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Abstract 

Childhood obesity not only has a negative impact on a child’s health but is also a significant risk factor for adult 
obesity and related metabolic disorders, making it a major global public health concern. Recent studies have revealed 
the crucial role of gut microbiota in the occurrence and development of obesity, in addition to genetic and life-
style factors. In this study, we recruited 19 normal-weight children and 47 children with varying degrees of obesity. 
A questionnaire survey was conducted to inquire about the family background, lifestyle habits and dietary composi-
tion of the 66 children. Findings indicate that fathers of obese children tend to be obese themselves, while children 
with highly educated mothers are more likely to maintain a normal weight. Furthermore, overweight children tend 
to spend more time on electronic devices and less time on physical activities compared to their normal-weight 
counterparts. Obese children exhibit significant differences in breakfast and dinner dietary composition when com-
pared to children with normal weight. Additionally, the gut microbiota of these 66 children was analyzed using 16S 
rRNA sequencing. Analysis of gut microbiota composition showed similar compositions among children with varying 
degrees of obesity, but significant differences were observed in comparison to normal-weight children. Obese chil-
dren exhibited a reduced proportion of Bacteroidota and an increased proportion of Firmicutes, resulting in an ele-
vated Firmicutes/Bacteroidota ratio. Moreover, Actinobacteriota were found to be increased in the gut microbiota 
of children with varying degrees of obesity. PICRUSt analysis indicated significant metabolic differences in the micro-
biota functions between obese and normal-weight children, suggesting the composition of gut microbiota could 
be a crucial factor contributing to obesity. These findings provide valuable insights for the treatment of childhood 
obesity.
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Introduction
In recent years, the global economy’s evolution, com-
bined with shifts in dietary habits among other factors, 
has led to a startling surge in the prevalence of childhood 
obesity worldwide, considered a serious global health 
concern. Between 1975 and 2016, the rate of overweight 
and obesity among children and adolescents aged 5–19 
rose from 4% to over 18% [1]. According to the World 
Obesity Federation Childhood Obesity Atlas Report in 
2019, approximately 254,000,000 children and adoles-
cents globally ranging from 5 to19 years old are projected 
to have obesity by 2030. In China, the report on Chinese 
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residents’ nutrition and chronic diseases highlights that 
in 2019, the incidence of overweight and obesity in chil-
dren under the age of 6 was reported to be at 10.4%. Fur-
thermore, in the age group of 6–17 years, the prevalence 
was found to be at 19%, marking a significant increase 
of three percentage points from data gathered in 2015 
(Bureau of Disease Prevention and Control, National 
Health and Wellness Commission of the PRC 2022). 
Obesity led to the emergence of multiple serious obe-
sity-related comorbidities [2], and holds the potential to 
adversely impact virtually every system within the human 
body [3, 4]. Children with obesity are at an increased risk 
of hyperinsulinemia [5], musculoskeletal problems [6] 
idiopathic intracranial hypertension [7, 8] and other dis-
ease. Thus, obesity has escalated into one of the pressing 
public health crises of the current era.

Even though the precise cause of obesity remains 
unclear, yet it is believed to stem from a complex inter-
play of both internal and external factors of an indi-
vidual, including genetic factors, Endocrine Disorders, 
psychological depression and eating habits [9, 10]. The 
gastrointestinal tract is home to a vast array of microbes, 
boasting a gene pool that significantly outnumbers that 
of the host [11]. Certain microorganisms within this 
ecosystem may possess the ability to foster energy stor-
age, while others could potentially encourage leanness, 
thus indicating potential links to excessive weight gain 
[12–14]. Recent research has pointed to significant differ-
ences in the composition of the gut microbiota between 
obese and non-obese children [15, 16]. Several investiga-
tions involving obese mice and adults have demonstrated 
an elevated prevalence of Firmicutes and a concurrent 
decrease in Bacteroidetes within the obese cohort. This 
shift, resulting in a significantly higher Firmicutes to Bac-
teroidetes ratio compared to their normal-weight coun-
terparts, is anticipated to serve as a potential obesity 
biomarker [17–20]. In Belgium, quantitative real-time 
PCR was performed to analyze the gut microbiota in 
children aged 6–16. The findings indicated that in com-
parison to their normal-weight counterparts, obese chil-
dren exhibited an elevated Firmicutes/Bacteroidetes ratio 
in their intestinal tract [21]. Recent study was conducted 
in China employed 16S rRNA gene sequencing to ana-
lyze the gut microbiota composition in both obese and 
normal-weight children. The findings showed that there 
was a significant reduction in the relative abundance of 
Bacteroidetes at the phylum level. However, no signifi-
cant alterations were observed in the levels of Firmicutes, 
nor were there substantial changes in the Firmicutes/
Bacteroidetes ratio [16]. The findings also revealed that in 
comparison to their normal-weight counterparts, obese 
children exhibited a decline in gut microbiota diversity 
and alterations in bacterial community structure. At the 

