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The human gut microbiome shapes metabolism, immunity and long-term health, with early-life factors such as delivery mode
exerting lasting influence on its composition. Despite well-established differences between vaginal and cesarean deliveries, there
is a scarcity of intra-maternal studies that investigate microbiome variation in children delivered by both modes, particularly
regarding whether these patterns persist into adolescence. Here we profile the fecal microbiota of a single household (n=5): a
vaginally delivered firstborn, monozygotic twins delivered by cesarean section, and both parents, all cohabiting with similar diets
for over 16 years. Microbiome from each samples were analyzed in phylum, family, and species levels. In this family, the gut
microbiome was largely composed of Bacteroidota and Firmicutes in phylum level, although their proportions were differed among
individuals. The Firmicutes-to-Bacteroidota ratio was greatest in the father and lowest in the mother, while the twins exhibited
higher ratios than the firstborn. The Bray–Curtis dissimilarities revealed closest distance observed between the monozygotic
twins FS-2 and FS-3 (0.18), indicating the highest similarity. FM (mother) represented moderate similarity with FS-1 (0.28)
while large dissimilarities with FS-2 (0.60) and FS-3 (0.58). These findings may suggest that delivery mode possibly affected
long-term retardation of microbiome similarity in a family. Further family-based studies including dietary habits and behaviors
were remained to be investigated.

Introduction

The human gut microbiome is a dense, metabolically active
microbial community that shapes host digestion, immune devel-
opment, and metabolic homeostasis across the life course.1 Al-
though interpersonal variability is high, microbial communities
are influenced by early-life exposures (eg, delivery mode2, feed-
ing), shared environment3 and cohabitation, diet, age, and host
genetics.1,4 A frequently discussed community-level marker is
the Firmicutes/Bacteroidetes (F/B) ratio5, historically linked to
energy harvest and adiposity; early animal and human reports
associated higher F/B with obesity and lower F/B with leanness,
though subsequent studies and meta-analyses have produced
mixed or null associations, underscoring context dependence
and the need for individual-level resolution.4,6–8

Birth mode is a major determinant of initial microbial seeding:
vaginal delivery exposes newborns to maternal vaginal and fecal
microbes, whereas cesarean section (CS) bypasses this exposure
and is associated with altered early microbial succession and
immune imprinting.9–11 Several longitudinal cohorts demon-
strate that delivery-mode differences persist at least through the
first year of life, with functional as well as taxonomic distinc-
tions, although convergence can occur over time.10–12 However,
most work concentrates on infancy and early childhood; whether
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delivery-mode–related signatures or maternal resemblance per-
sist into adolescence remains less clear. Emerging literature
indicates that adolescence is a distinct developmental window
for the gut microbiome with compositional features differing
from both early childhood and adulthood, and modulated by
both early-life and concurrent exposures.13,14 Outside the gut,
recent mother–daughter studies suggest that vertically transmit-
ted vaginal microbial strains can persist into adolescence, raising
the broader question of long-term maternal–offspring microbial
similarity.15

Beyond birth mode, household sharing and diet are strong cor-
relates of adult and pediatric microbiome similarity. Cohabiting
family members (including spouses and siblings) harbor more
similar communities than unrelated individuals, and close so-
cial relationships are associated with higher diversity and more
shared taxa.4,16 Twin studies add nuance: monozygotic (MZ)
twins often display greater similarity than unrelated pairs, yet
shared environment and aging can erode concordance, indicat-
ing substantial environmental shaping beyond genetics.17–19 In
children, quantitative dietary intake relates to microbial features,
and family members who eat together may still diverge when
specific food preferences differ (eg, fruit/vegetable emphasis),
implying that within-household dietary micro-choices can create
measurable microbial differences.20 In parallel, the debated F/B–
BMI link persists in pediatrics: some reports associate higher
F/B with obesity, whereas larger or more recent syntheses report
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inconsistent effects, recommending cautious interpretation and
stratified analyses.6–8,21

Motivated by these gaps, we investigated a single household
in which offspring include both a vaginally delivered firstborn
and cesarean-delivered MZ twins, all now in mid-to-late ado-
lescence (¿16 years). We quantified phylum-level composition,
computed the F/B ratio in relation to individual BMI, profiled
family-level taxa (eg, Ruminococcaceae, Veillonellaceae, Aci-
daminococcaceae), and assessed inter-individual similarity us-
ing analysis of Bray-Curtis distances. This design enables a fo-
cused examination of (i) whether maternal resemblance persists
into adolescence, and (ii) whether MZ twins retain high similar-
ity or diverge with growth. Our Results show household-wide
dominance of Bacteroidota and Firmicutes with inter-individual
differences, a nonuniform alignment between F/B and BMI
across siblings, family-level taxa that segregate by individual,
and the highest similarity within the MZ twin pair, framing
a platform for mechanistic discussion in the context of prior
evidence.

