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ABSTRACT
Gastrointestinal (GI) microbiota play an important role in human health and wellbeing and the first
wave of gut microbes arrives mostly through vertical transmission from mother to child. This study
has undertaken to understand the microbiota profile of healthy Southeast Asian mother-infant
pairs. Here, we examined the fecal, vaginal and breast milk microbiota of Indonesian mothers and
the fecal microbiota of their children from less than 1 month to 48 months old. To determine the
immune status of children and the effect of diet at different ages, we examined the level of
cytokines, bile acids in the fecal water and weaning food frequency. The fecal microbiota of the
children before weaning contained mainly Bacteroides and Bifidobacterium, which presented at low
abundance in the samples of mothers. After weaning, the fecal microbiome of children was mainly
of the Prevotella type, with decreasing levels of Bifidobacterium, thus becoming more like the fecal
microbiome of the mother. The abundance of infant fecal commensals generally correlated inver-
sely with potential pathogens before weaning. The fecal Bifidobacterium in children correlated
inversely with the consumption of complex carbohydrates and fruits after weaning. The specific
cytokines related to the proliferation and maturation of immunity were found to increase after
weaning. A decreasing level of primary bile acids and an increase of secondary bile acids were
observed after weaning. This study highlights the change in the GI microbiota of infants to adult-
type microbiota after weaning and identifies diet as a major contributing factor.
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Introduction

The human body harbors an abundance of microbes
on allmucosal surfaces. The composition and activity
of these microbes form a symbiosis with the human
host.1–4 The mature human gastrointestinal (GI)
microbiome type has been categorized into two
operational types, determined largely by diet, geo-
graphic location, and lifestyle: the Bacteroides-
Bifidobacterium type and Prevotella type.5–9 The for-
mer type is predominant among Europeans, North
Americans, and Eastern Asians,5,9–11 whereas the
latter is common among Southeast Asians,
Mongolians, and Africans.5,10,12 Mothers transfer
their microbiomes to their children during preg-
nancy and delivery.13–16 After birth, the vertical
mother-to-infant transmission takes place mainly
through the gut, the vagina, the breast milk, the oral

cavity and the skin.16–23 Vaginally delivered new-
borns of Western mothers have been reported to
possess an identical GI microbiome type – the
Bacteroides-Bifidobacterium type – to that of the
mother,17,22–25 although the relative abundance of
the microbiota changes in the first year of life.-
19,24,26–28 The GI microbiota, particularly
Bifidobacterium, play an important role in health
and disease programming for later stages of life and
in modulating the development of the immune sys-
tem, mental capacity and other physiological
functions.29–32 This implies that a hereditary com-
position of the microbiome of infants ensures the
health and wellbeing of the children. Since Southeast
Asians with the Prevotella typemicrobiome have low
levels of Bifidobacterium,8,10 this also implies poten-
tial health hazard for infants and thus warrants
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special attention. However, there is no Southeast
Asian study on the relationship between the micro-
biomes of mothers and infants. Thus, the aim of this
study is to track GI (as reflected in fecal) microbiota
profiles among Indonesian mothers and their vagin-
ally delivered, full-term, breastfed infants from birth
(the first month of life) to 48 months old. This study
addresses microbiome development among natural,
full-term, breastfed infants, since their microbiome
constitution is known to be influenced by route of
birth,33–35 antibiotics administration during
delivery,36,37 gestational age,38,39 type of feeding,-
16,40,41 introduction of solid foods8,11,12 and environ-
mental factors.42 Unexpectedly, we found that the
newly born infant (before weaning) had a
Bacteroides-Bifidobacterium microbiome type,
which was different from their mothers’ Prevotella-
type and that the transition from Bacteroides-
Bifidobacterium to Prevotella occurred during
weaning.

Results

Fecal microbiota profiles of infants and their
mothers

As shown in Figure 1a, the infants’ fecal microbiota
profiles were clustered separately from those of the
mothers (p < .05) across all the age time points. The
microbiota profiles of mothers were highly similar
across all infant age groups (Figure 1b). On the
other hand, there was significant variation in the
fecal microbiota profiles of the children across the
age groups (Figure 1b), including a reduction in the
relative abundance of Bifidobacterium, Bacteroides,
Klebsiella, and bacteria from the family
Enterobacteriaceae along with increasing age. The
mean abundance of Bifidobacterium was 2.5% ± SD
4.5% of total operational taxonomic units (OTUs)
among the mothers in the study. From 6-
<12 months onwards, the genera Prevotella,
Blautia, Faecalibacterium, and Ruminococcaceae

