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ABSTRACT
The gut microbiota is involved in the production of numerous metabolites that maintain host 
wellbeing. The assembly of the gut microbiome is highly dynamic, and influenced by many 
postnatal factors, moreover, little is known about the development of the gut metabolome. We 
showed that geography has an important influence on the microbiome dynamics in the first year of 
life based on two independent cohorts from China and Sweden. Major compositional differences 
since birth were the high relative abundance of Bacteroides in the Swedish cohort and 
Streptococcus in the Chinese cohort. We analyzed the development of the fecal metabolome in 
the first year of life in the Chinese cohort. Lipid metabolism, especially acylcarnitines and bile acids, 
was the most abundant metabolic pathway in the newborn gut. Delivery mode and feeding 
induced particular differences in the gut metabolome since birth. In contrast to C-section new-
borns, medium- and long-chain acylcarnitines were abundant at newborn age only in vaginally 
delivered infants, associated by the presence of bacteria such as Bacteroides vulgatus and 
Parabacteroides merdae. Our data provide a basis for understanding the maturation of the fecal 
metabolome and the metabolic role of gut microbiota in infancy.
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Introduction

The fecal metabolome contains thousands of small- 
molecule metabolites (such as sugars, organic 
acids, and amino acids), most of which are pro-
ducts of the co-metabolism of the gut microbiota 
and the host that play considerable roles in main-
taining host homeostasis. Accumulating evidence 
suggest that the fecal metabolome functionally 
complement the gut microbiota and reflect the 
metabolic interactions among the host, diet, and 
gut microbiota.1

The assembly of the gut microbiota begins dur-
ing birth and is influenced by dietary and medical 

factors.2 Early colonization by the gut microbiome 
is important for infant growth and might further 
persistently impact lifelong health, but the under-
lying mechanism is unclear.3,4 Most of the recent 
studies describing the dynamics of the gut micro-
biota in the first year of life were conducted in large 
cohorts from Europe and North America.5–8 As gut 
microbiota composition differs between geogra-
phically and cultural distinct populations since 
birth,9 the seeding and maturation of the gut 
microbiota in Chinese infants is expected to be 
different. The changes in the gut metabolome that 
occur during the assembly of the gut microbiota 
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during the first year of life, which could have 
a series of effects on infant health, are also largely 
unknown. Of particular importance are metabo-
lites or classes of metabolites that emerge at certain 
stages of neonatal development, the microbe- 
metabolite interplay during the microbiome 
assembly process, and whether factors that shape 
the latter lead to differences in the gut metabolome, 
which can affect infant health.

To address these questions, we combined liquid 
chromatography-mass spectrometry (LC-MS)- 
based nontargeted metabolomics analysis and V4- 
16S rRNA gene sequencing analysis of fecal sam-
ples from 152 full-term Chinese infants collected 
longitudinally from the first days of life to 12  
months (Table 1) as well as their mothers sampled 
just after delivery.

Results and discussion

Gut microbiota development in different 
populations

In this study, we first analyzed the development of 
the gut microbiome in healthy Chinese children 
and their mothers. As previously shown that geo-
graphy and lifestyle impact the infant microbiome 
in the first 1000 days of life,10 we compared our 
cohort to a Swedish cohort,6 which was analyzed 
under the same conditions. In both cohorts, the 
alpha diversity (estimated as community richness 

with phylogenetic diversity) increased as the chil-
dren grew older but was still lower at 12 months 
compared to the diversity of the mothers’ gut 
microbiota (Figure 1a,b). Principal coordinate ana-
lysis (PCoA; unweighted UniFrac distance) and 
linear discriminant analyses (LefSe) showed that 
both age and geography strongly affected the gut 
microbiome composition in the two cohorts during 
the first year of life (Figure 1c-g, and Figure S1a).

Major compositional differences between the 
two cohorts in the first year of life were the high 
relative abundance of Bacteroides in the Swedish 
cohort and Streptococcus in the Chinese cohort 
(Figure 1e-g). Compared to the Chinese infants at 
birth, the Swedish newborn microbiota was 
described by high levels of Staphylococcus and 
Clostridium sensu stricto (Figure 1e). Interestingly, 
high abundance of Bacteroides and Clostridium 
sensu stricto were also features of the Swedish 
mother microbiota at birth (Figure S1d). The 
enrichment of Proteobacteria in the newborns 
from the Chinese cohort, particularly Escherichia- 
Shigella and unclassified Enterobacteriaceae, was 
also in agreement with their mother’s microbiota 
at birth (Figure 1e, Figure S1b-d, and Table S1-1, 
Table S1-2).

