (n = 12)

Child lifestyle factors
Mediterranean diet, points 11.2 (2.19) 9.5 (1.4)
Physical activity, min/wk 60.0 (50.0, 90.0) 30.0 (0.0, 60.0)
Active lifestyle, points 9.0 (8.0, 10.0) 7.0 (7.0, 8.0)
Screen time/weekday, %

None/30�240 min/d 63.6/47.8 9.1/8.0
Screen time/weekend d, %

None/30�240 min/d 80.0/50.4 0.0/8.5
Sleep time, h/weekday 10.3 (10.0, 11.0) 10.0 (10.0, 10.2)
Sleep time, h/weekend d 10.3 (10.0, 11.0) 10.7 (10.0, 11.0)
Family characteristics
Parent sex, %

Male 34.7 75.0
Female 65.3 25.0

Parent age, y 40.4 (4.4) 41.9 (5.7)
Father weight, kg 74.0 (72.0, 76.0) 92.0 (87.0, 105.0)
Mother weight, kg 57.1 (53.0, 64.0) 87.0 (76.0, 90.0)
Father BMI, kg/m2 23.2 (23.0, 23.8) 29.8 (27.1, 31.4)
Mother BMI, kg/m2 21.3 (20.1, 22.5) 31.1 (27.9, 36.2)
Parent MedDiet, points 9.1 (1.6) 8.8 (2.5)
Physical activity, MET, min/wk 1360 (600, 2880) 1620 (330, 2520)

BMI, body mass index; IQR, interquartile range; MedDiet, Mediterranean diet; MET, meta
Variables are shown as mean (SD) or median (IQR) according to the distribution; categori
yNormal-weight parent and children.
zParent and children with excess body weight.
xNormal-weight parent and children with excess body weight.
{Parent with excess body weight and normal-weight children.
rP value of the comparison among the four groups.
aDifference among groups 1�2.
bDifference among groups 1�3.
cDifference among groups 1�4.
dDifference among groups 2�3.
eDifference among groups 2�4.
fDifference among groups 3�4.
cluster in areas of high or low abundance. A cutoff point based on
the mean of group 2 was established to separate the areas of high
and low abundance of each bacterial species, and the percentage of
PCPs with both members of the pair in each area was calcu-
lated. In this way, five taxa were selected for presenting in
group 2, with a high percentage of cases with both members of
the PCP in the high area and little or no percentage in the rest
of the groups. After studying these bacterial species, it was
observed that five were overexpressed in group 2 (PCP with
excess body weight) compared with the rest of the groups. We
found that the presence of a high abundance of these taxa (C.
mitsuokai, P. stercorea, D. piger, M. massiliensis, or P. succinatut-
ens) was much more frequent (72.7%) in both components of
the PCP of the overweight or obesity group (group 2) than the
rest of the PCP groups (1.3%, 15.3%, and 6.5% in groups 1, 3,
and 4, respectively) (Fig. 1).

When studying the differences between the five more abundant
bacterial species of the children in group 2 and the other groups, we
identified significant differences in C. mitsuokai (P = 0.002), M. massi-
liensis (P = 0.005), and P. succinatutens (P = 0.036). Regarding parental
bacteria, differences between groups were found in all of the parents,
with much higher abundance in the parents of group 2 (Table 3). The
alpha and beta diversity of the samples was also analyzed. No signifi-
cant differences were found in Chao1 and Shannon indexes of alpha
diversity, whereas beta diversity between groups was shown to be
statistically significant (P < 0.001), especially between groups in
which children were overweight and groups in which they were not.
No differences were observed in the ratio of Firmicutes to Bacteroi-
detes between groups.
ution

Group 3 x Group 4 { P value r

(n = 12) (n = 47)

11.1 (1.9) 11.5 (2.2) 0.042 e

52.5 (15.0, 80.0) 90.0 (30.0, 120.0) 0.079
8.0 (8.0, 9.5) 8.0 (7.0, 9.0) 0.002 a,c

0.364
6.1/8.9 21.2/35.4

0.858
0.0/8.5 20.0/32.6
10.2 (9.0, 10.7) 10.0 (10.0, 10.3) 0.062
9.5 (7.7, 10.3) 10.0 (10.0, 10.3) < 0.001 b,d,f

0.001a,b

33.3 68.1
66.7 31.9
41.3 (4.3) 41.9 (4.7) 0.328
74.5 (65.5, 84.0) 91.0 (85.0, 96.0) < 0.001 a,c,d,f

67.0 (59.0, 72.5) 78.5 (70.0, 83.0) < 0.001 a,c,d,e

23.4 (22.6, 23.9) 28.2 (26.0, 29.2) < 0.001a,c,e,f

21.9 (20.5, 24.1) 27.5 (26.0, 31.3) < 0.001 a,c,d

9.3 (2.3) 8.5 (1.6) 0.265
3320 (1040, 7920) 1320 (360, 3840) 0.235

bolic equivalent of task.
cal variables are shown as percentage and compared by x2 test.



