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Abstract

Background: The enterotype concept allows the differentiation of gut microbiota in relation to individual characteristics and is deter-
mined by the genetics and external stressors of the host. It was previously shown that not all clustering methods can accurately identify
such enterotypes. Therefore, this pilot study primarily aimed to compare different algorithms for enterotype definition and to estimate
the factors that correlate with the differentiation of the gut microbiota in adolescents with different body weights. Methods: Adolescents
with normal body weight (N) and obesity (O) (aged 11–17 years) were included in this pilot study. Based on the analysis of the V3–V4
variable regions of the 16S ribosomal RNA gene amplicon libraries, the main enterotypes of the gut microbiota of adolescents were
characterized using three approaches (E-typing A, B, and C) according to the bacterial taxa that were chosen for differentiation. For
sample clustering, we used Bray–Curtis, Jensen–Shannon divergence, and weighted and unweighted UniFrac distance metrics. Clus-
tering was assessed using the silhouette index. Meanwhile, the Kruskal–Wallis test was used to determine the relationship between
enterotype and biochemical parameters. Results: The O and N groups comprised 18 and 22 adolescents, respectively, and, according
to anthropometric data, differed significantly only in weight and body mass index (BMI). The linear discriminant analysis effect size
(LEfSe) plot showed that the presence of minor and rare phylotypes in the gut microbiota differed between the two groups of adoles-
cents. The distribution of individual samples based on the principal coordinates analysis (PCoA) showed that the gut microbiomes in
the adolescents were not grouped in the N or O groups but were distributed according to the composition of the main bacterial taxa.
We assessed the contribution of the Bacteroides, Prevotella, Subdoligranulum, and Ruminococcus phylotypes to the microbiota of the
adolescents in the two groups. The Subdoligranulum enterotype was significantly more represented in the N group than in the O group
when the E-typing A approach to enterotyping was applied. Pairwise comparisons were performed with corrections for multiple testing
between the biochemical parameter levels of the different enterotypes. Bilirubin levels were lower in adolescents with the gut microbiota
enterotype Ruminococcus–Subdoligranulum than in those with the enterotype Bacteroides when the E-typing B approach was used for
differentiation. Conclusions: This pilot study comprised a small group of adolescents with normal body weight and obesity; we identified
Bacteroides as the main enterotype, regardless of body weight. A stable microbial community is formed in the gut during adolescence,
which determines its stratification by enterotype.
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1. Introduction

Gut microbiota vary greatly not only between individ-
uals but also within individuals throughout life. The en-
terotype concept, proposed in 2011, stratifies the micro-
biome to reduce its global variation into several categories
[1]. The authors described three distinct clusters or en-
terotypes, which were named according to their dominant
bacterial species: Bacteroides (enterotype 1), Prevotella
(enterotype 2), and Ruminococcus (enterotype 3) [1]. It was
initially noted that enterotypes were not as clearly demar-

cated as human blood types. This clustering can be cor-
rectly represented as “densely populated areas in the mul-
tidimensional space of community composition” [1]. Over
the past 15 years, research related to human microbiota typ-
ing has developed in several directions: studies that ex-
amine variations in sample collection and patient recruit-
ment, as well as the effectiveness of different bioinformat-
ics algorithms on typing results [2,3]; typing depending on
environmental stress factors, nutrition, and lifestyle [4–7];
typing depending on the age-related dynamics of the gut
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microbiome in infants, children, adolescents, adults, and
centenarians [8–10]; typing depending on the disease [11–
13]; and typing depending on the human body biotopes
[14,15]. Genetic studies have contributed more to the con-
cept of typing the human microbiota and the formation of
stable clusters in time and space under certain external fac-
tors. The search for specific loci in the human genome that
correlate with the microbiota and have a probable func-
tional impact on the host was carried out based on anal-
yses of single-nucleotide polymorphisms (SNPs) obtained
from both metagenomic data and genome-wide association
studies [16–19]. The study showed that among host genes
that correlate with the microbiome, there is a significant
enrichment of genes involved in the leptin signaling path-
way, as well as immune-related pathways [16]. Bonder
and co-authors showed an association of a functional sin-
gle nucleotide polymorphism in the lactase gene (LCT) —
which was studied in connection with adult-type lactose in-
tolerance and the inability of adults to digest milk — with
the number of Bifidobacterium [17]. In developing this re-
search, Kurilshikov and co-authors [19] in a cohort study of
the MiBioGen consortium showed an age-related associa-
tion between the LCT locus and the number of Bifidobac-
terium. Cohort studies from the Genetic EnvironmentalMi-
crobial Project examining healthy first-degree relatives of
patients with Crohn’s disease assessed the association be-
tween gut microbiota composition and host genetic varia-
tion and identified heritable fecal bacterial taxa [18]. Ge-
netic studies of dizygotic andmonozygotic twins havemade
it possible to calculate the heritability of specific compo-
nents of the gut microbiota and link microbial abundance to
host gene alleles [20]. These studies confirm that humans
and the microbiome have coevolved into complex relation-
ships, resulting in microbiota structures that remain stable
under certain conditions. This has been attributed to the
functional diversity and metabolic redundancy of microor-
ganisms.