At the age of 4 months, the Chinese infant 
microbiome was described by breast milk- 
associated bacteria such as Staphylococcus and 
Bifidobacterium, while the Swedish infant micro-
biome was characterized by polysaccharides 

Table 1. Clinical characteristics of infants and mothers included in the study.
NB 4 M 12 M

Sample size 136 109 95
Sampling time (months after delivery) 7.05 (10.20)a 4.55 (1.04) 12.45 (0.67)
Gestational age in days, mean (SD) 277 (7.85) 277 (7.99) 278 (7.81)
Maternal BMI pre-pregnancy, mean (SD)b 21.09 (2.93) - -
Maternal BMI pre-delivery, mean (SD)b 27.01 (3.44) - -
Delivery mode
Natural delivery 91 88 82
C-section 45 21 13
Infant weight SD score, mean (SD) 0.14 (0.64) −0.02 (0.99)d −0.08 (1.71)e

Infant length SD score, mean (SD) 0.52 (1.00)c 0.13 (1.12)d −0.06 (0.97)e

Gender
Male 64 51 47
Female 72 58 48
Feeding patternf

Exclusively breast milk feeding 44 82 25
Mix feeding (breast + formula feeding) 88 26 26
Exclusively formula feeding 4 1 26
Antibiotics to infant (first week, 1 week to 4 months, 4–12 months) 0 10g 14h

a. days after delivery; b. data from 36 subjects were missed; c. data from 8 subjects were missed; d. data from 16 subjects were missed; e. data from 2 
subjects were missed; f. data from 18 subjects in the 12 M group were missed. Exclusively breast milk feeding indicates no formula milk exposure 
within 48 hours before sampling. All infants in the 12 M group included cereals and other solid food in their diet; g. data from 9 subjects were missed; 
h. data from 18 subjects were missed.
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degrading bacteria such as Lachnoclostridium, 
Ruminococcus, Blautia, and lactate-fermenting 
bacteria such as Veillonella (Figure 1f, Figure S1c, 
and Table S1-2). Notably, Bifidobacterium 
remained the dominant genus in the 12-month 
Chinese microbiome in addition to sugar- 
fermenting bacteria such as lactic acid bacteria 
(Lactobacillus, Enterococcus, and Streptococcus) 

and lactate utilizers such as Megamonas, 
Megasphaera, and Veillonella (Figure 1g, Figure 
S1c, and Table S1-S2). In contrast, the Swedish 
microbiome at 12 months was dominated by multi-
ple bacteria involved in carbohydrate degradation, 
including Bacteroides, Prevotella, Alistipes, and 
known short-chain fatty acid producers such as 
Faecalibacterium, Roseburia, Lachnospiraceae, and 

Figure 1. Development of the gut microbiota with age in Chinese and Swedish cohorts. (a) Boxplot of gut microbial alpha diversity 
calculated by phylogenetic diversity metrics among the NB, 4 M, 12 M and mother groups. (b) Boxplot of gut microbial alpha diversity 
calculated by phylogenetic diversity metrics among the NB, 4 M, 12 M and mother groups in the Chinese cohort and Swedish cohort. 
(c) PCoA plot of the gut microbiota based on unweighted UniFrac distance among the NB, 4 M, 12 M and mother groups. The boxplots 
along each axis indicate the values of first and second principal coordinates, grouped by infant groups. The whisker plots indicate 95% 
confidence interval around medians. (d) Boxplot of unweighted UniFrac distance of gut microbiota among the NB, 4 M, 12 M and 
mother groups. (e-g) Discriminative bacteria of Chinese infants and Swedish infants in the NB (e), 4 M (f) and 12 M groups (g). (****p <  
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05).
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Agathobacter (Figure 1g). This differences in the 
microbiota composition at 4 months and 12  
months of life between the two populations are 
driven by their cultural dietary habits. At age of 4  
months, solid food was already introduced to the 
diet of Swedish infants, which explains the pre-
sence of polysaccharide degrading bacteria as sig-
nature of their gut microbiota composition at 
4-month and 12-month of age.2 In comparison, 
solid food is introduced later than 4 months to 
the diet of the Chinese infants. Furthermore, at 
12 months of age, the type of solid food consumed 
from the Chinese infants is comprised of porridge, 
noodles, eggs, fresh fruits and fried or boiled vege-
tables, meat, and fish (Table S2), which differ from 
the daily meal of the Swedish infants comprised of 
cereals, bread, cooked vegetables, meat, and fish.