genus level, there was a significant increase in the relative 
abundances of Faecalibacterium, Phascolarctobacterium, 
Lachnospira, Megamonas, and Haemophilus within the 
gut, whereas the relative abundance of Oscillospira and 
Dialister were significant decreased [16]. Numerous 
investigations have revealed varying outcomes regarding 
the shifts in Firmicutes and Bacteroidetes within the gut 
microbiota of obese children, which could be attributed 
to a multitude of factors such as ethnicity, dietary habits, 
and lifestyle of the subjects under study [13, 21, 22]. The 
association between the Firmicutes/Bacteroidetes ratio 
and childhood obesity necessitates further exploration. 
However, it is certain that there are significant changes 
in the gut microbiota of obese children compared to 
those with normal weight. However, the patterns within 
these changes are currently unclear and require further 
exploration.

In order to investigate the causes of childhood obesity, 
we recruited 66 children from a same geographic area, 
including 47 children with different degree of obesity 
and 19 weight-normal children. We conducted a detailed 
collection and analysis about the educational level and 
the weight status of the children’s parents, as well as the 
frequency and duration of the children’s physical activi-
ties, and the time they spent on electronic devices, and 
dietary composition. The results of these surveys suggest 
that there is a significant positive correlation between the 
adoption of healthy daily lifestyle habits and the preven-
tion of obesity in children. Further, a good dietary com-
position is crucial for managing children’s weight. And 
Highthroughput sequencing of the 16S rRNA gene was 
used to characterize the composition and diversity of 
the complex intestinal microbial community. Not only 
the composition of the gut microbiota in obese children 
was investigated, but the gut microbiota of children with 
varying degrees of obesity was also analyzed. Thus, we 
gained an in-depth understanding of the composition of 
gut microbiota in children with varying degrees of obe-
sity. Significant changes in the Firmicutes/Bacteroidetes 
ratio was observed and determined increased abundance 
of Actinobacteria in the gut microbiota of obese children, 
a finding that has been scarcely reported in previous 
research on obesity. The insights gained from our find-
ings may serve as a valuable reference in the prevention 
and treatment strategies for childhood obesity.

Material and method
Study cohort and sample collection
This case-controlled study was conducted in Ningde 
City, China. The obese cohort was comprised of chil-
dren aged 6 to 16, who were selected from patients at the 
Pediatrics Department of Ningde City Hospital between 
February 2019 and February 2023. The control group 
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was composed of volunteers with a normal Body Mass 
Index (BMI), who were classified as being in a healthy 
condition.

The diagnostic criteria for obesity and overweight are 
based on the "Expert consensus on diagnosis, assessment, 
and management of obesity in Chinese children" estab-
lished by Chinese Society of Pediatric Endocrinology and 
Metabolism in 2022. While the grading of obesity for this 
study was determined based on the guidelines set forth 
by the Chinese Medical Nutrition Therapy Expert Con-
sensus on Overweight/Obesity in Children (2016 edi-
tion). Accordingly, childhood obesity was classified using 
the growth-reference standard for body weight proposed 
by the World Health Organization (WHO). In this clas-
sification, children with the same height and good nutri-
tional status are assigned a reference weight of 100%, 
with a normal range of ± 10% of the reference weight. 
Children whose weight exceeded 15% of the reference 
weight were classified as overweight; those with > 20% as 
mild obesity; those with > 30% as moderate obesity; and 
those with > 50% as severe obesity.

The study participants were carefully selected based 
on the following exclusion criteria: (1) diagnosis of renal, 
endocrine, genetic metabolic, or central nervous system 
diseases; (2) administration of antibiotics within two 
weeks prior to fecal sample collection, as these could 
potentially disrupt the balance of gastrointestinal micro-
biota; (3) exposure to stressful situations such as trauma 
or severe infection within two weeks prior to fecal sam-
ple collection; (4) manifestation of gastrointestinal 
symptoms, including but not limited to abdominal pain, 
constipation, or diarrhea; and (5) receipt of any form of 
vaccination within one month prior to the study, which 
could potentially alter gut microbiota levels due to the 
immune response triggered by the vaccine.