Materials & Methods

Sample collection

Fresh fecal samples were obtained from five members of the
same family by the standard method provided from analysis
company (Sanigen Co., South Korea): the father (FF), mother
(FM), eldest son (FS-1, 18 years old), and twin sons (FS-2 and
FS-3, 16 years old). Each participant collected approximately
2 g of fresh stool using sterile stool collection kits on 15th
July, 2024. Samples were immediately sealed, stored at −20◦C
within 16hr, then transported to the sequencing facility in an hour
(emergency delivery with ice bag). They were stored at −20◦C
and processed within 2 days for DNA extraction (Sanigen Co.,
Seoul, Korea). In addition, anthropometric and birth-related
metadata were summarized (Table 1) to evaluate host-associated
factors. Body mass index (BMI) was measured at the time of
sampling, and delivery mode (vaginal or cesarean section) was
documented for offspring participants.

Table 1 Sample summary, sequencing quality, BMI, and delivery mode
Sample Survived BMI Delivery QC Status
ID Reads (kg/m2) Mode
FF 203,228 27.18 N/A PASS
FM 174,555 20.32 N/A PASS
FS-1 193,731 26.12 Vaginal PASS
FS-2 206,029 19.95 Cesarean PASS
FS-3 224,453 19.6 Cesarean PASS

DNA extraction, sequencing, and bioinformatic analysis

DNA extraction was performed by using standard kit (KAPA
HiFi HotStart ReadyMix, Roche Co.), then the V3–V4 region
of the bacterial 16S rRNA gene was amplified using standard
primers and sequenced on the Illumina NextSeq platform with
2 × 300 bp paired-end reads. PCR was performed with an
initial denaturation at 95 ◦C for 3 min, followed by 25 cycles
of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s,
and extension at 72 ◦C for 30 s, with a final extension at 72 ◦C
for 5 min. Sequence data were processed in QIIME2 (version
2023.2) using the DADA2 pipeline for denoising and chimera
removal. Reads were trimmed at 50 bp (forward primer) and
55 bp (reverse primer) and truncated to 275 bp and 227 bp,
respectively, with a minimum overlap of 12 bp. A rarefaction
depth of 9,000 reads per sample was used for alpha diversity
analysis. Taxonomic classification was performed using a nave
Bayes classifier trained on the SILVA 138 reference database
(99% OTUs, V3–V4 region) with a confidence cutoff of 0.7.
Negative controls were not included in sequencing; however,
the microbiome standard (Zymo Research Co.) was processed
in parallel to validate results if irregularities were observed.

Ethics Statement

This study was conducted as an educational research project
by a high school student and involved only immediate family
members. All participants provided informed consent prior to
sample collection. Anthropometric information (BMI) and de-
livery mode (vaginal or cesarean) were included as host-related
variables, but all data were anonymized and reported only with
coded sample IDs (FF, FM, FS-1, FS-2, FS-3). No personal
identifying information was recorded, and the study was fully
anonymized before analysis. Because the research was per-
formed in a non-clinical, educational setting and involved only
voluntary participation by family members, it did not require
review by an Institutional Review Board (IRB). The study was
carried out in accordance with the ethical principles outlined in
the Declaration of Helsinki.

Results

Alpha diversity analysis

The Shannon diversity index was employed to evaluate how
the diversity of the gut microbiota was differed from across
family members (Figure 1-A). FF (father) exhibited the highest
index level (5.3), indicating the greatest richness and evenness
in microbial taxa. FS-1, FS-2, and FS-3 (offspring) represented
slightly lower level (4.7 4.9) but remained relatively similar to
each other. In contrast, the level of FM (mother) was observed
at a markedly reduced level (2.1), representing a community
dominated by a few taxa and reduced overall diversity. The
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rarefaction curves plateaued for all samples since sufficient
sequencing depth for diversity was estimated

Beta diversity analysis

Principal Coordinates Analysis (PCoA) based on UniFrac dis-
tance was conducted to assess between-sample differences in
microbial community composition by measuring presence or
absence of species (Figure 1-B). FF clustered with FS-2 and
FS-3, suggesting substantial overlap in the presence/absence of
phylogenetically related taxa. FS-1 represented partial similarity
with both red cluster (left section of PC1) and FM (upper sec-
tion of PC2). FS-2 and FS-3 showed closest correlation in their
microbiome composition. FM was observed clearly distinct
from red cluster, indicating a substantially different microbiota
composition.