Remarkably, genera associated with the mothers’ 
microbiome at birth highlighted their infant micro-
biota at the age of 12 months (Figure 1g and Figure 
S1d), suggesting the high importance of geography 
and the associated dietary habits on the micro-
biome dynamics in the first year of life.

Global overview of the fecal metabolome in the 
first year of life in Chinese population

Nontargeted LC-MS-based metabolomics analy-
sis revealed a clear separation of the fecal sam-
ples by age, as observed in the microbiome 
analysis, showed that the infants’ fecal metabo-
lome also evolved with age and was still not 
fully mature at 12 months when compared to 
the mother’s fecal metabolome (Figure 2a). In 
agreement with previous data, the age- 
dependent profiles of fecal metabolome in our 
cohort were consistent with the age-specific 
changes in the infant diet.11 The transient inter-
ruption of nutrition input just after birth pro-
moted the catabolism of fat as the main energy 
metabolism pathway in newborns.12 Thus, key 
features of the neonatal metabolome were the 
high levels of lipids and the low levels of 
amino acids, peptides, and vitamins compared 
to all the analyzed age groups (Figure 2b). 
Observably, with continuous milk-based diet, 
carbohydrates which are key compound in 
breast milk or formula milk, have been reported 
to be the major source of infant energy 

metabolism.13 Many pathways in carbohydrates 
metabolism, such as galactose metabolism and 
fructose and mannose metabolism, become 
enriched with infant age.14 Consistently, the 
levels of sugars and organic acids strongly 
increased in the fecal metabolome at 4 months 
of age (Figure 2b). Solid food was introduced to 
the Chinese infants around 6 months of age. 
Introductions of complementary food might be 
the driving force for increased branched and 
aromatic amino acids and reduced human milk 
oligosaccharides in the fecal metabolome of the 
infants.11,14 Similarly, introduction of more 
complex food to the infants at 12 months of 
age increased their protein intake and brought 
their diet closer to that of adults. Thus, the fecal 
metabolome started to resemble the mother 
metabolome, with low levels of lipids, sugars 
and nucleotides and increased amounts of 
amino acids and vitamins (Figure 2b). 
However, the persistently low levels of amino 
acids and peptides at that age compared to the 
mother showed that the metabolome awaited 
further maturation.

Acylcarnitines

Acylcarnitines feature of the neonatal metabolome
Longitudinal studies of gut carnitine metabolism 
during the neonatal period and early infancy are 
rare. Here, we showed that L-carnitine and the 
majority of acylcarnitines presented the highest 
level in the fecal metabolome of the neonate, 
then their levels decreased gradually within the 
first year of life and presented the lowest measure 
in the mothers (Figure 2c and Figure S2a), which 
was consistently with a previous study conducted 
in a Nigerian cohort.15 Acylcarnitines plays an 
important role in the β-oxidation of fatty acids. 
Under normal physiological conditions, fatty 
acidmetabolism and oxidation are enhanced in 
fasted compared to fed state, and linked to 
increased serum levels of short- and medium- 
acylcarnitines.16,17 The stop of the nutrient supply 
from the mother immediately after birth makes 
the neonate exposed to a fasting-like state. To 
meet their metabolic demands, the newborns 
depend to a great extent on fatty acids metabolism 
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Figure 2. Development of the fecal metabolome with age in a Chinese cohort. (a) PLS-DA plot of the fecal metabolome in the NB, 4 M, 
12 M and mother groups (R2Y = 0.385, Q2 = 0.35). The permutation test (999 times) indicates that the model is not overfitted (R2 =  
0.037 Q2 = −0.076). (b) Bubble plot of the total relative content of each metabolic subclass with age. (c-d) Fold changes in lipids (c), 
and amino acids and peptides (d) in the NB, 4 M and 12 M groups. Fold changes were calculated as the ratio of the relative content of 
each metabolite between the younger age group and the older age group and converted logarithmically. Red indicates Log2 FC > 1.0 
and FDR < 0.05, blue indicates Log2 FC < −1.0 and FDR < 0.05, and black indicates no significant difference. (****p < 0.0001, *** p <  
0.001, ** p < 0.01, * p < 0.05).
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and oxidation.12,18 Suggesting that fatty acid 
metabolism and oxidation are important energy 
metabolic pathways in early postnatal life poten-
tially also in the gut.