DNA extraction
DNA was extracted and purified from 200  mg of fro-
zen fecal samples using the Omega Stool DNA Kit. The 
quality of the isolated DNA was then assessed through 
agarose gel electrophoresis, and the concentration was 
quantified using a NanoDrop spectrophotometer.

PCR amplification and sequencing
Then the V3-V4 variable regions of bacterial 16S rRNA 
gene were PCR-amplified using the primers (341F 
5’-CCT ACG GGNGGC WGC AG-3’, 806R (5’-ACTACN-
VGGG TWT CTAAT-3’) following the PCR program 95 
℃, for 5 min, 28 cycles at 95 ℃ for 45 s, 55 ℃ for 50 s, and 
72 ℃ for 45 s, with a fnal extension of 72 ℃ for 10 min. 
All primers contained an 8-nucleotide barcode sequence 
unique to each sample. All reactions were performed in 
triplicate in 25 μl volumes containing 12.5 μl 2xTaq Plus 

Master Mix, 3  μl BSA(2  ng/μl), 4  μl of 2.5  mM dNTPs, 
1 μl of each primer (5 μM), and 2 μl template DNA (30 ng 
DNA). Amplicons were extracted from 2% agarose gels 
and purifed using an AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences, Union City, CA, USA) according to 
the manufacturer’s instructions. The PCR products were 
vertified by size on 1.5% agarose gel electrophoresis and 
purified by Agencourt AMPure XP kit. Raw sequences, 
deposited in the NCBI BioProject database under the 
BioProject accession number PRJNA996777.

Data processing
The raw data was divided into different samples 
according to the barcode sequence through QIIME 
(v1.8.0) software. Raw reads were trimmed using 
Trimmomatic(v.0.36), then reads were spliced using 
FLASH v1.2.11 with a minimum overlap of 10 nucleo-
tides. After splicing, mothur (v1.44.2) software was 
used to remove sequences with length less than 200 bp, 
then the chimeric sequences were removed by uchime 
method according to the Gold Database. The remain-
ing microbial reads were clustered into features using 
usearch10 with Unoise3 chimera removal [23] and each 
feature annotated with the SILVA 138 database with a 
99% identity threshold [24]. EasyMicrobiome was use 
to estimate α-diversity and β-diversity indices based on 
Bray–Curtis dissimilarity and Unifrac distance, and Lin-
ear discriminant analysis Effect Size analysis was applied 
with LEfSe software [25]. LDA (LDA score ≥ 3) was used 
to estimate the effect size of each taxon differentially 
represented in cases and controls. Cladograms, derived 
from the Linear Discriminant Analysis Effect Size (LEfSe) 
analysis, were utilized to illustrate the most significantly 
differentially abundant taxa within the microbiota with 
the normal group represented in green while the obese 
group depicted in red. Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States 
(PICRUSt) was used to analyze both 16S rRNA gene rela-
tive abundances and the predicted metabolic pathway. 
The sequences of genes in the merged gene catalogue 
were aligned to the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) bioinformatics database.

Statistical analysis
Statistical analyses were performed depending on the 
normality of the data, assessed using the PerMANOVA, 
ANOVA and t-test. Statistical significance was deter-
mined at an alpha level of P < 0.05.

Results
Summary of child obesity survey performed in Ningde
In order to investigate the causes of children obesity, 
we conducted a survey in 47 individual children with 
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different degree of obesity at the Pediatrics Department 
of Ningde City Hospital, and 17 volunteers with a nor-
mal weight in Ningde city. In this survey, we recorded 
children’s age, gender, height, weight, and calculated 
their BMI value (Fig.  1). The 47 individuals with obe-
sity are further categorized into different severity levels: 

mild, moderate, and severe according to the the guide-
lines. Among those obese children, there are 9 individu-
als diagnosed with mild obesity, 17 individuals diagnosed 
with moderate obesity, and 21 individuals diagnosed with 
severe obesity (Fig.  1). There were no significant differ-
ences in age and height between the obese group and 