Fig. 1 The Shannon index of Alpha (A) and Beta (B) diversity of gut
microbiota among family members. Alpha and beta diversity analyses
are presented with family members distinguished by color: FF (father,
light blue), FM (Mother, navy blue), FS-1 (son, light green), FS-2 (son,
green), and FS-3 (son, pink). In the beta diversity plot (B), FF, FS-2,
and FS-3 formed a tight cluster, whereas FM and FS-1 grouped
separately within the PC2-positive region.

Phylum-level composition

Taxonomic profiling at the phylum level revealed marked dif-
ferences in gut microbiota composition among family members
(Figure 2). Across all samples, Bacteroidota and Firmicutes
were the two dominant phyla, collectively accounting for the
majority of the relative abundance. In the father (FF), the micro-
biota comprised 47% Bacteroidota and 41% Firmicutes, with
Proteobacteria at 9%. In the mother (FM), Bacteroidota repre-
sented 65% and Firmicutes 23%, with Proteobacteria at 11%.
Among the sons, Bacteroidota remained the most abundant phy-
lum, representing 58% in FS-1, 58% in FS-2, and 44% in FS-3,
followed by Firmicutes at 32%, 36%, and 31%, respectively.
Proteobacteria was consistently detected at low relative abun-
dance in all offspring (10% in FS-1, 5% in FS-2, and 7% in
FS-3). Notably, Verrucomicrobiota was exclusively observed in
FS-3 (16%), whereas other minor phyla, including Fusobacteri-

ota, Desulfobacteriota, Actinobacteriota, and Campilobacteriota,
were present at trace levels (<2%) across all samples.

Fig. 2 Relative abundance of bacterial phyla in fecal samples from five
family members. Each stack bar presented proportional composition of
the gut microbiota at the phylum level for the father (FF), mother
(FM), and three sons (FS-1, FS-2, FS-3). Bacteroidota (blue) and
Firmicutes (red) were the dominant phyla in all samples.

Firmicutes/Bacteroidota ratio and BMI

The Firmicutes/Bacteroidota (F/B) ratio is often considered a
microbial biomarker linked to host metabolic status and energy
harvest efficiency. Higher F/B ratios have been associated with
increased energy extraction from the diet and higher body mass
index (BMI), whereas lower ratios are generally linked to lean-
ness8. Based on phylum level analysis, the F/B ratio could be
analyzed and the ratio was varied substantially in family mem-
bers, ranging from 0.35 to 0.87 (Figure 3). The highest ratio
was observed in FF (0.87), while FM exhibited the lowest (0.35).
Among the offspring, FS-1 showed a ratio of 0.55, whereas the
monozygotic twins FS-2 and FS-3 displayed elevated ratios of
0.63 and 0.70, respectively. When compared with BMI values,
FF’s high F/B ratio (0.87) corresponded with a higher BMI
(27.18), whereas FS-2 (F/B ratio 0.63 / BMI 19.95) and FS-3
(F/B ratio 0.70 / BMI 19.6) had higher F/B ratios than FS-1 (FB
ratio 0.55 / BMI 26.12) despite lower BMI values.

Family-level taxonomic composition

Analysis at the family level revealed distinct differences in mi-
crobiota composition among family members (Figure 4). Ru-
minococcaceae was abundant in FF (15.6%), FS-2 (8.1%), and
FS-3 (9.2%), but was nearly absent in FM and FS-1 (<0.1%).
FM and FS-1 showed a similar family level profile from Lach-
nospiraceae up to Veillonellaceae, with Bacteroidaceae dominat-
ing at 64.9% and 37.0%, respectively. Interestingly, Tannerel-
laceae was observed all family members (FF 5.9%, FS-1 21.0%,
FS-2 8.1%, FS-3 7.5%) but not in the mother’s sample (FM).
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Fig. 3 Firmicutes/Bacteroidota (F/B) ratio in fecal microbiota of five
family members. Bar plots represent the ratio of Firmicutes to
Bacteroidota calculated from phylum-level relative abundance data for
the father (FF), mother (FM), eldest son (FS-1), and monozygotic
twins (FS-2, FS-3).