Microbiota-associated acylcarnitine metabolism
To evaluate the interaction between the developing 
microbiome on the metabolome and delineate 
microbes that shape the metabolome from birth, 
we integrated the infant microbiome and metabo-
lome data. Interestingly, species inherited from the 
mother fecal microbiome, such as Bacteroides vulga-
tus, Parabacteroides merdae and Bifidobacterium 
bifidum, were negatively associated with acylcarni-
tines exclusively in the neonatal period (Figure 3a, 
and Table S3-1). Other members of the neonatal 
microbiome, such as Bifidobacterium animalis and 
Clostridium perfringens, were positively correlated 
with L-carnitine and short-chain acylcarnitines 
(Figure 3a, and Table S3-1). Although the links 
between the gut microbiota and acylcarnitines 
decreased as the infants grew older, the array of the 
microbes involved in those interactions increased. 
The interplay of the microbiome and the metabo-
lome at 12 months of age shifted toward a range of 
median- and long-chain acylcarnitines (Figure 3c, 
and Table S3-3), associated with the increased com-
plexity of the diet and the enhanced functional 
diversity of the gut microbiome at that age.2

Effect of delivery mode and diet on acylcarnitines 
maturation
Delivery mode and diet are crucial postnatal 
factors that shape gut microbiota composition 
and functionality since birth, and are potentially 
related to the risk of metabolic disorders and 
immune-related disease later in life.2,4,6,19 

Previously, delivery mode and diet have been 
shown to induce clear separation in fecal meta-
bolic profiling after birth.20–22 Consistently, 
L-carnitine and short-chain acylcarnitines were 
elevated in C-section or formula-fed newborns 
compared with the vaginally delivered or breast- 
fed newborns (Figure S3a-c). However, the dif-
ferences in distinct fecal aylcarnitines being 
identified based on delivery mode and diet in 
early age, were lost when the infants reached 12  
months of age (data not shown). As previously 

reported, the C-section delivered infants’ gut 
microbiota communities converge with that of 
vaginally delivered infants over time,6 the con-
verging metabolome also revealed an intense 
link between microbiota and fecal metabolites. 
Additionally, diet is an important factor affect-
ing the fecal metabolome, the converged meta-
bolites profiles at 12-month infants might also 
be driven by the introduction of solid food to 
their diet.23

