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Impact of complementary feeding on infant gut
microbiome, metabolites and early development†
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Introducing complementary foods is critical for promoting infant health and development. During the

weaning period, the dietary patterns provide essential nutrients and facilitate the development of a diverse

gut microbiome, which plays significant roles in the regulation of immune, metabolic, and neurological

functions. This study enrolled 200 families to assess the impact of complementary feeding on infant growth

and health outcomes. Data included detailed records of feeding practices, infant growth measurements,

health assessments, and fecal samples and breast milk collected between weeks 12 and 32 postpartum. The

gut microbiome was analyzed using 16S rRNA sequencing, while metabolites such as human milk oligosac-

charides (HMOs), monosaccharides, and short-chain fatty acids (SCFAs) were measured using chromato-

graphy-mass spectrometry. Results revealed a high prevalence of breastfeeding, with complementary food

introduced at around 16 weeks. Significant alterations in the infant gut microbiome were observed, particu-

larly in the genera Lactobacillus, Akkermansia, and Staphylococcus. Additionally, the levels of HMOs, mono-

saccharides, and SCFAs were found to be influenced by the introduction of complementary foods.

Significant correlations emerged between complementary feeding practices, gut microbiome diversity,

specific bacterial genera (e.g., Streptococcus, Lactobacillus, Bifidobacterium, and Clostridioides), and key

metabolites (such as lacto-N-tetraose, lacto-N-neotetraose, mannose, and butyric acid). This study offers

valuable insights into the complex interactions between complementary feeding, gut microbiome develop-

ment, and metabolite profiles during early infant growth. Future research with larger cohorts and targeted

dietary interventions is recommended to further elucidate the underlying mechanisms.

1. Introduction

The transition from an exclusive breast milk diet to the intro-
duction of complementary foods, commonly referred to as
weaning, is typically recommended at approximately six
months postpartum.1 For preterm infants, this transition is
often expedited to between 13 and 17 weeks, accounting for
their organ immaturity and the need for nutritional support
that mirrors in utero growth patterns.2,3 This shift from breast
milk to complementary feeding is primarily driven by the
infant’s increasing nutritional demands, which breast milk or
formula alone may not fully address.4,5 Complementary foods
provide a diverse array of nutrients, including minerals,6–8

vitamins,9–11 unsaturated fatty acids12–14 and others,15,16

which are crucial not only for meeting the infant’s metabolic
demands but also for preventing health issues.9,12,13 For
instance, infants at risk of vitamin D deficiency may experi-

ence bone and musculoskeletal issues, leading to conditions
such as rickets in children and osteoporosis, cardiovascular
disease and diabetes in adults.17–19 A diet lacking sufficient
iron at around six months of age can potentially lead to iron
deficiency, but introducing iron-rich foods at this stage helps
replenish iron stores.8,20 Emerging research suggests that
complementary feeding enriches the diversity of the infant gut
microbiome and promotes the early maturation of the
immune system.21,22 Evidence has shown that the introduction
of a variety of complementary foods alters the composition of
gut microbes such as Lachnospiraceae, Bifidobacteriaceae and
Akkermansia, thereby significantly impacting infant
development.23,24 Specific bacteria such as Bacteroides and
Bifidobacterium play a role in teaching the immune system to
distinguish between harmful and harmless antigens, reducing
the risk of autoimmune diseases and allergies as they grow
older.25,26 Research also suggests that complementary feeding
not only enriches the diversity of the infant gut microbiome
but also accelerates the maturation of T-regulatory cells, which
are essential for maintaining immune tolerance.27 Moreover,
complementary foods alter the composition of gut microbes
such as Lachnospiraceae, Bifidobacteriaceae, and Akkermansia,
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which further impact infant development in profound
ways.28,29 These findings underscore linkages between comp-
lementary feeding, dietary nutrients and the infant gut micro-
biome and how they influence long-term developmental out-
comes in infants.30,31

In this study, we recruited 120 families with full-term
infants at 12 weeks of age, collecting infant fecal and paired
breast milk samples, along with data on complementary
feeding, growth parameters and health outcomes. To fully
understand how complementary feeding impacts early infant
development through the gut microbiome and metabolites,
both fecal and milk samples were analyzed and quantified by
either liquid/gas chromatography coupled with mass spec-
trometry or 16s rRNA sequencing. Integrative analysis was con-
ducted to uncover how infant growth and health transformed
with the introduction of complementary food, with a specific
focus on the interplay between the gut microbiota and
metabolites.