Fig. 1 The correlation of physical measurements and age among 66 surveyed children. A The correlation of height measurements and age. B The 
correlation of weight measurements and age. C The correlation of BMI and age. Blue color represents children in mild obese group, green color 
represents children in moderate obese group, grey color represents children in normal group, and red color represents children in severe obese 
group. Triangle shape represents female while round shape represents male
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the normal weight group of children (Fig.  1A), Surpris-
ingly, the differences in height and weight between boys 
and girls are not significant (Fig.  1A and B). Moreover, 
among children with severe obesity, the proportion of 
boys is higher than that of girls (Fig. 1C). We conducted 
a survey on whether the children’s parents were over-
weight and if they had received a university education. 
We found that the mothers of children with normal 
weight tended to have a higher level of education, and it 
is more likely that the fathers of overweight children are 
themselves overweight. In addition, we also investigated 
the children’s lifestyle habits. Compared with children of 
normal weight, obese children have lower frequency of 
exercise per week, spend less time on physical exercise, 
but more time on electronic devices (Table  1). Further-
more, we conducted a detailed investigation and analy-
sis of the dietary patterns during the three daily meals 
among children. Comparing obese children to those with 
normal weight, we observed a lower frequency of meat 
and egg consumption during breakfast, and a lower fre-
quency of legume and seafood consumption during din-
ner (Table 2). Diet composition has a significant impact 
on the composition of gut microbiota [26, 27]. Hence, we 

hypothesize that good exercise habits and dietary modu-
lation can potentially improve the weight status of obese 
children.

Gut microbiota analysis in 66 surveyed children
To investigate the impact of gut microbiota on children 
in our survey, we obtained stool samples from those 66 
individuals and performed 16S rRNA next-generation 
sequencing on the stool samples. After applying strict 
trimming criteria to obtain high quality clean tags, then 
the tags were clustered into different OTUs based upon 
similarity. 1658 OTUs were obtained from healthy chil-
dren and 3200 OUTs were obtained from obese children 
(Fig. 2A). Among these OTUs, 1676 are found exclusively 
in obese children, while 134 are unique to healthy chil-
dren (Fig. 2A). The alpha diversity indices (the Chao1and 
Shannon index) were used to describe alpha diversity, 
whereas the difference was not statistically significant 
(Fig.  2B and C). In addition to the alpha diversity, beta 
diversity calculated based on the Bray–Curtis dissimilar-
ity and Unifrac distance revealed that the bacterial micro-
biota of obese group apart from that of control group 
(Fig. 2D and E). The observations unveiled variations in 

Table 1 Comparation of the parental weight, educational level, and children’s lifestyle habits between the normal weight group and 
the obese group

Table 2 Comparison of the dietary patterns of obese children and normal-weight children in terms of their three daily meals
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the gut microbial community structure between the nor-
mal weight group and the obese group.

Taxonomic abundancy differences of gut microbiota 
between obese children and normal children
To further quantify and compare each microbial taxa 
abundance, we characterized top four phylum: Firmi-
cutes, Bacteroidota, Actinobacteriota, and Proteobac-
teria. Firmicutes was the most predominant phylum, 
contributing 49.8% and 63.5% of the gut microbiota in the 
normal weight group and the obese group, respectively, 
followed by Bacteroidota, contributing 37.7% and 18.5%, 
respectively (Fig.  3A and B). Moreover, the abundance 
of Bacteroidota decreased in the obese group, while the 
abundance of Firmicutes and Actinobacteriota increased. 
Sequential genus-level analysis of gut microbiota iden-
tified 28 main bacterial taxa in both normal group and 
obese group (Fig. 3B). More importantly, the comparison 
between these two groups of children further validated 
the conclusion of the Firmicutes and Bacteroidota found 

in phylum-level comparison (Fig. 3B). Statistical analysis 
showed significant differences in Firmicutes, Bacteroi-
dota, Actinobacteriota, and the Firmicutes to Bacteroi-
dota ratio between obese and normal-weight children. 
(Fig. 3C-F).

To meticulously probe the differential composition of 
microbiota implicated in the progression of childhood 
obesity, we executed an analysis employing the STAMP 
to discern the disparities at the genus level between 
normal-weight and obese cohorts. Among 20 identified 
genus groups, we found a few microbial groups such as 
Agatholacter, Collinsella, Erysipelotrichaceae, and Sub-
doligranulum are significantly enriched in obese chil-
dren’s gut microbiota (Fig.  4A). On the other hand, 
Bacteroides are significantly reduced in the obese chil-
dren group and overly represented in the normal children 
group (Fig.  4A). Then we further confirmed the differ-
entially abundant taxa by LEfSe, an algorithm for high-
dimensional biomarker discovery [25], which identified 
45 discriminative features (LDA score ≥ 3) with relative 