Figure 1. (a and b): Square root linear-contrast PCA of the fecal microbiome of children and mothers for children’s ages of less than
1 month to 48 months. (a) The biplot shows the weight and direction of fecal bacterial genera and environment vectors in the Bray-
Curtis distance matrix. Samples from each group are represented by different colors and symbols. Different patterns inside the symbols
represent the different age groups. The numbers of mothers and children are provided in parentheses in the legend. (b) Comparison of
relative abundance of nine bacterial genera among more than 1% of total OTUs in fecal samples of children and mothers across the age
of less than 1 month to 48 months of children. The bacteria, which were significantly different between fecal samples of children and
mothers, are represented as **** p < .0001, *** p ≥ 0.0001 – < 0.001, ** p ≥ 0.001 – < 0.01, * p < .05. BF = fecal samples of children,
MF = fecal samples of mothers. A = less than 1 month old (BF = 18, MF = 12), B = 1–<3 months old (BF = 10,MF = 7), C = 3–<6 months
old (BF = 23, MF = 13), D = 6–<12 months old (BF = 18, MF = 11), E = 12–<24 months old (BF = 18, MF = 12), F = 24–48 months old
(BF = 30, MF = 8).
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were detected in the fecal samples of the children.
The abundance of these microbiota in the first
6 months of life was low (below 1% of total
OTUs). After 6 months, the children started wean-
ing. From this point, the children’s fecal bacteria
profiles appeared to shift toward their mothers’
profile, with less microbiota showing differences
in abundance between children and mothers. The
profiles of the children and mothers were clustered
at the period 24–48 months (Figure 1a). The most
common OTUs at this period included Prevotella,
Lachospiraceae, Faecalibacterium, Blautia,
Ruminococcaceae, Bacteroides, Bifidobacterium,
Enterobacteriaceae and Klebsiella.

The microbiota of mothers’ and children’s feces
during the children’s first month of life shared 5.2%
(Table 1). The shared OTUs of the children’s and
mothers’ fecal microbiota increased after weaning
(6-<12 months) from 10.6% to 34.3% at 24–
48 months.

Vaginal microbiota profile of mothers

At none of the infant age groups were the fecal
microbiota profiles of children close to the mater-
nal vaginal microbiota profiles (Figure 2a, b), even
though all the infants were vaginally delivered. The
shared microbiota of children’s feces in the first

Table 1. Shared OTUs between the mothers’ samples and the fecal samples of the children (%).
Category Percentage of shared OTUs in the samples of mothers with the faecal samples of children (%)

among the fecal
samples of mothers

among the vaginal
swabs of mothers

among the breast milk
samples of mothers

<1 month old age group 5.2 9.2 11
1- <3 months old age group 5.8 12.3 9.3
3- <6 months old age group 6.6 10.1 10.1
6- <12 months old age group 10.6 15 11.1
12- <24 months old age group 18.5 8.3 -
24- 48 months old age group 34.3 19.1 -

Figure 2. (a and b): Square root linear-contrast PCA of fecal samples of children and vaginal swab samples of mothers for children’s
ages of less than 1 month to 48 months. (a) The biplot shows the weight and direction of bacterial genera and environment vectors in
the Bray-Curtis distance matrix. Samples from each group are represented by different colors and symbols. Different patterns inside the
symbols represent the different age groups. The numbers of mothers and children are provided in parentheses in the legend. (b)
Comparison of relative abundance of 12 bacterial genera among more than 1% of total OTUs in fecal samples of children and vaginal
swab samples of mothers for children’s ages of less than 1 month to 48 months. The bacteria, which were significantly different
between fecal samples of children and vaginal swabs of mothers, are represented as **** p < .0001, *** p ≥ 0.0001 – < 0.001, **
p ≥ 0.001 – < 0.01, * p < .05. BF = fecal samples of children, VS = vaginal swab samples of mothers. A = less than 1 month old (BF = 18,
VS = 16), B = 1–<3 months old (BF = 10,VS = 7), C = 3–<6 months old (BF = 23, VS = 19), D = 6–<12 months old (BF = 18, VS = 17),
E = 12–<24 months old (BF = 18, VS = 12), F = 24–48 months old (BF = 30, VS = 15).
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month of life and mothers’ vagina was 9.2% (Table
1). The abundance of Prevotella in the vaginal
microbiota was the highest when the children
were less than 1 month old (Figure 2b) and gradu-
ally reduced thereafter. Lactobacillus was the most
abundant throughout the different age groups apart
from the first month of life. After 24 months of age,
Prevotella made up about 10% of the total fecal
OTUs of most of the children (66.7% of children).

Breast milk microbiota profiles of mothers

The microbiota profiles of mothers’ milk were also
clearly different from those of the children’s feces at
all ages (Figure 3a, b). The shared microbiota of
children’s feces during the first month of life and
mothers’ milk was 11.0% (Table 1). Bifidobacterium
and Bacteroides (except 3-<6 months at 1%) each
made up less than 1% of the total OTUs among the
breast milk microbiota at all periods. Staphylococcus
was the most abundant breast milk bacteria during

the first month of life of infants, and subsequently,
the abundance of Streptococcus was the highest.

Cytokines content of children’s fecal water

Low levels of immune regulatory cytokines, namely
IL-1β,−2, −5, −8, −12, TNF-α and IFN-ββwere found
in infants’ fecal water before weaning (<12 months),
except IL-1β at 1–3 months. They were greatly
enhanced after weaning up to 24 months (Figure 4).
Among these cytokines, IL-12 levels peaked at 12-
<24 months. The cytokine levels were generally
reduced at 24–48 months. Anti-inflammatory cyto-
kines, such as IL-4, −6 and −10, were low across all
ages of children.