2. Materials and methods
2.1 Ethics approval and criteria for participants

The study procedures are in accordance with the ethical stan-
dards of the Institutional Review Board of the Peking
University Biomedicine. Written informed consent was
obtained from all participants. The inclusion criteria for par-
ticipants were as follows: (1) being over 18 years old, (2) breast-
feeding a full-term infant, and (3) residing in the same city for
more than a year. The exclusion criteria included: (1) gesta-
tional age less than 37 weeks, (2) incomplete follow-up, and (3)
weaning before the infant reached 6 months of age. Additional
exclusion criteria were pre-existing or ongoing medical con-
ditions (e.g., diabetes mellitus and hypertension), use of medi-
cations or antibiotics during pregnancy affecting fetal growth,
and habits such as smoking or alcohol consumption during
pregnancy.

2.2 Study design

The study design is summarized in Fig. 1. In detail, fecal
samples from infants were collected biweekly from weeks 12 to
32 postpartum, paired with mothers’ breast milk samples.

Fecal and breast milk metabolites, along with the fecal micro-
biome, were measured, and the relationship among the metab-
olites, microbiome and infant growth parameters and health
outcomes was analyzed.

2.3 Metabolite quantification

HMOs from both infant feces and mothers’ breast milk were
extracted based on previous studies.32,33 Briefly, the samples
were pretreated with ethanol to remove protein. The HMOs
were then identified using high-performance liquid chromato-
graphy (HPLC) coupled with mass spectrometry, equipped
with electrospray ionization. Quantification of HMOs was per-
formed relatively using lacto-N-tetraose (LNT) as an internal
reference due to the lack of commercially available individual
HMO standards. Monosaccharides were identified using an
HPLC system with an Agilent C18 column, coupled with mass
spectrometry. Standard curves for monosaccharides with R2

values exceeding 0.95 were generated for serially diluted pure
compounds. SCFAs were measured based on previous studies
with modifications34–36 using gas chromatography-mass spec-
trometry with an internal standard for quantification.

2.4 Gut microbiome identification

To determine the shift of the gut microbiota, bacterial DNA
was extracted using the QIAGEN PowerSoil DNA Isolation Kit
following the manufacturer’s instructions. The DNA concen-
tration of each sample was detected using a NanoDrop spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA).
The V4 region of the 16S rRNA gene was amplified by universal
barcoded primers (forward primer 515F 5′-
GTGCCAGCMGCCGCGGTAA-3′ and reverse primer 806R 5′-
GGACTACNVGGGTWTCTAAT-3′).37 Then, indexed amplicons
were purified with AMPure XP beads (Beckman Coulter
Genomics, MA, USA), quantified and pooled in equimolar con-
centrations, and then sequenced on an Illumina MiSeq plat-
form. Microbial operational taxonomic units and their taxo-
nomic assignments were analyzed using the Quantitative
Insights Into Microbial Ecology (QIIME2) bioinformatics pipe-
line with modifications.38–40 To compare fecal samples across
time and between the groups, operational taxonomic unit-
based and phylogenetic alpha-diversity metrics were calculated
using rarefied datasets. UniFrac-based sample clustering was
performed using principal component analysis and confirmed
using statistical analysis of variance.