Acidaminococcaceae was represented above 2% in FF (8.5%),
FS-1 (2.8%), and FS-2 (3.6%), but was absent in FM and FS-3.
Additional differences were observed that Enterobacteriaceae
was notable in FM (10.6%), and Akkermansiaceae was abundant
in FS-3 (16.4%).

Fig. 4 Relative abundance of bacterial taxa at the family level in fecal
samples from five family members. Stacked bar plots show the
proportional composition of dominant bacterial families (>2% in at
least one sample) for the father (FF), mother (FM), first son (FS-1),
and monozygotic twins (FS-2, FS-3). The predominant microbiota and
their relative abundance (%) were summarized in the table.

Inter-individual microbiome similarity based on Bray–
Curtis distance

The heatmap depicts pairwise Bray–Curtis dissimilarities among
the five family members, with color intensity and numeric anno-
tations representing the magnitude of compositional differences
(Figure 5). The distance was expressed by color of dark blue
(closed each other) to yellow (far distance). All the samples

were shown with dark blue from the analysis with oneself. The
smallest distance was observed between the monozygotic twins
FS-2 and FS-3 (dark blue, 0.18), indicating the highest similarity.
FS-1 showed relatively close to FF (0.25) and FM (0.28). In
contrast, FM showed the highest dissimilarity to FS-2 (0.60) and
FS-3 (0.58).

Fig. 5 Heatmap of Bray-Curtis distances among family gut
microbiome samples. Pairwise Bray–Curtis dissimilarities were
calculated from fecal microbiome profiles of five family members (FF,
FM, FS-1, FS-2, FS-3). The heatmap illustrates variation in
community structure, with color gradients corresponding to increasing
distances. Numerical values within each cell indicate the exact
dissimilarity score, facilitating direct comparison of microbial
composition between individuals.

Discussion and Conclusion

Alpha diversity describes the overall variety and balance of
microorganisms contained within a single biological sample.
Within our cohort, the mother showed the lowest Shannon index
among family members (Figure 1A). She had experienced with
an extended course of antibiotic therapy between March 2023
and May 2024. The stool specimen analyzed in this study was
obtained in 15th July, at which time three consecutive follow-up
cultures had already returned negative. In work by Palleja and
colleagues (2018), short-term intravenous exposure to a mixture
of broad-spectrum antibiotics—meropenem, gentamicin, and
vancomycin—caused profound reductions in gut microbial pop-
ulations in 12 healthy men, with partial restoration occurring
in most cases within approximately six weeks after treatment
ended.22 Based on these findings, the mother’s washout period
after discontinuation of antibiotics should have been adequate
to allow recovery toward baseline. Nevertheless, her microbial
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richness and evenness remained diminished compared with the
rest of the family. This persistent reduction may correspond with
her clinical complaints of inefficient digestion and recurrent dys-
peptic symptoms. In contrast, the father presented with the high-
est alpha diversity values and reported stable gastrointestinal
function, consistent with a more diverse microbial ecosystem.

Beta diversity characterizes the degree of overlap or diver-
gence in microbial communities between individuals. In the
principal coordinates analysis (PCoA) plot (Figure 1B), the
maternal sample separated clearly from the other family mem-
bers along the first axis. Interestingly, the father together with
FS-2 and FS-3 grouped tightly, whereas the mother and FS-1
both exhibited positive loadings on PC2, implying a greater
similarity in microbial composition between those two. This
distribution possibly reflects the influence of delivery mode:
FS-1 was delivered vaginally, while FS-2 and FS-3 were born
by cesarean section. Prior work by Reyman et al. demonstrated
that, vaginally delivered infants (≤1 year) presented gut micro-
biome similar to their mothers while cesarean-born children
lacked of similarity of mother’s microbiota.23 In another study,
adolescents represented similar findings that beta diversity be-
tween mother and offspring remains significantly higher after
vaginal delivery than after cesarean birth.24 However, only with
the result from beta-diversity was not sufficient to determine
similarity between mother and FS-1 in this study.