Fecal commensals and potentially pathogenic
bacteria

The correlation between commensals and poten-
tially pathogenic bacteria before weaning and after

Figure 3. (a and b): Square root linear-contrast PCA of fecal samples of children and breast milk samples of mothers for children’s ages
of less than 1 month to 12 months. (a) The biplot shows the weight and direction of bacterial genera and environment vectors in the
Bray-Curtis distance matrix. Samples from each group are represented by different colors and symbols. Different patterns inside the
symbols represent the different age groups. The numbers of mothers and children are provided in parentheses in the legend. (b)
Comparison of relative abundance of nine bacterial genera among more than 1% of total OTUs in fecal samples of children and breast
milk samples of mothers for children’s ages of less than 1 month to 12 months. The bacteria, which were significantly different
between fecal samples of children and breast milk samples of mothers, are represented as **** p < .0001, *** p ≥ 0.0001 – < 0.001, **
p ≥ 0.001 – < 0.01, * p < .05. BF = fecal samples of children, BM = breast milk samples of mothers. A = less than 1 month old (BF = 18,
BM = 15), B = 1–<3 months old (BF = 10, BM = 9), C = 3–<6 months old (BF = 23, BM = 17), D = 6–<12 months old (BF = 18, BM = 4).
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weaning is shown in Figure 5. The correlation index
indicates the degree of correlation between two
groups of bacteria. A value of zero in a fecal com-
mensal and potential pathogen pair implies no cor-
relation in their abundance, whereas positive and
negative values suggest positive and negative corre-
lations. Interestingly, a higher percentage of com-
mensal bacteria was found to be negatively
associated with potential bacterial pathogens before
weaning (Figure 5a, 46% negative correlation, with
three pairs showing p-adjusted threshold of < 0.05)
compared to after weaning (Figure 5b, 18% nega-
tive, with 12 pairs showing p-adjusted threshold of
< 0.05). The correlation index was 4.85 before
weaning and 30.97 after weaning.

Bile acids content in children’s fecal water

High levels of free primary bile acids were detected in
the fecal water of the infants before weaning (Figure

6a), but these levels progressively decreased to about a
third of those levels after weaning. A reverse trendwas
observed for the level of secondary bile acids, which
increased by 228 times after weaning (Figure 6b).

Correlation between the abundance of fecal
microbiota and children’s diet

The children consumed significantly more meats,
vegetables, dairy products, and beverages as they
aged (Figure 7). Several correlations were found
between the abundance of specific fecal bacteria gen-
era and the diet for the weaned infants (Table 2).
Bifidobacterium was significantly associated with
more than one food group. It was negatively asso-
ciated with complex carbohydrates (mainly Indica
rice) at 6-<12 months, with local fruits at 12-
<24 months, and dairy products at 24–48 months.
Bifidobacterium was positively associated with fast
food and seasoning at 6-<12 months.
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Besides their effect on Bifidobacterium, complex
carbohydrates appeared to have the most influence
on bacterial abundance at younger children (6-
<24 months), including a positive correlation with

Lachnospiraceae, Ruminococcaceae, Clostridiales,
Phascolarctobacterium and Lachnospira among
those aged 6-<12 months, and Bacteroides,
Ruminococcus, Akkermansia and Succinivibrio

Figure 5. Correlation of known pathogens (X-axis) and known commensal gut species (Y-axis) at the species level of abundances (a)
before and (b) after weaning (6–<12 months old) in the fecal samples of children. Spearman correlation coefficient values are plotted
and presented as a heatmap. Positive and negative correlations are represented by different colors according to the gradient scales of
the correlation coefficient. The significantly different correlations are represented as **** p < .0001, *** p ≥ 0.0001 – < 0.001, **
p ≥ 0.001 – < 0.01, * p < .05.
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among the 12-<24 months. A negative correlation
between complex carbohydrates and
Phascolarctobacterium was observed at 12-
<24 months.

Apart from their effect on Bifidobacterium, local
fruits appeared to have more influence on bacterial
abundance at the older age (12-<48 months). A posi-
tive correlation was observed between fruit

consumption and Coprococcus and Ruminococcus at
12-<24months, whereas fruit consumption was nega-
tively correlated with Phascolarctobacterium at 6-
<12 months, Lactobacillus at 12-<24 months,
Ruminococcaceae, Akkermansia and Parabacteroides
at 24-<48 months. Other food groups also influenced
the fecal microbiota of children and are presented in
Table 2.
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Discussion

Bacteroides, Bifidobacterium, and Enterobacte
riaceae were the dominant fecal bacteria in children
during early life in this study, which has been
reported in studies conducted in the Western
countries.19,24–26 The variation with age observed
in the microbiota profile of the children’s fecal
samples was due to the appearance of certain gen-
era in the older age groups. In the 6–12 months and
12–24 months age groups, Prevotella, Blautia,
Faecalibacterium, Lachnospiraceae, and
Ruminococcaceae were the genera found. At the
same time, the relative abundance of Bacteroides,
Bifidobacterium, Enterobacteriaceae, and Klebsiella
diminished after weaning (6-<12 months) and sta-
bilized at lower levels at 24–48 months.