The establishment of the gut microbiota in the first
year of life, its development up to the age of three, the
formation of the adult-type microbiota, and the character-
istics of the microbiota of centenarians are the key areas
of research into the gut microbiota in association with mi-
crobiota development from delivery to the adult type. In
some cross-sectional studies, the authors not only mention
dominant taxa but also provide examples of clustering ac-
cording to different dominants. Microbial colonization in
the first time is determined by perinatal factors such as ce-
sarean section [21], gestational age [22], formula feeding
[23,24], and antibiotic use [25]. By describing in longi-
tudinal studies the development of the gut microbiota of
children and characterizing age-related types of microbial
communities, it can be concluded that there are individual
dynamics in the trajectory of gut microbiota development,
which depends on many factors [10,26–28]. Adolescence
during puberty has received much attention, particularly in
the context of the role of the gut microbiota. In a longitu-

dinal research, Ou et al. [10,27] examined gut microbiota
development in children aged from birth to 14 years. The
primary objective of their researchwas to establish the asso-
ciation between gut microbiome clusters and internalizing
and externalizing difficulties and social anxiety during pu-
berty, a period that is highly significant in the development
of mental health issues. The authors identified four distinct
microbial clusters formed during puberty in these children
[10]. In addition to identifying clusters, the authors iden-
tified individual bacterial taxa associated with more exter-
nalizing behavior and social anxiety. In another study, Xu
et al. [29] examined the prospective association of gut mi-
crobiota enterotype with the timing of puberty and the po-
tential interaction of age and weight in children. The au-
thors showed that children with the Bacteroides enterotype
had a later menarche/vocal fracture than those with the Pre-
votella enterotype. Moreover, this association wasmore ev-
ident among younger children with a higher standard devi-
ation score (SDS) of the body mass index (BMI). Thus, by
adolescence, children have formed certain gut microbiota
structures, the qualitative and quantitative composition of
which reflects the individual characteristics of the child, de-
termined not only by his or her genetics but also by lifestyle,
nutrition, and environmental factors.

Note that sample clustering can be performed using
different methodological approaches. Koren et al. [2]
tested the stability and sustainability of the enterotype con-
cept using data from the International Human Microbiome
Project. They showed that most human body habitats
showed smooth gradients in the abundance of key genera
without distinct clustering of samples with bimodal (e.g.,
gut) or multimodal (e.g., vagina) abundance distributions.
The authors note that not all clustering methods are ef-
fective in identifying such clusters. Since identifying en-
terotypes in datasets depends not only on the structure of
the data but also on the sensitivity of the methods used to
determine the strength of clustering, the authors suggested
using and comparing multiple approaches when testing for
enterotypes [2].

Since 2016, the Scientific Center for Family Health
and Human Reproduction Problems (Irkutsk) has been con-
ducting research on the gut microbiome of adolescents with
normal body weight and obesity. The features of the com-
position and structure of the gut microbiome of adolescents
with obesity, different durations of breastfeeding [30], and
different types of obstetric care [31] have been reported.
A comparison of the bacteriological data of the normo- and
pathobiota with the results of amplicon sequencing was per-
formed [32–34], as was a pilot study of the diversity and
predictive metabolic functions of the gut microbiome in
adolescents with obesity and normal body weight [35].

The aim of this pilot study was to compare different
algorithms for enterotype definition and to estimate the fac-
tors that correlate with the differentiation of the gut micro-
biota in adolescents with different body weights.
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2. Materials and Methods
2.1 Objects of the Research and Routine Analysis of the
Gut Microbiota
2.1.1 Objects Description and Criteria for Grouping
Adolescents

Adolescents aged 11–17 years with different body
mass indices were recruited for the pilot study. They were
sent for examination to Clinic of the Federal State Bud-
getary Institution “Scientific Center for Family Health and
Human Reproduction Problems” (Irkutsk). The criteria for
study inclusion, collection of biological material, sample
preparation, and method of processing the sequencing data
were previously published [30,36,37]. Briefly, the inclu-
sion criteria for the study were a physiological birth, the
presence of normal body weight (BMI<85th percentile for
age, height, and sex) or obesity (BMI ≥95th percentile)
[36]. The adolescents were divided into two groups. The
normal-weight group was termed N (n = 22). The second
group comprising adolescents with obesity was termed O
(n = 18).

The sampling size for a cross-sectional study is calcu-
lated using the formula: n = Z2 × (P(1 – P)) / D2, where
n is the individual sample size, Z is the level of confidence
(almost 95%), P is assumed prevalence of obesity in ado-
lescents according to last published data [38], and D is ab-
solute error (±3%) [39]. Considering that our pilot study
included 40 adolescents, the absolute error in the study in-
creased from ±3% to ±5.6%.

The pilot study was conducted in accordance with the
Declaration of Helsinki 1964, with subsequent changes, and
approved by the local ethics committee of the Scientific
Center for Family Health and Human Reproduction Prob-
lems (protocol number 6, date of approval 21 December
2015). The study comprised participants who met the in-
clusion criteria and did not meet the exclusion criteria pro-
vided that their parents or legal representatives, as well as
the adolescents aged above 15 years, signed a voluntary in-
formed consent.