Fig. 2 Profiles of gut microbiota in 66 surveyed children. A Operational taxonomic units in normal weight group and obese group. B Boxplotsfor 
comparison of Chao1 index between the two study groups. The t-test was used to analyze significant differences. C Boxplotsfor comparison 
of Shannon index between the two study groups. The t-test was used to analyze significant differences. D PCoA plots based on Bray–Curtis 
dissimilarity comparing sample distribution between the two groups. PerMANOVA was used to analyze significant differences. E PCoA plots based 
on Unifrac distance comparing sample distribution between the two groups. PerMANOVA was used to analyze significant differences
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abundance varied significantly between the obese group 
and control group (Fig.  4B). In addition to variations 
in Firmicutes, Bacteroidota, and Actinobacteriota, the 
LEfSe analysis revealed a significant enrichment of Sutte-
rellaceae in the gut microbiota of normal weight children 
(Fig. 4C). Together, our taxonomic comparison between 
the gut microbiota of normal children group and that of 
obese children group reveals certain microbial commu-
nities that are related in either normal children group or 
the obese children group which are potentially impor-
tant for the future children obesity early diagnosis and 
management.

gut microbiota composition among children with mild, 
moderate, and severe obesity
We classified obese children into mild, moderate, and 
severe groups based on guidelines and examined whether 
gut microbial distribution correlates with various obesity 
levels. Initially, we compared the OTUs from these three 
groups. We found that the majority of OTUs from the 
mild obese group overlapped with those of both mod-
erate and severe obese groups. However, the moderate 
obese group has 378 unique OTUs and the severe obese 

group has 1033 unique OTUs compared to the other 
groups (Fig. 5A). We calculated the alpha diversity indi-
ces (Chao1 and Shannon) of the gut microbiota in nor-
mal weight children, mildly obese, moderately obese, and 
severely obese children. We found that the Chao1 index 
was higher in children with varying degrees of obesity 
compared to normal weight children. However, only the 
Chao1 index of severely obese children showed a statis-
tically significant difference from that of normal weight 
children. No significant differences were observed among 
other groups (Fig. 5B). The Shannon index was observed 
to be lower in the groups with moderate and severe obe-
sity compared to the normal weight group, however, the 
statistical analysis did not show a significant difference 
(Fig.  5C). Beta diversity analysis found no significant 
differences amongst the groups with varying degrees of 
obesity. However, significant differences were identified 
between the normal weight group and each of the groups 
with different levels of obesity (Fig. 5D and E). Together, 
these findings suggest that obesity can lead to an increase 
in the variety of gut microbiota and induces a signifi-
cant difference in the composition of the gut microbiota, 

Fig. 3 Differences of the community composition of gut microbiota at the phylum and genus level. A Profiling of bacterial taxa at the phylum 
level. B Profiling of bacterial taxa at the genus level. Statistical analysis of the differences of Firmicutes (C), Bacteroidota (D), Firmicutes/Bacteroidota 
(E) and Actinobacteriota (F) between the group of obese children and the group of children with normal weight. The t-test was used to analyze 
significant differences

(See figure on next page.)
Fig. 4 Comparison of gut microbiota structure and abundance using STAMP and LEfSe analysis. A Differences between the normal weight group 
and obese groups were assessed by STAMP anaysis. B Histogram of the linear discriminant analysis scores for differentially abundant genera 
between the two groups. (a logarithmic linear discriminant analysis score > 3 indicated a higher relative abundance in the corresponding group 
compared to the other group). LDA: Linear discriminant analysis. C The taxonomic cladogram obtained from linear discriminant analysis effect 
size analysis. The diameter of each circle is proportional to the taxon abundance. The dimension of each individual circle is directly proportionate 
to the abundance of the corresponding taxonomic unit
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Fig. 4 (See legend on previous page.)
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which is more pronounced in individuals with severe 
obesity.