The rapid (less than one month after birth)
establishment of the children’ GI microbiota as
reflected in the fecal microbiota, from the mothers’
minority GI microbiota (in this case, Bacteroides
and Bifidobacterium) may indicate swift growth
and expansion of the microbiota in the GI tracts
of the newborns when the GI environmental con-
ditions are favorable for their proliferation and
colonization. This calls into question the reason
for the delay in the establishment of
Bifidobacterium and Bacteroides in Cesarean-deliv-
ered infants, even those who are breastfed.24,43 It
has been assumed that such delayed establishment
is due to low vertical transmission from mother to
child.24,43 However, as this study shows, it does not
require high inoculation for a bacterium to rapidly
establish in the GI tract during early infancy. It is
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Table 2. Correlation between fecal bacterial genus abundance (> 1% of total OTUs) and
amount of certain food groups children consumed per day at ages (a) 6–12 months, (b)
12–24 months and (c) 24–48 months.

Spearman correlation coefficient (r) values are tabulated. The significant positive and negative correla-
tions are shaded in pink and blue colors respectively. The significance level is indicated as follows: ****
p < 0.0001, *** p ≥ 0.0001 – < 0.001, ** p ≥ 0.001 – < 0.01, * p ≥ 0.01- < 0.05.
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possible that Cesarean section medical procedure,
itself could instead alter the GI environment, hin-
dering the establishment of commensal bacteria.

Human milk oligosaccharides promote the
growth and colonization of Bifidobacterium before
weaning.44–46 Furthermore, breast milk is high in
fat,47 which may induce secretion of bile acids in
the GI, inhibit Prevotella and facilitate the prolif-
eration of Bacteroides and Bifidobacterium, as
reported in the literature.48,49 High levels of free
primary bile acids were detected in the fecal water
of children before weaning (Figure 6). The changes
in the GI microbiome after weaning resulted in the
conversion of primary bile acids to secondary bile
acids (Figure 6), which is supported by a study of
Japanese infants.50

The function of Bacteroides and Bifidobacterium
before weaning and the reason that they are pre-
valent in children’ GI requires attention. In the case
of Indonesians, Bacteroides and Bifidobacterium are
less likely contribute to the digestion of nutrients in
adulthood, as shown in the shift of major micro-
biota from Bacteroides and Bifidobacterium to
Prevotella upon weaning (up to 48 months old)
and low prevalence of Bacteroides and
Bifidobacterium in mothers (adults).

In this study, cytokines, which are responsible
for proliferation and maturation of immune cells
and the immune system (IL-1β, −2, −5, −8, −12,
TNF-α and IFN-β), were found to be upregulated
after weaning (Figure 4). This implies that the
active immunity of children develops around the
weaning period. In a study of mice, Bacteroides
fragilis colonization was found to suppress pro-
inflammatory TH17 cell responses.51 The abun-
dance of Bacteroides found before weaning in this
study suggests a possible down-regulation of pro-
inflammatory cells.

Prevotella was the most abundant in the vaginal
samples of mothers whose children were <1 month
old (Figure 3b). The mothers may have inoculated
their children heavily with Prevotella, but the bac-
teriummay have been maintained in the children at
a low level during the breastfeeding period and
turned dominant after the children consuming the
foods provided by the mothers upon weaning.
Interestingly, the vaginal microbiota of European
and North American mothers, whose GI micro-
biota are of the Bacteroides-Bifidobacterium type,

are high in Prevotella,16,19 although Prevotella does
not have a role in high fat/protein European and
North American diets after weaning.8,11 The intrin-
sic factors for the establishment of Prevotella in the
vaginas of mothers could be entrenched despite
changes in dietary patterns in the developed coun-
try in recent years. The early human diet was largely
vegetable-based, like the diet of Indonesians today.

Maternal microbiota transmission was still iden-
tified as the main source of children’s GI micro-
biota as all the microbiota of the children could be
found in mothers (Fig. 1–3). However, the high
number of OTUs in mothers that were not shared
with the children (Table 1) indicates that only a
small proportion of the GI, vagina, and breast milk
microbiota from the mothers were able to establish
in the GI of their children at the early age. The
predominant microbiota of the mothers did not
have an advantage in colonizing the GI tracts of
the children. One explanation for the colonization
of the infants’ GI by the mothers’ nondominant
strains may be the selective preference of specific
functional genes of the infants.23,52

The GI microbiota may have been transmitted
not only vertically but also horizontally.53

Nevertheless, as this and other studies have found,
the percentages of shared fecal OTUs between
mothers and children increased with age (Table
1).22,24 The fact that fecal samples of older children
shared more OTUs with the vaginal swab of their
mothers compared to those of younger children
could reflect personal hygiene practices among the
Indonesian subjects (Table 1).