At the phylum level (Figure 2), Bacteroidota, Firmicutes, and
Proteobacteria were found in all family members. In the fa-
ther’s microbiota, Firmicutes (41%) and Bacteroidota (47%)
were present in almost equal amounts, but in the other family
members, Bacteroidota was at least 10% higher than Firmicutes.
Firmicutes are associated with greater efficiency in extracting
energy from food and with the accumulation of fat, showing a
positive relationship with obesity and body fat levels.25 Consis-
tently, the father showed the greatest BMI (27.18, classified as
class I obesity) along with the highest F/B ratio in fecal samples
(0.87). FS-1, despite a similar BMI (26.12), had a much lower
F/B ratio (0.55), closer to the mother’s (0.35). Interestingly,
FS-2 and FS-3, whose BMIs were in the normal range (19.95
and 19.6), showed F/B ratios (0.60 and 0.70) similar to their
father’s. Nevertheless, recent investigations have questioned
the reliability of the F/B ratio as a biomarker for obesity, as
multiple large-scale populations have demonstrated an absence
of significant associations between this index and overweight or
obese phenotypes.26,27 For instance, an analysis of 151 Croatian
adults revealed no meaningful relationship between F/B ratio
and BMI stratification.27 Consistent with these findings, our
results showed inconsistency between BMI and F/B ratio within
the family, suggesting limited predictive value of this index. A
further notable finding was the markedly elevated abundance of
Verrucomicrobiota in FS-3 (16%), largely accounted for by the
genus Akkermansia. Among these, Akkermansia muciniphila
has become a central subject of interest in microbiome-targeted

therapeutics, due to its capacity to strengthen the gut mucosal
barrier, mediate anti-inflammatory effects, and confer metabolic
advantages in conditions such as obesity, diabetes, and nonal-
coholic fatty liver disease. Recent investigations highlight its
possible involvement in safeguarding neural function and influ-
encing mood-related conditions via the gut–brain connection.28

The distinctive enrichment observed in FS-3 remained to be
investigated more with nutrition factors and other individual
habits. It could be speculated with his food preference for fruits
and vegetables since polyphenol-rich diets are known to enhance
the growth and abundance of Akkermansia sp.29

At the family level (Figure 4), Ruminococcaceae abundance
diverged markedly across individuals. While nearly absent in
the mother and FS-1, it comprised over 8% of the father, FS-2,
and FS-3. This part of composition suggests a similarity among
father, FS-2, and FS-3 individuals, but, when considering the
composition of other taxa, this similarity may not necessarily
significance. Conversely, Enterobacteriaceae (FM 10.6%, FS-1
7.5%) and Veillonellaceae (FM 12.9%, FS-1 6.3%) were notably
elevated in the mother and FS-1.

Bray-Curtis distance calculations indicated that FS-2 and FS-
3 exhibited the greatest microbial similarity (distance 0.18), in
accordance with their status as monozygotic twins. The mother
and FS-1 also demonstrated moderate similarity (distance 0.28),
whereas greater distances were observed between the mother
and FS-2 (0.60) or FS-3 (0.58). This further highlights the
persistent mother–child microbial resemblance in the vaginally
delivered FS-1, even during adolescence, compared with the
cesarean-born twins30. Interestingly, despite similarities with
the father in beta-diversity, FS-2 and FS-3 showed closer resem-
blance to each other rather than to him. Beta diversity analysis
(UniFrac), which incorporates phylogenetic relatedness, tends to
cluster samples more closely if they share evolutionarily related
taxa (presence/absence based), even when their species compo-
sition differs within that lineage. In contrast, the Bray–Curtis
method provides a more direct, abundance-based assessment of
community dissimilarity. Consequently, substantial differences
in relative abundances across taxa result in larger calculated
distances31. In this study, the observed separation between the
father and the monozygotic twins is therefore likely attributable
to differences in microbial abundance profiles, rather than phy-
logenetic divergence.

Overall, this family-based case study (n=5) offers possible
insights into how delivery mode may affect sustainable gut
microbiome composition over the long term, based on the anal-
ysis of gut microbiomes with the alpha-/beta- diversity, phy-
lum/family level compositions and distance comparisons with
species abundance. Despite more than 16 years since birth, the
vaginally delivered FS-1 maintained the moderate similarity to
the mother’s gut microbiome, while cesarean-born monozygotic
twins (FS-2, FS-3) showed markedly lower maternal resem-
blance but stronger intra-pair similarity. These results may
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suggest that delivery mode plays a pivotal role in determining
microbiome architecture alongside environmental determinants
such as diet (remained to be investigated). Further longitudinal
studies involving larger populations are required to confirm these
findings and to reveal the long-term dynamics of mother–child
microbiome interactions.
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