2.5 Statistics

The data were presented as means ± standard deviation.
Multivariable analysis of variance (ANOVA) using gut diversity,
microbiome, metabolites, and time points was performed with
Tukey’s multiple comparison test for multiple group compari-
sons. The Student’s t-test was performed for simple compari-
son, with a p-value less than 0.05 considered significant.Fig. 1 The flow chart of the experimental design.
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3. Results
3.1 Characteristics of the study population

The average maternal age was 31.7 ± 4.4 years. The gender
ratio of infants was nearly even, with 52% male and 48%
female. It is noteworthy that a significant majority, 68% of
infants, were born via vaginal delivery (VD). Data on edu-
cational background, family income, and monthly expenses of
participating families were collected and analyzed.
Interestingly, the average food expense for the infants during
the weaning period accounted for approximately 6.3% of the
family income. In contrast, these figures were tripled to
roughly 18% in the United States, highlighting a significant
difference in dietary and cultural habits, along with economic
choice, between Chinese and Western dietary middle-class
families. This disparity offers a compelling avenue for further
study, both from nutritional and sociocultural perspectives.
The demographics and relevant participant details are sum-
marized in ESI Table S1.†

3.2 Complementary feeding

In this study, a significant increase was observed in the rate of
complementary feeding among participating families, with a
rise from 10% at week 16 to 80% by week 28, and reaching a
90% adoption at week 32. Six major types of complementary
foods were identified: fruits/rice soup, cereals, leafy vegetables
and beans, solid fruits, meat and egg/dairy products, and the
feeding time and adding ratio are all summarized in Table 1.
As is shown, the most frequently selected complementary
foods were fruits and cereals. Leafy vegetables, beans, and
meat were generally introduced later, around week 20. The top
five complementary foods incorporated were apple, banana,
rice cereal, egg yolk, and carrot. No significant correlation was
found between food choices and family income, parental edu-
cation background, or maternal age at birth. In addition, the
overall proportion of breastfeeding decreased by only 5% from
weeks 12 to 32, with just 5% of families relying solely on
breastfeeding. Meanwhile, the rate of introducing complemen-
tary feeding rose to 95% and formula feeding increased to
30%. These figures differ significantly from the breastfeeding
data in the United States, where the rates were 55% at three
months and 42% at six months, suggesting a potential impact
of breastfeeding rates on infant growth and health during the
weaning period.41

3.3 Metabolites

Nineteen types of HMOs, six types of monosaccharides and
nine types of SCFAs were identified in infant fecal samples,
while 28 types of HMOs were identified in breast milk (ESI
Table S2†). The average HMO concentrations were 41 000 µg
g−1 in feces and 16 000 µg mL−1 in breast milk. The prevalent
fecal HMOs 2′-fucosyllactose (2′-FL), 3′-fucosyllactose (3′-FL),
LNT, and lacto-N-neotetraose (LNnT) were quantified at 351,
287, 1967 and 946 µg g−1, respectively. However, no direct cor-
relation was observed between the ratios of HMOs in the
mother’s breast milk and those in infant feces. The corres-