2.1.2 Feces Collection and DNA Isolation

Feces collection and metagenomic analysis of the am-
plicons of the V3–V4 variable regions of the 16S rRNA
gene were previously described [30,37]. Shortly, feces
were collected using a home fecal collection kit according
to the instructions, and transportation and sample prepara-
tion under laboratory conditions were performed within 4–
24 hours. The home fecal collection kit included all the
necessary components to collect the biomaterial without ex-
posing it to non-sterile surfaces or water. The kit also in-
cluded a refrigerant to ensure transportation at a tempera-
ture of about 4 °C. In the laboratory, the biomaterial was
divided into aliquots and frozen at –80 °C until further use.

DNA was isolated from the fecal samples using zir-
conium beads (BeadBug™, 0.5 mm zirconium beads,
Z763772, Sigma, Rockville, MD, USA) and a commer-

cial kit (QIAamp DNA Stool Mini Kit, Qiagen, Stock-
ach, Germany) according to the manufacturer’s protocol
[30]. Briefly, the lysis buffer from the kit and zirconium
beads, which provide physical destruction and chemical ly-
sis, were added to an aliquot of the biomaterial weighing
between 150 and 200 mg. DNA purification was performed
according to the to the guidelines provided by the manufac-
turer. The quality and quantity of the DNA were assessed
using 1% agarose gel electrophoresis, Nano-500 Allsheng
spectrophotometer (Hangzhou Allsheng Instruments Co.,
Ltd., Hangzhou, China), and a Qubit 4 fluorimeter (Qubit™
4 Fluorometer, Thermo Fisher Scientific, Waltham, MA,
USA). Qubit dsDNA HS Assay Kit (Qubit™ dsDNA HS
Assay Kit, 500 assays, Thermo Fisher Scientific, Waltham,
MA, USA) was used according to the manufacturer’s pro-
tocol. For metagenomic analysis, only those DNA sam-
ples meeting the following criteria were submitted to the
company: a quantity ≥200 ng, a volume ≥20 µL, a con-
centration ≥10 ng/µL, and a quality corresponding to the
OD260/280 spectrophotometric data between 1.8 and 2.0,
ensuring no degradation or contamination.

Metagenomic analysis of the amplicons of two vari-
able regions of the 16S rRNA gene (V3–V4) was done by
Novogene Company (Beijing, China). The raw reads and
sample descriptionwere registries in theNational Center for
Biotechnology Information (NCBI) database as BioProject
PRJNA604466. Processing of the 16S rRNA amplicon se-
quencing data was described previously [35,37].

2.1.3 Anthropometric Measurements and Laboratory Tests
Anthropometric measurements and laboratory tests

of the blood samples to measure the liver transaminases
(alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST)), bilirubin, insulin, glucose, and lipid spec-
trum were described previously [36]. Briefly, the anthro-
pometric measurements were carried out by a qualified pe-
diatrician in the morning. The BMI calculations were per-
formed from the height and weight measured using a sta-
diometer and an electronic scale. SDS BMI was calcu-
lated and used according to international recommendations
[40]. Blood samples were obtained after an overnight fast;
atherogenic index (AI) was calculated as (TC‒HDL)/HDL
(where TC, total cholesterol value; HDL, high density
lipoprotein value). The anthropometric and biochemical
parameters of the study’s participants are presented in Ta-
ble 1.

2.2 Data Processing
2.2.1 Identification of the Key Taxa that Determine the
Community’s β-diversity

All calculations were performed using the R version
4.4.2 (Bell laboratories, Murray Hill, NJ, USA) [41] and
R-Studio version 2024.12.0+467 (Posit Pbc, Boston, MA,
USA). Previously, we analyzed taxonomic diversity and de-
scribed the structure of the gut microbiota community in
adolescents with obesity [35,37]. Using QIIME2 (Capo-
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Table 1. Anthropometric and biochemical parameters of the study’s participants in O and N groups.
Indices N group (n = 22) O group (n = 18) p-value

Sex female (n = 9) female (n = 8)
male (n = 13) male (n = 10)

Age, years 14.72 ± 0.33 14.70 ± 0.30 0.942
Height, cm 170.60 ± 2.24 171.10 ± 1.70 0.147
Weight, kg 58.70 ± 2.11 95.60 ± 3.70 0.037
BMI 19.97 ± 0.35 32.57 ± 1.01 0.0001
SDS BMI 0.008 ± 0.10 2.70 ± 0.10 0.632
TC, mmol/L 4.10 ± 0.15 4.80 ± 0.18 0.583
TG, mmol/L 0.93 ± 0.06 1.19 ± 0.14 0.003
HDL cholesterol, mmol/L 1.45 ± 0.06 1.30 ± 0.06 0.966
LDL cholesterol, mmol/L 2.31 ± 0.14 2.95 ± 0.13 0.992
AI 1.96 ± 0.15 2.83 ± 0.22 0.097
Glucose, mmol/L 4.80 ± 0.10 5.03 ± 1.60 0.190
Insulin, mU/L 8.30 ± 2.30 15.20 ± 1.90 0.704
ALT, U/L 21.50 ± 3.79 29.37 ± 4.70 0.601
AST, U/L 37.34 ± 2.51 27.70 ± 1.50 0.015
Bilirubin, µmol/L 13.37 ± 1.17 8.90 ± 0.68 0.007
BMI, body mass index; SDS BMI, standard deviation score of the body mass
index; TC, total cholesterol; TG, triglycerides; HDL cholesterol, high density
lipoprotein cholesterol; LDL cholesterol, low density lipoprotein cholesterol;
AI, atherogenic index; ALT, alanine aminotransferase; AST, aspartate amino-
transferase.