To examine the overall composition and diversity of 
microbial communities, we analysis the bacterial compo-
sition at the phylum level (Fig. 6A). Our findings revealed 
a marked escalation in the Firmicutes to Bacteroidota 
ratio within the gastrointestinal tract of children span-
ning various obesity levels, in contrast to their normal-
weight counterparts (Fig. 6B). This was accompanied by a 
pronounced surge in the prevalence of Firmicutes across 
all levels of obesity, coupled with a notable decrement in 
Bacteroidota (Fig.  6C and D). Moreover, Actinobacte-
riota demonstrated a significant proliferation in children 
categorized under moderate and severe obesity (Fig. 6E). 
To acquire a more statistical comparison of gut microbi-
ota composition in three obese children groups, we per-
formed STAMP analysis at genus level and we found that 
Erysipelotrichaceas and Agathobacter were enriched in 
the moderate obese group rather than in the mild obese 
group (Figure S1A). When we compared the mild group 
against serve group, we found that only Erysipelotricha-
ceas is depleted in the severe obese group than the mild 
obese group (Figure S1B). Surprisingly, we did not find 

any microbial genus is significantly enriched or depleted 
in the comparison of the moderate group against severe 
group (Figure S1C). These research findings indicate that 
obesity has a significant impact on altering the composi-
tion of the gut microbiota. However, the variation in gut 
microbiota composition among children is relatively lim-
ited across different degrees of obesity.

Phylogenetic and taxonomic profiles of gut microbiota 
and PICRUSt analysis of children with varying degrees 
of obesity
Given the minimal differences in gut microbiota com-
position between moderate and severe obese children, 
we performed LEfSe analysis on data from mildly obese, 
severely obese, and normal weight children. As shown 
in Fig.  7A, the relative abundance of taxonomic groups 
(LDA score ≥ 3) was summed for the normal weight 
group, mild and severe obese group, and a total of 9 taxa 
were abundant in the normal weight group, with 8 taxa in 
the mild obese group and 7 taxa in the severe obese group 
(Fig. 7A). At the order level, compared to obese children, 
normal-weight children had higher abundances of Bac-
teroidales and Pasteurellales in their gut microbiota. In 

Fig. 5 Profiles of gut microbiota in children with mild, moderate, and severe obesity. A Operational taxonomic units in group of children with mild, 
moderate, and severe obesity. B Boxplotsfor comparison of Chao1 index among the study groups. ANOVA analysis with FDR correction was used 
to analyze significant differences. C Boxplotsfor comparison of Shannon index among the study groups. ANOVA analysis with FDR correction 
was used to analyze significant differences. D PCoA plots based on Bray–Curtis dissimilarity comparing sample distribution among the study 
groups. PerMANOVA was used to analyze significant differences. E PCoA plots based on Unifrac distance comparing sample distribution 
among the study groups. PerMANOVA was used to analyze significant differences
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contrast, order Coriobacteriales was more abundant in 
the gut microbiota of severely obese children, while order 
Monoglobales was more prevalent in mildly obese chil-
dren (Fig. 7A). From the cladograms generated from the 
LEfSe analysis, we found the identified differential taxa 
mainly originating from three bacterial phyla: Firmi-
cutes, Bacteroidota, and Actinobacteriota. However, we 
also noted a significant enrichment of order Pasteurel-
lales in children of normal weight, thereby establishing 
it as a distinguishing biomarker when compared to their 
obese counterparts (Fig.  7B). In the mild obesity group, 
the identified biomarkers were class Negativicutes and 
order Monoglobales, which belong to Firmicutes. In the 
severe obesity group, the biomarkers identified were 
class Bacilli, family Lactobacillaceae, and class Coriobac-
teriia. It is important to note that class Bacilli and fam-
ily Lactobacillaceae belong to the phylum Firmicutes, 
whereas class Coriobacteriia belongs to the phylum 
Actinobacteria.

The results of PICRUSt functional prediction (Fig.  8) 
showed that a total of 22 functional subcategories were 
identified in normal weight group and obese groups, 
and revealed that the normal children group have higher 
level of microbial taxa with the function of metabo-
lism, metabolism of amino acids, glycan biosynthesis 
and metabolism, energy metabolism, and carbohydrate 
metabolism (Fig. 8). On the contrary, we also found that 
the obese children groups have a more enriched bacteria 

groups whose functions are annotated as signaling and 
cellular processes and membrane transport (Fig. 8). These 
findings suggest that alterations in bacterial composition 
can exert a profound influence on gut microbiota func-
tion, particularly in metabolism, which may play a con-
tributory role in the development of childhood obesity.