Table 1 Overview of Complementary Feeding Types and Key Food
Categories

Food type
Week
16

Week
20

Week
24

Week
28

Week
32

Complementary food ratio (%)
Fruits/rice soup 7.0 11.0 24.0 43.1 53.7
Cereals 1.6 11.0 24.8 60.2 71.1
Leafy vegetables and beans 0.0 0.0 8.5 37.4 52.1
Solid fruits 2.3 7.1 20.9 58.5 78.5
Meat 0.0 1.6 2.3 13.8 30.6
Egg/dairy products 1.6 4.7 10.9 35.0 53.7
Fruits/rice soup adding ratio (%)
Rice soup 1.6 4.7 14.0 29.3 35.5
Pure fruit juice 0.8 3.2 7.0 10.6 19.8
Boiled fruit juice 0.8 1.6 4.7 13.8 11.6
Vegetable juice 0.8 0.1 2.3 4.1 7.4
Othersa 2.3 3.2 3.1 2.4 4.1
Cereal adding ratio (%)
Rice product 0.8 7.1 20.2 43.1 54.6
Biscuits 0.0 0.0 1.6 12.2 21.5
Millet 0.8 1.6 3.1 10.6 19.0
Wheat pasta 0.0 1.6 0.8 8.1 16.5
Regular bread 0.0 0.8 2.3 3.3 9.1
Mixed cereal 0.0 0.0 2.3 6.5 6.6
Mixed oatmeal 0.0 0.0 0.8 1.6 4.1
Leafy vegetable and bean adding ratio (%)
Carrot 0.0 0.0 7.0 26.0 36.4
Pumpkin 0.0 0.0 1.6 18.7 30.6
Mashed/baked Potatoes 0.0 0.0 1.6 8.9 24.8
Spinach 0.0 0.0 0.0 8.1 23.1
Sweet potatoes 0.0 0.0 2.3 19.5 21.5
Broccoli 0.0 0.0 0.8 7.3 20.7
Avocado 0.0 0.0 0.8 4.9 14.1
Rape 0.0 0.0 0.0 3.3 12.4
Corn 0.0 0.0 0.0 4.9 11.6
Chinese cabbage 0.0 0.0 0.0 3.3 11.6
Squash 0.0 0.0 0.0 2.4 7.4
Bok choy 0.0 0.0 0.8 1.6 6.6
Cauliflower 0.0 0.0 0.0 0.8 5.8
Cucumber 0.0 0.0 0.0 2.4 5.8
Pea 0.0 0.0 0.8 2.4 5.8
Radish 0.0 0.0 0.0 1.6 5.0
Tofu 0.0 0.0 0.8 2.4 4.1
Solid fruit adding ratio (%)
Apple 1.6 3.9 15.5 47.2 72.7
Banana 0.8 2.4 10.1 32.5 61.2
Orange 0.0 0.0 4.7 4.9 17.4
Pear 0.0 0.0 1.6 9.8 12.4
Strawberry 0.0 0.0 1.6 4.9 12.4
Blueberry 0.0 0.0 0.0 0.8 9.9
Melons 0.8 1.6 3.1 3.3 9.9
Kiwi 0.0 0.8 1.6 7.3 8.3
Peach 0.0 0.0 0.0 4.1 5.8
Othersb 0.0 0.0 0.8 1.0 14.9
Meat adding ratio (%)
Beef 0.0 0.0 0.0 2.4 12.4
Pork 0.0 0.8 1.6 6.5 12.4
Fish 0.0 0.8 0.8 3.3 11.6
Chicken 0.0 0.0 0.0 4.9 9.1
Animal liver 0.0 0.0 0.8 1.6 7.4
Shrimp 0.0 0.0 0.0 0.8 5.8
Othersc 0 0 1.6 2.4 6.6
Egg/dairy product adding ratio (%)
Yolk 0.0 4.7 10.9 33.3 47.9
Dairy biscuit 0.0 0.0 3.1 4.9 10.7
Whole egg 1.6 0.0 0.8 2.4 5.0
Othersd 0.8 0.8 1.6 4.9 13.2

aOthers include coconut milk, soy milk, and goat’s milk. bOthers
include mango, pineapple, plum, apricot, etc. cOthers include sau-
sages, duck, lamb, turkey etc. dOthers include egg white, cow milk,
yogurt, cheese, etc.
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ponding levels in breast milk were 153, 75, 2231 and 831 µg
mL−1, respectively. Consistent with previous studies, it is likely
that the concentration variances in HMOs result from a combi-
nation of factors, including delivery mode and complementary
foods, as well as gut microbiome and metabolic activities
during weaning.42 In Fig. 2a, a decreasing trend was observed
for most identified HMOs, with the concentrations ranging
from 1000 to 50 µg g−1. In Fig. 2b, the concentrations of mono-
saccharides including allose, galactose, glucose, mannose,
xylose and arabinose were 0.3, 16.9, 12.7, 1.7, and 0.6 µg mg−1

feces, respectively. Most of the monosaccharides showed a
decreasing trend, while mannose and xylose/arabinose
remained relatively stable throughout the weaning period. In
Fig. 2c, acetic acid was the most abundant SCFA in infant
feces, accounting for approximately 58.1%, followed by lactic
acid at 13.8% and glycolaldehyde at 11.6%. Overall, increasing
levels of acetic acid, butyric acid, and propionic acid were
observed, while the levels of lactic acid and hydroxyaldehyde
decreased. The concentrations of these SCFAs ranged between
300 and 5000 ng mg−1.