raso Lab, Flagstaff, AZ, USA) [42], we generated an ampli-
con sequence variant (ASV) table and determined the taxo-
nomic affiliation for each ASV. We further used these data
in the following analyses [35,37].

We calculated the Bray-Curtis (BC) distance matrix
and constructed a principal coordinates analysis (PCoA)
ordination graph with distribution vectors of the numbers
of the largest phylotypes. To calculate the ecological met-
rics of the BC distance and construct the PCoA ordination
graph, the R packages “vegan” version 2.5-6 and “ape” ver-
sion 5.8 were used.

2.2.2 Cluster Approach to Enterotype Determination
Clustering was performed by partitioning the medoids

in the R package “cluster” v.2.1.6.
The previously recommended enterotyping method

uses distance metrics such as Jensen-Shannon divergence,
Bray-Curtis, or weighted and unweighted UniFrac [1,2].
We calculated the distance matrix for the Jensen-Shannon
divergence (JSD) β-diversity metrics and weighted and un-
weighted UniFrac according to Koren et al. [2]. The R
package “vegan” v.2.5-6 was used to calculate the weighted
and unweighted UniFrac. JSD was calculated using the R
package “philentropy” v.0.9.0. The samples were then clus-
tered using the available distance matrices.

The number of clusters and quality of the resulting
clusters were selected based on the value of the silhouette
index (SI) [2,43]. To distinguish between the presence and
absence of clusters in the data, we considered the following
threshold values. For the SI, a score of 0.5 for moderate

clustering and ≥0.75 for strong clustering was used, as de-
scribed by Koren et al. [2] and Wu et al. [4].

2.2.3 An Approach Using Differential Taxon Abundance
to Determine the Enterotypes

We reduced the ASV frequency table to the genus
level and determined the relative abundance of each taxon
in the sample (percentages of the total community abun-
dance). The key taxa for our pilot study were Bacteroides,
Prevotella, and Ruminococcus because other authors used
them to type the gut microbiota [e.g., 1, 2]. Based on the
mean value ± standard deviation, we determined the abun-
dance boundaries of key taxa that defined each enterotype.

2.2.4 Analysis of the Relationship Between Enterotype
and Biochemical Parameters

The Kruskal-Wallis test was used to determine the dif-
ference between the typing variant and the average bio-
chemical parameters of the adolescents. The Wilcoxon test
was used to perform pairwise comparisons between groups,
with correction for multiple testing. The difference was
considered reliable at a p-value > 0.05. The R packages
“rstatix” v.0.7.2 and “stats” v.4.4.2 were used to calculate
the statistical criteria.

3. Results
3.1 A Search for Differences in the Composition of Taxa in
the Gut Microbiota Between Two Groups of Adolescents

We compared the anthropometric and biochemical
parameters between obese and normal-weight adolescents
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Fig. 1. Linear discriminant analysis effect size (LEfSe) plot with LDA score. This analysis determined the microbiome phylotypes
most likely to explain the differences between the two groups of adolescents. Phylotypes were identified at the genus level. Abbreviations:
N, normal body weight group; O, obesity group; LDA, linear discriminant analysis.

(Table 1). According to the results of the statistical tests,
among the anthropometric parameters, the weight of the pa-
tients and the body mass index differed significantly be-
tween the groups. For the biochemical parameters, we
found differences in TG, AST, and bilirubin.

This pilot study analyzed 40 amplicon libraries from
the gut microbiomes of adolescents. In the first stage of the
bioinformatics analysis of the obtained data, we searched
for differences between the two groups of adolescents, N
and O. The linear discriminant analysis effect size (LEfSe)
plot showed that the two groups of adolescents differed in
the presence of phylotypes with different taxonomic iden-
tifications. In the N group, the phylotypes of Bacteroidia
were classified at the class level andPhascolarctobacterium
at the genus level. In the O group, there were phylotypes
of the Prevotellaceae family and the genus Negativibacillus
(Fig. 1). However, it should be noted that the representa-
tion of these phylotypes in the gut microbiomes of the two
groups of adolescents did not exceed 0.02, 0.51, 1.19, and
4.29% for Negativibacillus, Bacteroidia, Phascolarctobac-
terium, and Prevotellaceae, respectively. These phylotypes
are minor and rare in the gut microbiota.