The correlation index for fecal commensals and
pathogens was 4.9 before weaning and 31.0 after
weaning. This implies that commensal bacteria, in
conjunction with the passive immunity provided by
immunoglobulins and antibodies in the mothers’
breast milk, may have suppressed and prevented
overgrowth of potential pathogens. These com-
mensals protect children from potential pathogens
before the development of immunity around the
time of weaning. This was particularly important
for the survival of pre-weaned children in the early
period of human history when hygiene was not a
common practice and remains so in developing
countries. If this is the case, human pathogens of
concern in the early history could be different from
the potential pathogens detected in fecal samples in
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this study as Bifidobacterium, Bacteroides and
Prevotella showed a negative correlation with the
same groups of potential pathogens before wean-
ing. Vibrio cholera is the most widespread fatal GI
pathogen reported in developing countries but it
was not identified in this study. Clostridiales have
been reported to protect against GI colonization by
bacterial pathogens in an animal model.54

However, Clostridiales accounted for less than 1%
of total OTUs in the first 6 months of life.

Bifidobacterium was negatively associated with
complex carbohydrates, local fruits, and dairy pro-
ducts at various age groups. This study (Table 2)
supports a previous finding10 of a negative associa-
tion of Bifidobacterium with the presence of resis-
tant starch. The main staple carbohydrate of
Indonesia is Indica rice, which is high in resistant
starch. Its presence due to consumption of rice after
weaning and persistence in the GI tract lead to the
removal of free bile acids from the lumen, which
may have enabled Prevotella to proliferate and
reduced the abundance of Bifidobacterium, as pro-
posed in the literature.10

Besides, Prevotella is a carbohydrate fermenter,10,11

which would proliferate in the high carbohydrate diet
of the Indonesians. Furthermore, local fruits and dairy
products appear to have inhibited the proliferation of
Bifidobacterium in a strong dose-dependent matter
(Table 2). Local fruits may produce anti-microbial
biomolecules for self-preservation in a high tempera-
ture environment which favored microbial
proliferation.55–57 In this case, Bifidobacterium could
be one of the sensitive microbes, which needs to be
further verified. This may explain the drastic decrease
in the abundance of Bifidobacterium in the fecal sam-
ples of children after weaning and its low abundance
in mothers (Figure 1). In special cases where children
consumedmore fast foods, the digestible carbohydrate
in the wheat-based foods, such as buns, and in potato
chips may lead to the positive correlation between fast
foods and Bifidobacterium (Table 2).10,58

The health-promoting functions ofBifidobacterium
observed in European, North American and East
Asian children29-32,43,54 may, in Indonesians, have
been replaced by other commensal bacteria, such as
Enterococcus faecalis.59,60 At 24–48 months, a
matured, balanced microbiome resembling that of
the mothers may have developed in the children,
because of the convergence of their diets. The immune

system may have approached maturation at 24–
48 months, leading to the downregulation of regula-
tory cytokines, namely IL-1β, −2, −5, −8, −12, TNF-α
and IFN-γ (Figure 4).

Conclusions

The study suggests that:

(1) The establishment of the predominant bac-
teria in infants is relatively rapid (within one
month after birth) and that it can be initiated
by only a small number of seeding bacterial
cells from the mothers, such as Bacteroides
and Bifidobacterium which were parts of
minority microbiota in all mother’s samples
(feces, breast milk, and vagina).

(2) The predominant microbiota of children
before weaning are associated with intrinsic
and extrinsic factors, such as bile concentra-
tion, and cytokines, and possibly milk oligo-
saccharides and mucin glycan (proposed in
literature, not measured in this study) which
may favor Bacteroides and Bifidobacterium.

(3) Bacteroides and Bifidobacterium are nega-
tively associated with potential pathogens
before weaning. Their roles in the protection
against infectious diseases need to be verified
in clinical studies.

(4) Dietary shift after weaning modifies the fecal
microbiota of the children from Bacteroides
and Bifidobacterium to Prevotella.

(5) Taken together, the data suggest that the chil-
dren’s microbiota profiles were largely deter-
mined by the GI environment and dietary
components rather than maternal transfer. In
other words, certain intrinsic and extrinsic fac-
tors may determine the preferred microbiota
that colonize the GI tract in children. This has
important implications for approaches to
remediating GI microbiota dysbiosis.

Methods

Study design

Recruitment of subjects
Three hundred healthy Indonesian mothers and
their children under 4 years old were recruited
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from three community health centers in Yogyakarta,
Indonesia. The inclusion criteria for recruitment of
subjects were that the children had been born by
normal vaginal delivery, had no history of hospitali-
zation for serious illness at birth and had been exclu-
sively breastfed before weaning period (6-
<12 months old age). Only mothers and children
who had not received intrapartum antibiotics were
recruited. A total of 157 mother-child pairs partici-
pated in the study after screening for the inclusion
criteria. The mother-child pairs were categorized
into six groups according to the age of the child:
<1 month (25 pairs), 1-<3 months (10 pairs), 3-
<6 months (23 pairs), 6-<12 months (35 pairs), 12–
<24months (26 pairs) and 24-<48months (38 pairs).