3.4 Gut microbiome

Major bacterial genera were identified and summarized
(Fig. 3a and Table S3†). Overall, the infant gut microbiome was
altered by complementary feeding during the weaning period
(week 32 versus week 12), with minor differences observed in
microbial trajectories, despite most bacteria overlapping
between time points (Fig. 3b). Specifically, Bifidobacterium,
Escherichia–Shigella, Streptococcus, and Bacteroides maintained
similar relative abundance throughout weaning, while remark-
able increases were observed in Blautia, Fusicatenibacter,
Parasutterella, Akkermansia, etc. (Fig. 4a). In contrast, signifi-
cant reductions were found in Lactobacillus, Escherichia–
Shigella, Coprobacillus, Prevotella, etc. These continuous altera-
tions during weaning suggest a potential mechanism through
which complementary feeding affects the gut microbiome,
further impacting infant growth and health. As shown in
Fig. 4b, Escherichia–Shigella, Clostridium, Ruminococcus,
Prevotella and Coprobacillus varied significantly between
infants born via VD and those born via Cesarean section

Fig. 2 The overall changes in the gut microbiota during the weaning period. In (a), four types of HMOs were present. In (b), six types of monosac-
charide are present. In (c), nine types of unsaturated fatty acids were present.
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(C-section) at the beginning of this study. By the end of the
study, variations became more apparent between breast-fed
and formula-fed infants, with Parabacteroides and Clostridium
being more prevalent in the breast-fed infants, and
Leuconostoc and Sutterella were more common in the formula-

fed infants (ESI Fig. S1a†). These variations might be associ-
ated with the fermentation of food metabolites, such as
HMOs, although the underlying mechanisms are not fully
understood. Finally, we observed that dietary supplementation
such as vitamins, fish oil, probiotics (Bifidobacteria and

Fig. 3 Top abundance gut microbiota in infant feces across the weaning period and statistical analysis. (a) Top abundance gut microbiome ident-
ified from infant feces in each week. (b) The principal component analysis with statistical analysis between week 12 and week 32. The significance of
the gut microbiome is represented as *p < 0.05.

Fig. 4 The infant gut microbiome impacted by (a) the weaning period (comparison between week 12 and week 32) and (b) delivery mode (at week
12). In (a), red dots mean bacteria significantly enriched at week 32, yellow dots mean bacteria significantly enriched at week 12, and blue dots mean
bacteria with no significant change between week 12 and week 32. In (b), red dots mean bacteria significantly enriched in vaginal delivery infants,
and yellow dots mean bacteria significantly enriched in Cesarean section infants. All results are classified at the genus level. The significance was
defined by a false discovery rate of <0.05.
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Lactobacillus) and fruits were linked to changes in the abun-
dance of Sellimonas, Peptostreptococcus, Parasutterella,
Parabacteroides and Akkermansia. However, the precise mecha-
nism remains to be elucidated (ESI Fig. S1b and S1c†).

3.5 Growth and health outcomes

A slight linear increase was observed in infant growth para-
meters, including body length, weight, and head circumfer-
ence (Fig. S2 and Table S4†). These growth metrics did not
exhibit a significant correlation with variables such as infant
gender, birth age, family income or parental education (data
not shown). A difference in growth rate was noted between
infants who began complementary feeding before and after
week 28, although it was not statistically significant. Infants
introduced to complementary foods before week 28 demon-
strated a higher growth rate, suggesting a potentially advan-
tageous window for initiating complementary feeding between
weeks 16 and 28. For health outcomes, spitting was the most
frequent issue among infants, followed by jaundice, excessive
crying, flatulence, and rash. The occurrence of these issues sig-
nificantly reduced to 20% or below after week 20. There was
also a potential correlation between the selection of comp-
lementary foods and the gut microbiome, as well as metabolic
activity, although further investigation is required to confirm
these association.