3.2 The Distribution of Microorganisms in Gut
Microbiomes Based on Multidimensional Scaling Results

The search for taxa that are determinants of gut mi-
crobiota structure is of obvious interest. The distribution of
individual samples based on BC distance data by multidi-
mensional scaling using the PCoA method showed that the
adolescent gut microbiomes were not grouped as closely as
the N or O groups but rather by composition and structure
(Fig. 2). The main bacterial taxa influencing this cluster-
ing were the bacterial genera Bacteroides, Prevotella, and
Subdoligranulum.

Considering thatBacteroides andPrevotella are repre-
sentative of the two taxa, on the basis of whichmicrobiomes
are stratified into enterotypes, we attempted to identify an
algorithm for further differentiation of the adolescent gut
microbiota.

3.3 The Application of a Cluster Approach to the Typing of
Individual Gut Microbiomes Among Adolescents

The number of clusters in the studied data was de-
termined using the SI on the JSD distance measures and
weighted/unweighted UniFrac distances.

The SI values indicated that there was no strong clus-
tering of the data in all three metrics because the silhouette
value did not exceed 0.18 at best for the weighted UniFrac
metric (Fig. 3). This indicates the absence of clearly de-
fined clusters that can be calculated based on the distance
matrix of the β-diversity metrics.

3.4 The Differentiation of Gut Microbiomes According to
the Dominant Taxa

After obtaining weak results from the sample cluster-
ing, we decided to test another method for determining the
gut community type. Gut microbiomes were differentiated
based on the dominant taxa. We assessed the contribution
of the Bacteroides, Prevotella, Subdoligranulum, and Ru-
minococcus phylotypes to the microbiota structure of ado-
lescents in the two groups (Table 2). Note that the two bac-
terial phylotypes Subdoligranulum and Ruminococcus be-
long to the same family (Oscillospiraceae) and are part of
the main pool of bacterial cells in the gut microbiome. Per-
forming similar metabolic functions, they are an example
of taxonomic diversity and functional redundancy of gut
microbial communities. This ensures the stability and re-
silience of microbial communities under stressful environ-
mental conditions.

5
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Fig. 2. Principal coordinates analysis (PCoA) graph based on the Bray-Curtis (BC) distance matrix. According to the Bray-Curtis
distance matrix, gut microbiomes showed three distribution trends following dominant phylotypes: Bacteroides, Subdoligranulum, and
Prevotella group 9. The dominant phylotypes are indicated in gray. Abbreviations: N, normal body weight group; O, obesity group.

Thus, based on the results of testing various enterotyp-
ing (E-typing) approaches, the best result was obtained by
analyzing the differential abundance of taxa. In the sam-
ple of adolescents analyzed, the main enterotype was Bac-
teroides. In both groups, the enterotypes dominated by Pre-
votella, Ruminococcus, and Subdoligranulum were deter-
mined. It was noteworthy that in E-typing A, the enterotype
with the dominance of Subdoligranulum was significantly
more represented in the N group than in the O group.

3.5 The Search for Relationships Between Enterotypes
Determined Using Different Algorithms and Biochemical
Indicators of Adolescent Health

We performed pairwise comparisons with corrections
for multiple testing between the biochemical parameter lev-
els of the different E-typing approaches. Using the E-
typing B approach, a significant difference in bilirubin lev-
els was observed between the enterotypes Bacteroides (B)
andRuminococcus-Subdoligranulum (RaS) (Fig. 4). Lower
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Table 2. Typing variants of the gut microbiota of adolescents. Enterotyping (E-typing) of the gut microbiota of adolescents
based on the contribution of the main phylotypes to their structure (%).

Approach Group Main phylotypes vs genera

E-typing А

Bacteroides (B) Prevotella cluster 9 (P9) Subdoligranulum (S)

N group 28.82 ± 7.73 3.27 ± 1.78 3.88 ± 2.66
15.33 ± 3.02 18.19 ± 8.86 2.43 ± 1.53
11.40 ± 4.09 5.52 ± 1.86 17.32 ± 19.87

O group 34.99 ± 15.68 3.51 ± 2.35 2.32 ± 2.65
14.92 ± 0.83 15.30 ± 10.11 3.26 ± 0.79
14.82 ± 2.94 2.55 ± 1.35 7.10 ± 3.35

E-typing B

Bacteroides (B) all Prevotella (Pa) all Ruminococcus + Subdoligranulum (RaS)

N group 29.57 ± 7.58 4.38 ± 2.40 13.39 ± 4.89
15.33 ± 3.02 19.13 ± 8.52 14.14 ± 4.43
13.53 ± 5.11 5.41 ± 2.27 21.98 ± 17.87

O group 43.48 ± 11.35 2.96 ± 0.84 12.09 ± 6.60
18.48 ± 5.41 23.37 ± 10.12 11.08 ± 1.57
14.72 ± 3.09 4.37 ± 2.74 17.82 ± 5.26

E-typing C

Bacteroides (B) all Prevotella (Pa) Subdoligranulum (S) all Ruminococcus (Ra)

N group 29.57 ± 7.58 4.38 ± 2.40 3.83 ± 2.76 9.57 ± 4.00
15.33 ± 3.02 19.13 ± 8.52 2.43 ± 1.53 11.71 ± 3.43
13.53 ± 5.11 5.41 ± 2.27 14.11 ± 18.09 7.87 ± 1.97

O group 43.48 ± 11.35 2.96 ± 0.84 2.91 ± 3.03 9.18 ± 4.21
18.48 ± 5.41 23.37 ± 10.12 2.89 ± 1.04 8.19 ± 1.65
14.72 ± 3.09 4.37 ± 2.74 4.38 ± 3.45 13.44 ± 6.07

Note: N, normal body weight; O, obesity.

levels of bilirubin were observed in the host in which the
gut microbiota structure was dominated by Ruminococcus
and Subdoligranulum than the Bacteroides-dominated phy-
lotypes. The remaining biochemical parameters did not dif-
fer significantly.