Discussion
Childhood obesity has become a significant health con-
cern in China. In order to understand the significance 
of gut microbiota in child obesity development, we con-
ducted a survey in children in Ningde to monitor obe-
sity trends and assess the causes of children obesity. The 
findings of the survey revealed a significantly higher 
proportion of obesity among fathers of obese children 
compared to those of children with normal weight, sug-
gesting a potential genetic predisposition. Additionally, 
obese children tend to spend less time engaging in physi-
cal activities and more time on electronic devices, imply-
ing that a healthy lifestyle is essential for maintaining a 
normal weight (Table 1). Analysis of the dietary composi-
tion during the three daily meals of the children observed 
certain discrepancies between obese and normal-weight 
children. Specifically, normal-weight children demon-
strated significantly higher frequency intake of meat and 
egg products during breakfast, and legume and seafood 
products during dinner (Table  2). Furthermore, moth-
ers, particularly those with higher levels of education, 

Fig. 6 Differences of the community composition of gut microbiota at the phylum level. A Profiling of bacterial taxa at the phylum level. Statistical 
analysis of the differences of Firmicutes/Bacteroidota (B), Firmicutes (C) and Bacteroidota (D) and Actinobacteriota (E) among the study groups. The 
t-test was employed to examine the significant differences between groups of different obesity grades and the control group
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have a substantial influence on their child’s lifestyle, with 
children from these households more inclined to have a 
healthy weight (Table 1). Moreover, mothers with higher 
levels of education possess the knowledge to facilitate 
balanced dietary arrangements for their children. This 

not only promotes the health of the children but also 
helps to maintain their normal weight. Further, these die-
tary practices have an impact not only on the children but 
also on the weight of their fathers. The types of food con-
sumed have a substantial influence on the composition of 

Fig. 7 Comparison of gut microbiota structure and abundance using LEfSe analysis among mild, moderate, and severe obesity groups. A 
Histogram of the linear discriminant analysis scores for differentially abundant genera among the study groups. (a logarithmic linear discriminant 
analysis score > 3 indicated a higher relative abundance in the corresponding group compared to the other group). LDA: Linear discriminant 
analysis. C The taxonomic cladogram obtained from linear discriminant analysis effect size analysis. The diameter of each circle is proportional 
to the taxon abundance



Page 12 of 15Wang et al. BMC Pediatrics          (2024) 24:193 

the gut microbiota [26]. Hence, there are significant vari-
ations in the gut microbiota composition among children 
with different family backgrounds and dietary habits.

Furthermore, We conducted a comparative study on 
the composition of gut microbiota between obese and 
normal-weight children. The alpha diversity, an index 
that reflects the variety of microbial species within stool 
samples, is a crucial metric in assessing gut microbiota 
diversity [28]. Existing research found that the abundance 
and diversity of gut microbiota in obese children were 
significantly lower than those in normal weight children 
[29–31]. However, the alpha diversity indices, including 
Chao1 and Shannon index of normal and obese group 
was not statistically significant in this study (Fig. 2B and 
C). But we observed an upward trend in the Chao1 index 
and a downward trend in the Shannon index (Fig.  2B 
and C). The cause of these results may be attributed to 
the limited size of the study cohort and the considerable 
heterogeneity among individuals. Beta diversity serves as 
a metric that encapsulates the variation in the composi-
tion of gut microbiota across different samples [28]. In 
this study, beta diversity analysis indicated the structure 
of gut microbiota changed significantly with body weight, 
and these changes may be associated with the occurrence 
and development of obesity (Fig. 2D and E).

The prevailing consensus on the alterations in the 
composition of Bacteroidetes and Firmicutes within 
the gut microbiota remains inconclusive. Some stud-
ies have reported a significant decrease in Bacteroidetes 
accompanied by an increase in Firmicutes, suggesting a 
potential shift in microbiota composition associated with 
obesity [32, 33]. However, other research contradicts 
this, indicating no significant difference in the presence 
of Firmicutes, despite a marked reduction in Bacteroi-
detes within the obese group [16, 34]. Interestingly, there 
are also studies that have observed an increase in the 
numbers of both Bacteroidetes and Firmicutes in obese 
children [35]. Our research has found that the propor-
tion of Bacteroidetes is consistently decreased, while 
the proportion of Firmicutes is consistently increased in 
obese children (Fig.  3A-E). Additionally, the Firmicutes 
to Bacteroidetes (F/B) ratio is frequently considered as 
a potential obesity marker in numerous studies. Par-
ticularly, a higher F/B ratio has been observed in obese 
animals compared to their normal-weight counterparts. 
However, this specific correlation does not appear to be 
directly applicable or consistent in human studies [18, 
36]. Research conducted on the gut microbiota of obese 
children residing in the Antwerp region of Belgium and 
the Kazak region of Xinjiang has revealed a significant 

Fig. 8 Functional analysis of microbiota in healthy children and children with obesity. PICRUSt analysis showing potential functions of altered gut 
microbiota. Significantly enriched functions are marked in red
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elevation in the Firmicutes to Bacteroidetes (F/B) ratio 
[21]. Our study, conducted in the city of Ningde in Fujian 
Province, Southeast China, also discovered a significant 
increase in the F/B ratio in the intestinal tract of obese 
children, corroborating the findings of the research con-
ducted in Xinjiang (Fig. 3E). Hence, the elevation in the 
Firmicutes/Bacteroidetes (F/B) ratio appears to be a rela-
tively universal phenomenon within the gut microbiota 
composition of obese children.