3.6 Correlative analysis

3.6.1 Microbiome diversity and metabolites. Gut micro-
biome diversity is considered an important indicator of

healthy growth, as higher diversity typically suggests better
overall health. Using multiple parameters, including the
Shannon index, Chao 1 and Simpson index, we explored the
correlations between infant microbiota diversity and metab-
olites during weaning. As shown in Fig. 5a, both the Shannon
and Simpson indexes were positively correlated with isovaleric
acid, propionic acid, and acetic acid, while showing negative
correlations with hydroxyaldehyde and lactic acid. The former
acids are primarily generated from whole grains, leafy veg-
etables and high protein diets, and the latter are reduced,
likely due to the introduction of complex carbohydrates and
shifts in the gut microbiome. In addition, we found that the
Shannon diversity index was negatively correlated with nearly
all identified HMOs and showed no correlation with monosac-
charides, although the mechanisms remained unclear (Fig. 5b
and c).

3.6.2 Metabolites, gut microbiome and their potential link
to infant health. Given the differences in the gut microbiome
observed between VD and C-section infants at the start of this
study, we divided the participants into two subgroups for
further analysis. In VD infants, Streptococcus, Rothia, and
Bifidobacteria showed positive correlations with the HMO pro-
duction, particularly with LNT and LNnT. In addition, fewer
genera such as Clostridium sensu stricto and Actinomyces were
identified as influencing the concentration of 2′-FL and 3′-FL.
Other HMOs such as lacto-N-hexaose and lacto-N-neohexaose
also exhibited correlations with specific genera such as
Prevotella, Bifidobacterium and Blautia. All details regarding
individual bacterial genera correlated with HMOs are shown in

Fig. 5 Correlations between gut microbiome diversity and metabolites: (a) alpha-diversity and short-chain fatty acids and (b) alpha-diversity and (c)
fecal HMOs. No significant correlation was observed between alpha-diversity and HMOs in breastmilk. The significance is represented as *p < 0.05,
**p < 0.01 and ***p < 0.001.
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Fig. 6. In C-section infants, a diverse group of genera including
Escherichia–Shigella, Erysipelatoclostridium, and Clostridium
sensu stricto were positively correlated with most HMOs. In
detail, Parvimonas and Lachnoclostridium were correlated with
the concentration of 2′-FL and 3′-FL, while Streptococcus and
Clostridium sensu stricto were correlated with LNT and LNnT.
Unlike VD infants, a broader spectrum of gut microbiota was
associated with various HMOs, suggesting a potentially more
immediate and efficient utilization of nutrients within the gut

microbiome composition of C-section infants (Fig. 7). These
microbiome-related alterations may be linked to reductions in
common infant health issues such as flatulence, diarrhea and
constipation during weaning. However, the exact mechanisms
and individual responses to microbiome/metabolite variations
require further exploration.

For other metabolites, Veillonella, Streptococcus, and
Bacteroides were positively associated with most of the identi-
fied monosaccharides, while Clostridium innocuum showed

Fig. 6 Correlation between the infant gut microbiome at the phylum level and HMOs from vaginal delivery infants. The significance is represented
as *p < 0.05, **p < 0.01 and ***p < 0.001.
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negative associations in the VD infants (Fig. 8a). Specifically,
Lactobacillus and Bifidobacteria had selective associations,
showing negative correlations with allose and galactose while
exhibiting positive correlations with other monosaccharides.
In the C-section infants, Lactobacillus and Clostridium sensu
stricto were positively associated with most of the monosac-
charides, and glucose and xylose/arabinose showed strong
positive correlations with most bacterial genera (Fig. 8b). For
SCFAs, Lactobacillus showed positive correlations with most