4. Discussion
4.1 Factors Influencing the Enterotype

The human gut microbiota develops soon after birth
and can acquire interindividual differences under the influ-
ence of hereditary and environmental factors. The devel-
opment of the concept of enterotype [1], aimed at strati-
fying the human gut microbiome, showed that the results
of enterotyping may vary in different age cohorts of the
population. This is because the factors influencing the gut
microbiome are enough to change its enterotype at differ-
ent stages of life (infancy, childhood, adulthood, and old
age) [8–10]. For example, in school-aged children aged
6–9 years (Netherlands), three enterotypes were identified,
dominated by Bacteroides, Prevotella, and Bifidobacterium
[44]. In addition, the authors noted that the duration of
breastfeeding at an early age and the diet of preschool-
aged children correlated with the composition and func-
tional characteristics of the gut microbiota in school-aged
children. This correlation clearly depends on the enterotype
[44].

A study of the gut microbiota of healthy Asian chil-
dren included 303 children aged from 7 to 11 years living
in 10 cities in 5 countries (China, Japan, Taiwan, Thailand,
and Indonesia). The average sample size ranged from 25
to 43 children, depending on the city [45]. The authors
showed that most children in China, Japan, and Taiwan had
the Bacteroides enterotype, whereas most children in In-
donesia and Thailand, had the Prevotella enterotype. The
Prevotella-dominated microbiota was characterized by a
more conservative microbial community, sharing a greater
number of type-specific phylotypes. The analysis classified
the gut community as reflecting the location of the country
of residence, suggesting that ecogeographic factors shape
the gut microbiota [45]. Another study of the gut micro-
biota of 106 infants (aged 3–12 months) from three Asian
ethnic groups, including 41 Chinese, 35 Malays, and 30 In-
dians, living in the same geographic location (Singapore),
showed that delivery mode, breastfeeding status, and eth-
nicity were the main factors influencing the compositional
development of the gut microbiota [46].

4.2 Stability and Clinical Significance of Enterotypes
Studies on enterotype stability have been conducted

mainly in cohorts of healthy adults, suggesting that adults
already have established stable communities resistant to en-
vironmental stressor and, changes in diet and can stably re-
cover to a normal state. For example, studies of the gut
microbiota of healthy monozygotic pairs of Korean adults
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Fig. 3. Silhouette index calculated based on three distancemet-
rics. Testing enterotype clustering using silhouette index along
with Jensen-Shannon divergence (JSD) (A), unweighted (B) and
weighted UniFrac (C) distance metrics. This testing demonstrated
that none of the distance matrices employed exhibited reliable
clustering.

showed that the gut microbiota can be grouped into two
enterotypes dominated by either Bacteroides or Prevotella
[47]. Moreover, more than 72% of the paired samples
from monozygotic twin pairs were belonged to the same
enterotype. The microbial functions based on the Kyoto
Encyclopedia of Genes and Genomes pathway were also
divided into two clusters. For the Prevotella enterotype,
100% of the samples belonged to the same functional clus-
ter, whereas for the Bacteroides enterotype, different func-

Fig. 4. Differences in blood bilirubin concentrations in adoles-
cents belonging to different enterotypes of the gut community.
In terms of blood bilirubin levels, only the Bacteroides (B) and
Ruminococcus-Subdoligranulum (RaS) enterotypes differed sig-
nificantly from each other. Kruskall-Wallis test, x2 = 7.2, p-value
= 0.027, n = 40. Pairwise test: Wilcoxon test, p-values adjusted us-
ing Bonferroni correction. * - statistically significant changes (p<
0.05) between two groups. Abbreviations: E-typing B, enterotyp-
ing approach B; enterotypes: B, Bacteroides; Pa, Prevotella; RaS,
Ruminococcus-Subdoligranulum.

tional clusters were identified. The Prevotella-dominated
enterotype is more commonly linked to a fiber-containing
diet [47,48]. Pihelgas et al. [48] examined the stability
of the gut microbiota in a 5-month multi-intervention nu-
tritional study. The Prevotella-type microbiota responded
more strongly to the tested dietary fibers, whereas the Bac-
teroides-type microbiota were least affected. The authors
noted that the metabolism of the fecal microbiota depended
on the individual microbiota type of the patients, and the
relative abundance of bacteria remained stable during the
baseline period and within the normal range of variation
during the final period of the studies, which emphasizes the
stability of a healthy microbiota [48].