Collection of samples and dietary questionnaires
Fecal and breast milk samples and lower vaginal
swabs were collected from mothers and fecal sam-
ples were collected from their children. A one-time
sample collection was conducted for each mother
and child. Most of the mothers in the age group 12-
<24 months had stopped lactating.

On the same day of samples were collected, sub-
jects whose children were weaned (the 6-<12, 12-
<24 and 24-<48 months groups) were given the
weaning food frequency questionnaire (FFQ)
(Text S1). In the questionnaire, the mothers were
asked to record the frequency of consumption per
day/week/month and the serving size of each food
item taken by their children.

Collection of fecal samples from mothers and children
The subjects were asked to collect approximately
10 g (3–5 scoops using the provided spatula) of
feces which was then suspended in a collection
tube containing 2 ml of RNAlater® (Ambion
Inc., USA).

Collection of vaginal swabs from mothers
Health-care personnel swabbed the lower part of
the vaginal region of each subject with a sterile
cotton swab which was then preserved in a tube
containing 1 ml of Amies Transport solution.

Collection of breast milk samples from mothers
The nipples and areola of the mother’s breast were
cleaned with an alcohol swab, and approximately

5–10 ml of breast milk was collected in a sterile
50 ml tube.

Microbiome analysis

Sample processing and DNA extraction from
samples

Fecal samples
Each fecal sample was further diluted 10 times by
RNAlater® to make a fecal homogenate. 200 μl of
each fecal homogenate was washed twice with 1x
phosphate buffered saline (PBS). After washing,
each fecal pellet was suspended with 300 ml of
Tris-SDS solution. The mixture was transferred to
a tube containing 0.3 g of glass beads (0.1 mm
diameter), to which 500 ml of TE-saturated phenol
(Sigma-Aldrich, USA) was added. A benchmark
BeadBlaster 24 (Benchmark Scientific, Edison,
USA) was used to mechanically break down the
cells and the resulting lysate was centrifuged
(15,000 rpm at 4°C for 5 minutes). The supernatant
was transferred to a new tube containing 400 μl of
phenol/chloroform/isoamyl alcohol (25:24:1)
(Sigma-Aldrich, USA) was added. The supernatant
and the phenol/chloroform/isoamyl alcohol were
homogenized using Benchmark BeadBlaster 24.
The mixture was centrifuged and 250 ml of super-
natant was then transferred to a new tube, to which
25 ml of 3 M pre-chilled sodium acetate (pH 5.2)
and 300 μl isopropanol (Sigma-Aldrich, USA) were
added to precipitate the DNA. After the resultant
supernatant was discarded, 500 ml of 70% ethanol
was added to wash the DNA and the tubes were
centrifuged. The supernatant was again discarded,
and the tubes were dried on a heat block incubator
at 60°C for 30 minutes. The DNA was then eluted
by the addition of 200 ml of 1xTE buffer (pH 8.0).

Maternal vaginal swabs

The collected vaginal swabs were first vortexed for
5 minutes to resuspend the cells, and 500 μl of the
aliquot from each swab was transferred to a new
tube. To lyse the cells, 50 μl of lysozyme (10 mg/
ml), 35 ml (140 U) of mutanolysin, 1 ml of lysosta-
phin and 50 ml of TE50 buffer (10 mM Tris-HCL
and 50 mM EDTA, pH 8.0) were added to the tube,
which was then incubated for 1 hour at 37°C. The
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mixture was transferred to a tube containing 0.05 g
of glass beads (0.1 mm diameter), and the cells were
agitated in the Benchmark BeadBlaster 24. The
DNA was extracted from the resulting lysate using
the QIAamp DNA Mini Kit, following the manu-
facturer’s protocol, and eluted by the addition of
50 μl of Buffer AE.

Breast milk samples

First, 5 ml of each breast milk sample was centri-
fuged at 5,000x g for 20 minutes at 4°C. After
centrifugation, the top creamy layer and the
remaining supernatant layer were removed and
the pellet was washed twice with 1 ml of 1xPBS.

After washing, 500 μl of proteinase K, 8 μl of
RNAse A stock solution (100 mg/ml), and 200 μl of
Buffer AL from the QIAamp DNA Mini Kit were
added to the pellet. The mixture was mixed after the
addition of each reagent by pulse-vortexing for
15 seconds. After incubation at 56°C for 10minutes,
1 ml of ethanol was added and the mixture was
mixed again by pulse-vortexing for 15 seconds. The
DNA was extracted from the resulting lysate using
the QIAamp DNA Mini Kit, following the manu-
facturer’s protocol, and eluted by the addition of
50 μl of Buffer AE.

Next-generation DNA sequencing

Quantification of double-stranded DNA

The concentration of double-stranded DNA
extracted was measured using the Quanti-itTM

PicoGreen® kit (Invitrogen, USA). After quantifica-
tion, each DNA sample was normalized to approxi-
mately 12.5 ng for polymerase chain reaction (PCR).