SCFAs, except for hydroxyaldehyde and lactic acid in the VD
infants (Fig. 9a). However, in the C-section infants, it showed
positive correlations only with isovaleric acid, pentanoic acid
and propionic acid (Fig. 9b). Other genera, such as
Bifidobacteria, Streptococcus and Clostridium sensu stricto,
demonstrated similar correlative patterns across both groups,
whereas Clostridium innocuum showed the opposite trends. No
direct linkage was observed between health outcomes and
changes in monosaccharides or SCFAs. Large studies with

Fig. 7 Correlation between the infant gut microbiome at the phylum level and HMOs from C-section infants. The significance is represented as *p
< 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 8 Correlation between the infant gut microbiome at the genus level and monosaccharides in (a) vaginal delivery and (b) C-section infants. The
significance is represented as *p < 0.05, **p < 0.01 and ***p < 0.001.

Fig. 9 Correlation between the infant gut microbiome at the genus level and short-chain fatty acids in (a) vaginal delivery and (b) C-section infants.
The significance is represented as *p < 0.05, **p < 0.01 and ***p < 0.001.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 10663–10678 | 10671

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
53

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo03948c


individual probiotic and metabolite interventions are needed
to explore how gut microbiome and metabolite changes affect
infant growth and health.

4. Discussion

The weaning period, which encompasses the first year of life,
marks the transition from exclusive breast milk or formula
feeding to the introduction of diverse foods, significantly
impacting early infant development.43–45 Commercially pre-
pared, homemade, culturally specific practices, and organic/
non-organic complementary foods are recommended by
health organizations and nutrition experts. These recommen-
dations are tailored to the infant’s developmental readiness
and nutritional needs.46–48 During this period, the gut micro-
biome and metabolites undergo significant alterations, influ-
enced by factors such as delivery mode, breastfeeding prac-
tices, and complementary feeding.49–51

Lactobacillus, predominant in the guts of breast-fed infants,
decreased significantly during weaning, potentially influenced
by dietary shifts in fiber content and competition for
nutrients.52–54 In this study, we observed a significant 1.5-fold
decrease in the Lactobacilli during the weaning period, with its
relative abundance remaining consistent in the range from
0.3% to 0.7%, in accordance with findings from prior
research.55 This reduction was primarily attributed to the
introduction of complementary foods, which led to selective
modifications in the infant gut microbiome, influenced by
dietary changes in fiber content, fermentability, and oligosac-
charide structures.56–61 Akkermansia, a mucin-degrading bac-
terium, was initially present in only 16% of the infant intesti-
nal tract at four weeks of age.62,63 Most notably, we found a
more than 4-fold increase following the introduction of comp-
lementary feeding. This increase suggests a relationship
between mucin utilization and microbial diversity during early
life development. Akkermansia, which plays a critical role in
maintaining gut barrier integrity and modulating immune
responses, has been associated with various beneficial health
outcomes in adults, including improved metabolic health and
anti-inflammatory effects.64,65 The rise of Akkermansia during
the weaning period might point to its role in early immune
system maturation, as well as potential long-term health
benefits in infants. Moreover, these findings highlighted the
importance of the gut microbiome in early infant health and
development. The shifts in microbiota composition during
weaning, with reductions in Lactobacilli, an increase in
Akkermansia spp., and the introduction of complementary
foods over the period from week 16 to 28, suggested the
dynamic relationship between diet and microbiome matu-
ration. These microbial changes were not just markers of gut
health but were closely tied to broader developmental out-
comes, such as dietary supplementation.66 This finding war-
rants further exploration, particularly in how Akkermansia
levels may be influenced by the specific types of complemen-
tary foods introduced, such as those rich in fiber and

prebiotics.67,68 Future clinical practices could be informed by
the observation that specific bacterial genera, such as
Akkermansia, increase in response to dietary modifications
during infancy.69 This suggests that strategically promoting
the colonization of beneficial microbes through diet could be
an important component of infant nutrition recommen-
dations. For example, tailored dietary advice focusing on the
inclusion of foods that promote Akkermansia and other ben-
eficial genera could be considered as part of nutritional guide-
lines aimed at optimizing gut health and immune system
development.70 Foods high in dietary fibers, prebiotics, and
certain oligosaccharides could be prioritized, as these have
been shown to selectively promote the growth of beneficial
bacteria such as Akkermansia and Bifidobacterium.71,72