The findings highlight enterotype-specific associa-
tions between host metabolic phenotype and dietary pat-
terns. The importance of gut microbiome stratification
was emphasized in a study of metabolic responses to nu-
trition and diet, as well as in nutritional interventions for
the prevention and treatment of obesity and associated car-
diometabolic disorders in adolescents [49]. Given that en-
terotypes are defined based on the gut microbiota, which is
relatively stable but dynamic in response to interventions
[4,50–54], it is important to systematize the factors that in-
fluence the gut microbiome to change its enterotype. Fac-
tors that have a short-term influence on the composition of
the microbiota may not be strong enough to change the en-
terotype [4], which is due to the reversibility and relative
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stability of the gut microbiota [54–56]. However, diet and
antibiotic use have a significant impact on the gut micro-
biota [4,57–59]. In the long term, food preferences are sig-
nificantly associated with enterotype patterns [4,52].

Raymond et al. [57] presented an example of how
a patient’s enterotype can influence the effectiveness of
antibiotics. When cefprozil was administered to the vol-
unteers included in the study, an increase in the presence
of Enterobacter cloacae complex bacteria was noted, with
five out of six participants initially having a gut enterotype
of Bacteroideswith a lower diversity of bacteria [57]. Thus,
it is important to consider the enterotype of the gut micro-
biome when prescribing antibiotics. In vitro model experi-
ments with 10 different artificial gut microbiota (AGM) ob-
tained by culturing fecal samples in a continuous fermen-
tation system were used to study the metabolism of orally
administered drugs [60]. The authors showed that the arti-
ficial microbial communities exhibited different metaboliz-
ing capacities for hydrolysis-mediated conversion of pro-
drugs to drugs. For the tested glucocorticoids, significant
differences were obtained in the stability of the parent com-
pounds and in their conversion rates to multiple reductive
metabolites. AGMs dominated by the genus Bacteroides
showed the highest conversion rate of parent glucocorti-
coids to several metabolites [60]. Understanding the role
of the gut microbiota in drug metabolism, as well as the bi-
ological mechanisms linking different variations in gut mi-
crobial associations with clinical outcomes, is necessary for
assessing the therapeutic efficacy of drug therapy and de-
veloping personalized medicine.

4.3 Functional Approval for Assigning Bacteria-dominant
Enterotypes

The various enterotypes are specified by the microor-
ganisms that predominate within the microbiota, and the
two main enterotypes are defined by the dominance of
Prevotella and Bacteroides. The microbiota dominated
by Prevotella and Bacteroides are associated with long-
term diet, which is associated with complex carbohydrate
intake and leads to increased protein and animal fat in-
take [4,47]. Prevotella and Bacteroides are common food
fiber fermenters. Their dominance in gut bacterial com-
munities provides insight into how the behavior of the
driver species influences the overall community structure
and composition. The former affects the production of
metabolites, among which short-chain fatty acids (SCFAs)
are the most important for human health. In vitro fecal fer-
mentation studies of different fibers and metabolite anal-
yses showed that Prevotella- and Bacteroides-dominated
fecal communities differentially affected the SCFA fer-
mentation and produced metabolites with different chem-
ical structures. In Prevotella-dominated fecal communi-
ties, sorghum and maize fructooligosaccharides and arabi-
noxylans maintained a single Prevotella phylotype, result-
ing in high total SCFA production and propionate as the
main SCFA product. For comparison, in the Bacteroides-

dominated fecal communities, different fibers stimulate
multiple phylotypes, resulting in variability in levels and ra-
tios of SCFA [61]. These in vitro experiments demonstrate
how the driver species in the fecal microbiome affect en-
terotype differences and induce distinct responses to dietary
fiber [61]. The most important point in developing person-
alized approaches to maintaining human health is that from
the same substrate, the microbiota dominated by different
fiber-utilizing bacteria may produce different amounts and
profiles of SCFAs.

Another functional role of the dominant forms in mi-
crobial communities may be mediated by post-translational
modification (PTM). PTM regulates protein activity, in-
fluences protein expression, and has a bidirectional nature
of microorganism vs host interactions in gut microbiomes
[62]. In model experiments with mice and different clonal
strains of Escherichia coli, the importance of PTM for bac-
terial proteins was demonstrated [63]. Bacterial trypto-
phanase and its S-sulfhydration play a significant role in the
regulation uremic toxin production. This process is closely
linked to the development and progression of chronic kid-
ney disease in mice [63]. In bacteria, K-acetylation has a
significant impact on various cellular functions and influ-
ences central bacterial metabolic enzymes, including those
involved in fatty acid metabolism and the tricarboxylic acid
cycle. It regulates their activity, acting as a stop signal [64]
or regulates controlling and managing functions, for exam-
ple, quorum sensing system in Pseudomonas aeruginosa
[65]. Thus, pathogens and commensals have the ability to
modify PTM profiles of their host organisms through the
secretion protein and by influencing the host’s metabolic
processes, which are regulated by diet. In its’ emerging
stage, metaPTMmics studies PTM changes in the bacterial
and host profiles, their relationship with environmental fac-
tors, such as diet and pollution, and their functional influ-
ence on the interaction between microrganisms and hosts
[62].