16 S rRNA amplicon production and purification

The KAPAHiFiTM PCRKit (Kapa Biosystems, USA)
was used in the PCR for 16 S rRNA DNA amplicon
production. The reaction mixture for each DNA
sample included 12.5 μl of 2x KAPA HiFiHotStart
Ready Mix, 0.5 μl each of forward and reverse pri-
mers, and 11.5 μl of the normalized DNA sample.
The PCR was done in a thermocycler as follows:
initial denaturation at 95°C for 3 minutes, followed
by 25 cycles of denaturation at 95°C for 30 seconds,

annealing at 55°C for 30 seconds, extension at 72°C
for 30 seconds, and a final extension cycle at 72°C for
5 minutes. After the PCR, the products were purified
using Agencourt®AMPure®XP beads (Beckman
Coulter, USA) and resuspended in 50 μl of
10 mMTris buffer (pH 8.5).

Addition of indices and adapters in Index PCR and
purification of products

The reaction mixture for each DNA sample
included 12.5 μl of 2x KAPA HiFiHotStart Ready
Mix, 5 μl each of i7 and i5 primers (Illumina, USA),
and 5 μl of the DNA amplicons produced in the
previous PCR. The PCR was performed as follows:
initial denaturation at 95°C for 3 minutes, followed
by eight cycles of denaturation at 95°C for 30 sec-
onds, annealing at 55°C for 30 seconds, extension at
72°C for 30 seconds, and a final extension at 72°C
for 5 minutes. The libraries produced were purified
again using Agencourt®AMPure®XP beads and
resuspended in 25 μl of 10 mM Tris buffer (pH 8.5).

Library normalization, pooling, and re-
quantification by Quantitative PCR (qPCR)

The library concentration for each sample was
measured with the Quant-itTMPicoGreen® kit
(Invitrogen, Carlsbad, CA, USA). Each library was
then normalized to the required concentration with
10 mM Tris buffer (pH 8.5), and 5 μl of each
normalized library was pooled into a tube. The
resulting pooled amplicon library (PAL) was then
re-quantified via qPCR using the KAPA Library
Quantification Kit (Kapa Biosystems, USA) follow-
ing the manufacturer’s protocol.

Denatur ationand dilution of library and PhiX
Control

A 1:1 volume ration of 0.2 N sodium hydroxide
(NaOH) and PAL was used to denature the DNA.
The solution was vortexed briefly and incubated at
room temperature for 5 minutes. Then, a 100x
dilution of pre-chilled hybridization buffer (HT1)
was added. The resultant denatured amplicon
library (DAL) was diluted again with pre-chilled
HT1 to a pre-defined concentration. The PhiX con-
trol was also denatured and diluted following the
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above procedure and spiked in at 20% to form the
final combined library (the DAL and PhiX control
libraries). The combined library was heat-shocked
and cold-shocked before being placed in an
Illumina© Miseq Desktop Sequencer (Illumina,
USA) using the Miseq Reagent v2 (500 cycles) run
cartridge (Illumina, USA).

Analysis of DNA sequence data

Quantitative Insights Into Microbial Ecology
(QIIME) in 16 S rRNA DNA amplicon data analysis

The 16 S rRNA DNA sequence data obtained were
analyzed with QIIME version 1.9.1.61 In QIIME,
the corresponding reverse and forward reads were
joined, and the resultant paired reads were selected
based on a Q-score of 25. Chimeric sequences were
filtered out and removed using USEARCH v6.1.62

The resultant sequences were then subjected to
open-reference OTU picking, using Greengenes
v13_8 as the reference database and a similarity
threshold of 97%. The OTUs were then mapped
using a taxa summary to further interpret the bac-
terial profiles of the samples. The bacterial genus
data were further analyzed to compare the mothers’
and children’s profiles. The mean percentage of
shared OTUs between the mothers’ and children’s
samples in each children’s age group was also cal-
culated. Using the Canoco5 software package
(Microcomputer Power Co, Ithaca, USA), a princi-
pal component analysis (PCA) was performed on
the square-root of Bray-Curtis distances based on
the relative abundance of bacterial genus data.

Correlation index

A correlation index, comprising a summation of cor-
relation values (r) for commensals and potential
pathogens was used to quantify the degree of correla-
tion. A zero-value correlation index implies no net
correlation between any of the commensals and
pathogens. The maximum positive correlation index
is 168 (15 commensals x 14 pathogens x 0.8), whereas
the highest negative correlation index is −84 (15 com-
mensals x 14 pathogens x [−0.4]). The potential patho-
gens included were Neisseria, Pseudomonas,
Bacteroides fragilis, Campylobacter ureolyticus,

Clostridium difficile, Clostridium perfringens,
Haemophilus influenzae, Haemophilus parainfluen-
zae, Klebsiella, Prevotella melaninogenica,
Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus agalactiae, and Streptococcus anginosus.
The commensal species included were Akkermansia,
Bifidobacterium, Blautia, Enterococci, Faecalibacteria,
Lactobacilli, Ruminococci, Escherichia coli, other
Bacilli, other Bacteroides, other Campylobacter, other
Clostridia, other Prevotella, other Staphylococci, and
other Streptococci.