Fig. 1. Percentage of parent�child pairs in which both members have a high abundance of Catenibacterium mitsuokai, Prevotella stercorea, Desulfovibrio piger, Massiliprevotella
massiliensis, or Phascolarctobacterium succinatutens by group. Group 1 = normal-weight parent and children, group 2 = parent and children with excess body weight, group
3 = normal-weight parent and children with excess body weight, group 4 = parent with excess body weight and normal-weight children.
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Multivariable logistic regression models adjusted by child and
parent sex and parent weight status were performed to evaluate
the relationship of gut microbiota with childhood obesity (Table 4).
Model 1 showed a latent risk of childhood obesity based on paren-
tal information, finding that parent P. succinatutens (P = 0.031) was
statistically significant. By contrast, the second model was based
on the child’s parameters, revealing that child M. massiliensis
(P = 0.047) with an R2 of 0.16 for the fitted model showed an asso-
ciation with childhood obesity. In parallel, the third regression
model established for the change in childhood obesity demon-
strated a significant interaction between these two bacterial spe-
cies (P = 0.013).

In addition, simple linear regression analyses of the interaction
are plotted in Figure 2. The analysis of the modifying effect
Table 3
Selected bacterial (NRA) and alpha diversity of children in the different groups

Variable Group 1 y Group 2
(n = 75) (n = 12)

Child species
Catenibacterium mitsuokai, NRA 0.5 (�0.7, 1.4) 1.0 (�0
Prevotella stercorea, NRA 0.8 (�0.6, 1.7) 1.8 (�0
Desulfovibrio piger, NRA �1.3 (�3.6, �0.6) �1.0 (�
Massiliprevotella massiliensis, NRA �1.1 (�3.5, �0.3) 0.0 (�0
Phascolarctobacterium succinatutens, NRA 0.1 (�1.1, 0.8) 0.7 (�0

Parent species
Catenibacterium mitsuokai, NRA 0.0 (�1.5, 0.9) 3.2 (�1
Prevotella stercorea, NRA 0.9 (�0.1, 1.9) 4.0 (0.9
Desulfovibrio piger, NRA �1.3 (�3.7, 0.0) 5.0 (�2
Massiliprevotella massiliensis, NRA �2.2 (�3.9, �0.4) 3.2 (�0
Phascolarctobacterium succinatutens, NRA �0.1 (�3.5, �0.2) 1.4 (0.3

Diversity
Shannon 3.6 3.7
Chao1 222. 4 (2.7) 226.9 (3
Firmicutes/Bacteroidetes 1.1 (1.0, 1.1) 1.1 (1.0

IQR, interquartile range; NRA, normalized relative abundance; SE, standard error.
Variables are shown as median (IQR) according to the distribution; diversity data are show
yNormal�weight parent and children.
zParent and children with excess body weight.
xNormal-weight parent and children with excess body weight.
{Parent with excess body weight and normal-weight children.
rP value of the comparison among the four groups.
aDifference among groups 1�2.
bDifference among groups 1�3.
cDifference among groups 1�4.
dDifference among groups 2�3.
eDifference among groups 2�4.fDifference among groups 3�4.
revealed that when the child had a low abundance of M. massilien-
sis, regardless of the parent’s P. succinatutens, the risk of obesity
was low. By contrast, when the abundance of this bacterium rose
in the child, if P. succinatutens of the parent also increased, the risk
of childhood obesity was higher. A receiver operating characteristic
curve adjusted by child sex, parent sex, parent weight status, and
parent and child adherence to a Mediterranean diet was built
to determine the predictability of childhood obesity. AUC was esti-
mated as high as 0.86 (Fig. 3).