For metabolites, 2′-FLwas positively associated with height
and weight gain in infants aged 3 to 12 months, while LNnT
demonstrated a negative association.73 Similarly, 3′-FL posi-
tively correlates with various indicators of infant growth,
including fat mass, weight-for-length and weight-for-age.74 A
higher concentration of HMOs generally suggests enhanced
health benefits like diminished incidence of viral diarrhea,
bolstered immune system functions, and improved cognitive
and brain development.75–77 Remarkably, Bacteroides fragilis,
Bacteroides vulgatus, and Bacteroides thetaiotaomicron, fre-
quently colonized in the infant gut through vaginal delivery
and vertical transfer from the mother’s gut microbiome,78

showed different capabilities of breaking down various
HMOs.79–83 In addition, HMOs also selectively promoted the
health beneficial bacteria such as Bifidobacterium, Lactobacillus
and Streptococcus.80,82,84–87 Based on previous studies, there
were significant differences in breastfeeding rates among
ethnic groups in the United States, with the highest rate being
in Asian Americans, which is similar to the high rate of breast-
feeding in this study.88,89 This might provide a unique oppor-
tunity to improve infant development by exploring the altera-
tions of HMO composition and metabolism from breast milk
and its associated gut microbiome changes during weaning.
Other metabolites, such as monosaccharides and SCFAs, were
also impacted by the gut microbiome, complementary feeding,
and birth weight, maternal age and antibiotic usage, within a
concentration trajectory that varied significantly.90–97 To sum
up, the introduction of a diverse range of complementary
foods, particularly high-fiber foods such as cereals, fruits, and
vegetables, significantly impacts the infant gut ecosystem
through microbiome and metabolite interactions.98,99 Early
infant development is intricate and challenging to study, yet it
is of critical importance.

While this study provides valuable insights into the impact
of complementary feeding on the metabolites, the gut micro-
biome and infant development, several limitations must be
acknowledged. First, the selection of participants from a
specific geographic region may limit the generalizability of the
findings to broader populations with differing dietary practices
and environmental exposures. In addition, the divergence in
early microbial colonization caused by delivery modes has
shown a long-term impact on the infant’s immune system
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development and susceptibility to certain diseases later in life,
which should be carefully considered and accounted for in
future research designs. Moreover, potential confounding
factors such as maternal diet, antibiotic use, and environ-
mental influences were not fully controlled for, which could
have affected the microbiome composition and development
outcomes. The observational nature of the study, with a rela-
tively small sample size, also limits the strength of the corre-
lations between complementary food choices and changes in
the gut microbiome and metabolites. Future research should
aim to include a more diverse participant pool and incorporate
randomized controlled trials to better establish causality and
more accurately assess the long-term effects of various comp-
lementary feeding practices on infant health.

5. Conclusion

In this study, we observed a substantial change in the gut
microbiome composition, with significant alterations in
specific genera such as Lactobacillus, Bifidobacteria, and
Akkermansia during the weaning period. There were distinct
trends between the gut microbiome and various metabolites,
including HMOs, monosaccharides and SCFAs. Bifidobacteria,
mannose, butyric acid, LNT/LNnT, and 2′-FL, along with comp-
lementary foods, showed beneficial effects on infant develop-
ment during the weaning period. These findings underscore
the importance of tailored dietary interventions during the
weaning period to promote optimal gut health and overall
development in infants. Our work serves as a foundation for
future investigations into the intricate relationships between
diet, microbiome, and metabolic health in early infancy.
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