Fecal water preparation

A mixture of 0.01 M Phenylmethylsulfonyl fluoride
(PMSF) (Sigma-Aldrich, USA) and 1% Bovine
Serum Albumin (BSA) in PBS solution was freshly
prepared. Approximately 1 g of the freshly collected
fecal sample was mixed with twice the volume of
the prepared PMSF-BSA-PBS solution by vortex-
ing. After centrifugation at 4,000 g for 5 minutes,
the supernatant was transferred into a new tube and
then centrifuged at 4,000 g for 10 minutes. The
supernatant was transferred into another new tube
and stored at −80°C for further analysis.

Fecal water cytokines analysis

Using the LUNARISTM Human 11-Plex cytokine kit
(AYOXXA Biosystems, Austria), the levels of IL-1β,
IL-2, IL-4, Il-5, IL-6, IL-8, IL-10, IL-12, IFN-γ, TNF-α,
and GM-CSF were measured. The thawed and clear
supernatant of fecal water was diluted in assay diluent
1. The diluted standards, diluted samples, and blanks
(replicates) were first prepared in a 384-well micro-
plate. All of themwere transferred into a LUNARISTM

BioChip and prepared according to the manufac-
turer’s protocol. Fluorescence images were captured
with a fluorescence microscope (Zeiss Axio Imager
M2, Zeiss, Germany), and quantification was per-
formed using the LUNARISTM analysis suite included
in the LUNARISTM accessory kit (AYOXXA
Biosystems, Austria).

Bile acids analysis

Approximately 200mg of fecal aliquotwasmixedwith
three times the volume of feces extraction buffer
(20 mM phosphate buffer and ethanol) (Sigma-
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Aldrich, USA). The homogenized samples were soni-
cated at 70Wand 0°C for 5minutes after shaking at 0°
C for 30minutes. After two centrifugations, the super-
natant was transferred into a new reaction tube. Then,
10 µl of the extracted fecal samples were taken for bile
acids analysis using Biocrates® Bile Acids kit (Biocrates
Life Sciences AG, Austria), following the manufac-
turer’s protocol. The analysis was conducted using
the Agilent 1290 Infinity high-performance liquid
chromatography system (Agilent Technologies,
Germany) coupled to the AB SCIEX QTrap 5500
(mass spectrometry) (AB SCIEX Pte. Ltd, USA). The
chromatogramswere integrated usingMultiQuant 3.0
software SCIEX (AB SCIEX Pte. Ltd, USA). The fol-
lowing bile acids were measured: Chenodeoxycholic
acid (CDCA), colic acid (CA); ursodeoxycholic acid
(UDCA), deoxycholic acid (DCA), lithocholic acid
(LCA); glycochenodeoxycholic acid (GCDCA), taur-
ochenodeoxycholic acid (TCDCA), taurocholic acid
(TCA), glycocholic acid (GCA), glycodeoxycholic acid
(GDCA), glycolithocholic acid (GLCA), hyodeoxy-
cholic acid (HDCA), tauroursodeoxycholic acid
(TUDCA), glycoursodeoxycholic acid (GUDCA),
taurodeoxycholic acid (TDCA), alpha- and beta-taur-
omuricholic acid (TMCA [a + b]) taurolithocholic
acid (TLCA), primary bile acids (sum of CDCA and
CA) and secondary bile acids (sum of DCA, LCA, and
UDCA).

Weaning foods questionnaire analysis

The food items were categorized into ten groups:
complex carbohydrates, vegetables, legumes and
soy, fruits, meats, dairy products, snacks, beverages,
fast foods and seasonings (Text S1). The recorded
frequencies and serving sizes of each food item
consumed by the weaned children were calculated
as consumption per day and further converted into
the total amount of consumption in grams in a day.

Statistical analysis

All statistical analyses and data visualization were
performed using GraphPad Prism 8 (GraphPad
Software Inc., USA) and R 3.5.2 software (RStudio,
Inc., USA). A permutational multivariate analysis of
variance (PERMANOVA) was performed using the

pairwiseAdonis R package.63 The p values were cor-
rected by post-hoc Bonferroni multiple comparisons.
The two-way analysis of variance (ANOVA) and the
post-hoc Bonferroni multiple comparisons test were
performed on the data of the relative abundance of
bacterial genera, fecal water cytokines and bile acids to
check the significant differences in the distribution of
bacterial abundances (> 1% of total OTUs), cytokines,
and bile acids in the samples between children’s age
groups and between children’s and mothers’ samples.
The Kruskal-Wallis test and the post-hoc Dunn’s
multiple comparisons test were performed to check
for significant differences in individual food groups
between children of different age groups after wean-
ing. The Spearman non-parametric correlation test
was also used to identify correlations between the
OTUs of known gut commensals species and poten-
tial pathogens and between 1% of bacterial genera and
the different food groups in weight using microbiome
R package64 and GraphPad Prism 8.
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