In our research, we further analyzed the gut micro-
biota composition of children with varying degrees of 
obesity, discovering a minimal difference in their micro-
bial makeup. Compared to children with normal weight, 
the proportion of Bacteroidetes decreased, while Firmi-
cutes increased, leading to a significant elevation in the 
F/B ratio (Fig. 6). The proliferation of Firmicutes within 
the gut microbiota has been linked to enhanced energy 
harvest, thereby increasing the overall energy intake 
[37]. Gut bacteria also possess genes encoding carbohy-
drate-active enzymes (CAZymes), which are essential 
for breaking down complex dietary carbohydrates into 
absorbable components by the intestinal epithelium. This 
increased efficiency in energy production can contrib-
ute to higher energy extraction. Additionally, it has been 
observed that CAZymes associated with body mass index 
(BMI) are specifically abundant in the Firmicutes phy-
lum. Moreover, Firmicutes can degrade non-digestible 
dietary nutrient sources, such as pectin and cellulose. As 
a result, the higher abundance of Firmicutes is linked to 
greater energy extraction, potentially leading to increased 
energy intake [38]. Bacteroidetes serve a crucial function 
in breaking down plant polysaccharides that are indi-
gestible by the human body, and collaborates with other 
bacterial species in nutrient metabolism. A sustained 
high-fat dietary intake may result in a decrease in Bacte-
roidetes population, thereby disrupting the absorption of 
polysaccharides and proteins and potentially leading to 
obesity [39]. Further, Bacteroidetes have been found to 
possess anti-obesity effects, which can inhibit obesity and 
promote branched-chain amino acid catabolism in the 
brown adipose tissue [40], and improve insulin sensitiv-
ity and serum glucagon-like peptide-1 [41], which aligns 
with the phenomenon of an increased ratio of Firmi-
cutes to Bacteroidetes (F/B) in the gut of obese children. 
The results of the LEfSe analysis also indicate that the 
abundance of Bacteroidetes and Firmicutes could serve 
as biological markers to differentiate between children 
with varying degrees of obesity and those with normal 
weight (Figs. 4B, C and 7). In addition, we observed a sig-
nificant increase in the proportion of Actinobacteriota in 
obese children, an association that has been infrequently 
explored in previous research (Figs.  3F and 6E). The 

proportion of Actinobacteria was significantly associated 
with dietary fat content, and associated with gut barrier 
impairment, leading to colonic inflammation [42]. So the 
elevated proportion of Actinobacteria in obesity may be 
attributed to an imbalanced diet, which can lead to intes-
tinal damage and inflammation.

We employed the LEfSe analysis to identify biomark-
ers in children with varying degrees of obesity. Children 
with normal weight exhibited biomarkers belonging to 
the phyla Bacteroidetes and Proteobacteria. In the mild 
obesity group, the biomarkers were associated with the 
phylum Firmicutes, while in the severe obesity group, 
the biomarkers were associated with both the phyla 
Firmicutes and Actinobacteria. This finding suggests 
that in the mild obesity group, there is a pronounced 
alteration in the proportion of Firmicutes in the gut 
microbiota, whereas in the severe obesity group, there 
are significant changes in the proportions of both Fir-
micutes and Actinobacteria. We speculate that the 
changes in Actinobacteria may occur downstream of 
Firmicutes, leading to intestinal damage and inflamma-
tion associated with Actinobacteria in the gut. How-
ever, the composition of gut microbiota is influenced 
by various factors including diet, lifestyle habits, race, 
and geographical location. Our study has limitations 
in terms of a limited sample size and the analysis was 
based on a single-time point sampling, therefore, this 
conclusion warrants further verification and valida-
tion through subsequent research. Through the PIC-
RUSt analysis, we have gained insights into how the 
composition of gut microbiota can influence metabolic 
functions in the body. Our research provides prelimi-
nary evidence and direction for future studies aiming 
to improve the health of obese children through gut 
microbiota modulation.
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