4.4 Enterotype and Bilirubin
Recent studies have suggested that the microbiome-

mediated conversion of bilirubin to urobilin and its absorp-
tion via the hepatic portal vein contribute to the develop-
ment of cardiovascular diseases, suggesting the involve-
ment of the liver–gut axis [66,67]. It has been experimen-
tally shown that bacterial species such asClostridioides dif-
ficile [66], Clostridium perfringens [68], and Clostridium
ramosum (current name Thomasclavelia ramosa) [69] can
reduce bilirubin to urobilinogen. In our pilot study, re-
duced bilirubin concentrations were observed in patients
with a Ruminococcus enterotype. Considering that the
driver taxon of this enterotype is a representative of the
same class Clostridia, it is possible to assume that similar
metabolic transformations will occur, reflecting the ecolog-
ical principles governing microbial communities, including
diversity and functional redundancy [53].
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4.5 Approaches for Enterotype Assigning

The traditional approach to enterotype identification
is cluster identification based on mathematical calculations
using multivariate community diversity data. This method-
ology includes several important nuances: data clustering,
the method of calculating the distance metric, the level of
taxonomy hierarchy, and the gradient structure of commu-
nities. Koren et al. [2] recommended using at least one
absolute evaluation metric prediction strength (PS) or SI
when searching for enterotypes and, if possible, confirm-
ing these results with a second absolute metric. In addition,
PS is recommended for large sample sizes. There is cur-
rently no consensus on the specific thresholds that should
be used with these methods to assess cluster strength. The
interpretation of clustering results based on distancemetrics
is subjective. In the absence of standardized practices, us-
ing at least two or three distance metrics is recommended,
as well as clearly indicating the criteria used to designate
the enterotypes in the context of any particular study.

4.6 Limitations

Given that this was a cross-sectional analysis, conclu-
sions about the causes and effects could not be drawn. The
pilot study was conducted among Caucasian adolescents,
which means the findings may not be applicable to all ado-
lescents. Additionally, the pilot study’s limitations include
not considering the psychological and social characteristics
of the adolescents.

With our sample size (n = 40, α = 0.05), the statistical
power of the study was 0.58. The optimal statistical power
of the study is 0.8. However, when the power value falls
below <0.8, it cannot be immediately concluded that the
study is completely useless [70]. Although increasing the
sample size is expected to reduce type II errors, it may in-
crease the cost of the project and delay the completion of
research activities within the stipulated period. In addition,
it should be remembered that excess samples may raise eth-
ical issues [71,72].

Furthermore, the limitations of this pilot study may
be related to the small sample size of patients compared
with the dimensionality of the obtained metagenomic data.
The direct application of classical clustering methods to
small- and high-dimensional datasets may lead to unreli-
able results. Clustering implies the concept of dissimilar-
ity between data samples. When the dimensionality of the
data increases, the concepts of closeness, distance, or near-
est neighbor become less qualitatively meaningful, espe-
cially for the commonly used Euclidean or Manhattan dis-
tances [73]. The small number of samples further wors-
ens this problem because the cloud of data points in high-
dimensional space becomes sparse, leading to unreliable
probability density estimates [74]. Perhaps the unstable re-
production of enterotypes in different population samples
indicates that the distribution of the microbiota spectrum is
continuous rather than discrete [75]. Although our analysis

requires verification in a larger cohort, it demonstrates that
the adolescent population is characterized by the presence
of the classical dominants Bacteroides and Prevotella, as
well as alternative or intermediate dominants Ruminococ-
cus and Subdoligranulum.

5. Conclusions
Our study is a pilot study that was performed using a

small sample collection from adolescents to determine the
possibilities of typing the gut microbiota of adolescents dur-
ing their transition period. Based on the obtained metage-
nomic data, we developed an approach for typing the gut
microbiota based on the dominant taxa. In our pilot study
involving small groups of adolescents with normal body
weight and obesity, we identified Bacteroides as the main
enterotype regardless of body weight. The possibility of
differentiating the enterotypes Prevotella, Ruminococcus,
and Subdoligranulum in the gut microbiota of adolescents
was also noted.

Apparently, during adolescence, a stable microbial
community is formed in the gut, which determines its strat-
ification by enterotype. This determines, on the one hand,
the possibility of effective correction of the composition
and structure of the gut microbiota and, on the other hand,
the need to understand the full potential of such activities.

Several relevant directions for future research on the
gut microbiota of adolescents are suggested. Given the
multifactor characteristics of the adolescent period in hu-
man life, the most interesting will be longitudinal studies in
well-characterized cohorts of healthy adolescents and high-
defined adolescents with obesity. In this case, the ethnic
aspect, place of residence (city/village), and specificity of
nutrition (meat eaters/vegetarians) should be considered.
In longitudinal studies, it is possible to evaluate both the
methodological criteria for enterotyping and the influence
of various factors on gut microbiota stratification. Factors
such as the effectiveness of antibiotic therapy and other
drugs and their effects on the organisms of adolescents strat-
ified by gut microbiota can be complementary and mutually
exclusive.
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