Discussion

This pioneering study is among the first to investigate the heri-
tability/transfer of microbiota from parents (mothers and fathers)
z Group 3 x Group 4 { P value r

(n = 12) (n = 47)

.3, 5.0) 0.1 (�0.6, 0.9) 0.1 (�1.8, 0.9) 0.002 a,d,e

.4, 6.3) 1.2 (0.2, 2.0) 0.9 (�0.3, 1.6) 0.196
3.7, 3.6) �2.7 (�3.5, �0.6) �1.1 (�3.8, �0.2) 0.367
.5, 3.2) �0.4(�1.4, 0.3) �0.9 (�3.6, 0.2) 0.005 a,e

.6, 1.0) 1.0 (0.1, 1.2) �0.1 (�3.5, 0.7) 0.036

.6, 6.9) �0.4 (�2.6, 0.9) 0.1 (�2.2, 4.9) 0.019 a,d

, 8.1) 1.2 (�0.2, 2.6) 1.0 (�0.2, 1.9) 0.002 a,e

.9, 5.2) �1.8 (�3.6, �0.7) �1.5 (�3.2, �0.0) 0.017 a,d,e

.3, 6.3) �0.7 (�3.0, 0.3) �0.6 (�3.5, �0.2) < 0.001a,d,e

, 6.4) 1.3 (�0.3, 5.2) �0.1 (�2.8, 0.8) 0.008 a

3.6 3.5 0.319
.5) 218.0 (2.1) 223.2 (2.5) 0.647
, 1.1) 1.0 (1.0, 1.1) 1.1 (1.0, 1.2) 0.134

n as mean (SE).



Table 4
Logistic regression model based on childhood obesity as dependent variable

Variable Childhood obesity

OR (95% CI) P value Pseudo R2

Model 1 0.029 0.14
Parent adherence to MedDiet, score 0�14 points 1.12 (0.84, 1.49) 0.451
Parent Catenibacterium mitsuokai 0.94 (0.79, 1.12) 0.497
Parent Prevotella stercorea 1.15 (0.97, 1.36) 0.110
Parent Desulfovibrio piger 1.03 (0.90, 1.19) 0.650
ParentMassiliprevotella massiliensis 1.09 (0.94, 1.27) 0.250
Parent Phascolarctobacterium succinatutens 1.19 (1.01, 1.39) 0.031

Model 2 0.016 0.16
Child adherence to MedDiet, score 0�14 points 0.76 (0.61, 0.95) 0.018
Child Catenibacterium mitsuokai 1.06 (0.77, 1.47) 0.711
Child Prevotella stercorea 0.91 (0.72, 1.15) 0.446
Child Desulfovibrio piger 0.98 (0.80, 1.20) 0.826
ChildMassiliprevotella massiliensis 1.27 (1.00, 1.62) 0.047
Child Phascolarctobacterium succinatutens 1.26 (0.99, 1.61) 0.059

Model 3 < 0.001 0.28
Parent adherence to MedDiet, score 0�14 points 1.29 (0.96, 1.73) 0.090
Child adherence to MedDiet, score 0�14 points 0.62 (0.47, 0.82) 0.001
Parent Phascolarctobacterium succinatutens/childMassiliprevotella massiliensis 1.14 (1.03, 1.27) 0.013

CI, confidence interval; MedDiet, Mediterranean diet; OR, odds ratio.
All models adjusted by child sex, parent sex, and parent weight status; OR represents changes in outcomes with regard to the onset of childhood obesity in the
study population.
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to children as putatively involved in obesity onset. In this context,
an association between P. succinatutens of the parent andM. massi-
liensis of the child was identified, whose emergence was associated
with childhood obesity. Interestingly, as the abundance of both
bacteria in fecal stools is higher, the risk of presenting childhood
obesity is greater, whereas if parental bacterial richness is low, the
risk of having excess body weight is less in the offspring.

Furthermore, the abundance of C. mitsuokai, P. stercorea, D.
piger, M. massiliensis, or P. succinatutens in both PCP members was
higher in group 2 (parent and child with excess body weight) com-
pared with the other groups. Notably, an association between
P. succinatutens and body weight has been established in human
adults, with a decrease in relative abundance following weight loss
intervention [37]. In 2017, a new species of Massiliprevotella called
M. massiliensis was reported, which is closely related to P. stercorea
[38]. This genus presented a higher relative abundance in the
Fig. 2. Effect on childhood obesity of the change in parent Phascolarctobacterium succinat
weight status, and adherence to Mediterranean diet.
group of children with obesity compared with the control group
[39]. These findings are in agreement with the outcomes of our
study, in which the parent�child group with excess body weight
showed a higher abundance of these bacterial microorganisms.

Although no significant differences were found among the four
groups, the relative abundance of D. piger is higher in cohorts of
children with non-alcoholic fatty liver disease as well as adults
with obesity [40,41]. The present study found a clear increase in
the relative abundance of C. mitsuokai in the parent�child group
with excess body weight. Obesity-related differences at the species
level have been identified in several investigations [42]. Thus, C.
mitsuokai is associated with dysbiosis of the gut microbiome
caused by intake of a high-fat diet and sugar and an unhealthy fast-
ing lipid profile [43]. In any case, all of the species that were
selected in the present analysis have been associated with obesity
risk in previous studies.
utens and childMassiliprevotella massiliensis adjusted by child sex, parent sex, parent



Fig. 3. ROC curve of logistic regression of analysis for the interaction regression model of childhood obesity of parent Phascolarctobacterium succinatutens and childMassilipre-
votella massiliensis adjusted by child sex, parent sex, parent weight status, and adherence to Mediterranean diet. ROC, receiver operating characteristic.
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Despite the clear and stable microbial transfer from mothers to
children (around 50% of the shared strains) reported by Valles-
Colomer et al. [15], there are no studies to date that consider the
father factor in the heritability of the intestinal microbiota [44].
Valles-Colomer at al., established a relationship of the oral micro-
biota in cohabiting individuals. In this context, Knoop et al. [45]
demonstrated that shared family environment was the most
important predictor of overall microbiome similarity.

In the groups of parents with excess body weight, most were
men (group 2, 72.7%, group 4, 69.6%), whereas in the groups of nor-
mal-weight parents, women accounted for the highest percentage
(group 1, 65.8%, group 3, 61.5%). These data are of interest because
worldwide obesity is more prevalent in women than in men [46];
however, this study suggests that excess body weight is better
transmitted to children when it comes from fathers, but sex-linked
factors such as dietary intake, physical (in)activity, and sleep time
cannot be discarded.

Moreover, contrary to our data, some previous studies with a
higher number of participants demonstrated that children with
excess adiposity showed higher blood pressure and heart rate
[47,48], which is an important predictor of hypertension in adult-
hood. In any case, as expected, TG, TyG, insulin, and HOMA-IR lev-
els, as markers of insulin resistance, were higher in overweight
than normal-weight children. Interestingly, this increase was even
more significant when the parent was also overweight or obese.
These data are consistent with early literature [49�51]. However,
in this study, it was not possible to detect a significant increase in
glucose or dyslipidemia [50,52], only trends.

As widely described, there is a beneficial association between
Mediterranean diet adherence in both children and adults and
maintenance of a healthy body weight [53,54]. Our results revealed
that both children and parents with overweight or obesity have a
lower adherence to this dietary pattern. Moreover, Goswami et al.
[55] recently described a relationship between physical activity
and body weight in children, which is in accordance with our
results, showing that children with excess body weight have a less
active lifestyle; however, it can also be concluded that this is a con-
sequence rather than a cause [56]. These pioneering findings may
be helpful for future treatments for obesity with better precision
with respect to dietary interventions.
Furthermore, regarding dietary patterns and obesity, a meta-
analysis evidenced an inverse association between dairy consump-
tion and childhood obesity [57]. Along these lines, it has been sug-
gested that consumption of ultra-processed foods carries an
increased risk of developing obesity during childhood [58].
Thus, more studies are needed to evaluate the role of heritabil-
ity of microbiota and diet in childhood obesity and their
mutual interaction.

This study has some limitations. The sample size is rela-
tively small for a study of this type, as often found in the litera-
ture. No multiple testing correction was done in order to
counteract multiple testing problem. In addition, the Mediterra-
nean diet adherence questionnaires are not validated for chil-
dren of this age group, which makes possible the presence of
biases. Moreover, type I and type II errors cannot be discarded.
Nevertheless, the plausibility of the findings supports our
research because all microorganisms have been found to be
related to obesity. Finally, the nature of 16S sequencing limits
taxonomic profiling to genus-level resolution, as the primers
used for amplification bind to regions not conserved across all
bacteria, not allowing differentiation between closely related
bacteria at species level. This limitation in taxonomic identifica-
tion also reduces the possibility of inferring the functionality of
the microbiome. A strength is that outcomes cover some gaps
in the literature with putative value.

Conclusions

The present study suggests a possible interaction between
transgenerational gut microbiota, specifically from parent to child,
which is associated with overweight and obesity status. These find-
ings are of relevance as part of a pioneering study anticipating
adult obesity. Despite being a study in a very specific population, it
is of great interest, being one of the first studies in which this inter-
action has been investigated. Indeed, it has been evidenced that
the relationships between a group of bacteria are associated with
excess body weight depending on parent�child obesity status. Fur-
ther research providing support for future hypothesis-driven
investigations is needed in these family groups for prevention of
the obesity epidemic.
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