Moreover, dynamics of acylcarnitines during the 
first year of life were also affected by delivery mode 
and diet. L-carnitine and short-chain acylcarnitines 
were augmented only in the C-section newborns, also 
supported by the increased catabolism of branch- 
chain amino acids such as valine and leucine 
(Figure 4a). Medium- and long-chain acylcarnitines 
(C10:0, C12:1, and C14:1) were increased at newborn 
age and remained high even at 4 months only in the 
vaginally born infants (Figure 4a, and Table S4-1), 
suggesting the potential influence of delivery mode 
on fatty acid oxidation.20 The accumulation of dicar-
boxylic fatty acids in the urine of C-section infants 
also supported the occurring of alternative fatty acid 
oxidation mechanisms.24 Vaginally delivered infants 
have different microbiota composition and function-
ality from C-section25 and therefore is expected to 
have different contribution to the gut metabolome. 
Our analysis further identified that in vaginally deliv-
ered babies strict anaerobic bacteria that originated 
from the mother gut microbiome, such as P. merdae 
and B. bifidum, were mostly negatively correlated 
with acylcarnitine metabolism, while B. animalis, 
C. perfringens, and Lactobacillus salivarius were posi-
tively associated with the acylcarnitine metabolism of 
C-section born infants (Figure 5a, and Table S5-1). 
Breastfeeding changes the gut microbiota in 
C-section infants to composition similar to vaginally 
born infants, by enriching the abundance of 
Bifidobacterium species.26 Here, we observed that 
during the neonatal period the short-chain acylcarni-
tines were low in the feces of C-section delivered 
infants when breastfed, but formula feeding, even 
combined with breast milk, increased the levels of 
short-chain acylcarnitines (Figure S4, and Table S4- 
3). Feeding with formula milk promotes the abun-
dance of species such as C. perfringens,27,28 which 
strongly correlated with the increased levels of short- 
chain acylcarnitines (Figure 5a, and Table S5-1).
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Figure 3. Networks of interactions between the gut microbiota and fecal metabolites in the NB group, 4 M group and 12 M group at 
the species level. (a) NB group, (b) 4 M group and (c) 12 M group. The size of the microbial node indicates the relative abundance of 
the bacteria.
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Figure 4. Effects of delivery mode and feeding on infant fecal metabolism and gut microbiota, and the association of short-chain 
acylcarnitines at birth with infant growth. (a) Heatmap of variation in fecal metabolites in the NB, 4 M and 12 M groups based on 
delivery mode. The ratio of the relative content of each metabolite between the different groups was calculated and converted 
logarithmically to make a heatmap. Asterisks (*) indicate metabolites with |Log2 FC| > 1.0 and FDR < 0.05. (b) Impact of feeding on the 
variations in acylcarnitines, bile acids and tryptophan metabolites with age in vaginal infants. (c) Heatmap of the Spearman correlation 
coefficients between acylcarnitines at birth and infant weight gain during the first year of life. Asterisks (*) indicate a significant 
correlation (p < 0.05). (d) Boxplots of the correlation between shorth-chain acylcarnitines and infant growth from birth to 12 months 
old (*p < 0.05). (e) Discriminative bacteria based on delivery mode in the Chinese and Swedish cohorts. (f) Discriminative bacteria 
based on levels of short-chain acylcarnitines. Data are represented as mean ± SEM. Short-chain acylcarnitines were tertiled based on 
the relative abundance, separately. T1 indicates the lowest tertile and T3 indicates the highest tertile (*p < 0.05 and LDA score 
above 2).
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Short-chain acylcarnitines at birth promote rapid 
infant growth
Previous research has shown that carnitine concen-
tration strongly depends on neonate birth weight.12 

Here, we analyzed if the levels of acylcarnitines at 

birth might affect infant growth in the first year of 
life. Infants were grouped based on weight calcu-
lated by variation of standard deviation (SD) score 
of weight from birth to 12-month-old (slow, nor-
mal, and rapid). Results showed that higher levels 

Figure 5. Maturation of the microbe-metabolome interaction in the NB, 4 M and 12 M groups based on delivery mode. (a) Acylcarnitines, 
(b) bile acids, (c) amino acids and tryptophan metabolites. Associations of other amino acids and derivatives with gut microbiota based on 
delivery mode are shown in Figure S6a. The size of the microbial node indicates the relative abundance of the bacteria.
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of L-carnitine and short-chain acylcarnitines 
were all positively associated with rapid growth 
of infants in the first year of life (Figure 4c,d). 
Bacteroides vulgatus and P. merdae were acylcar-
nitines-related species (Figure 3a, and Table S3- 
1), and they have been reported as lean micro-
biota that rescues the metabolic phenotype and 
obesity development.29 Consistently, in our 
study those species were key microbes of the 
vaginal microbiome and highly abundant in 
infants with low levels of short-chain acylcarni-
tines (Figure 4e,f). Lactobacillus salivarius, a key 
member of the C-section microbiome and asso-
ciated with the short-chain acylcarnitines meta-
bolism, was highly abundant in the high tertile 
groups of all short-chain acylcarnitines 
(Figure 4e,f). Moreover, all high short-chain 
acylcarnitine groups were dominated by 
C-section newborns, while low short-chain acyl-
carnitine groups were mostly comprised of vagi-
nal newborns (Table S6). Here, we hypothesize 
that the gut microbiota might be important in 
neonatal gut acylcarnitines metabolism and the 
related long-term impact on infant growth, but 
this need to be additionally experimental 
validated.

Bile acids

The gut microbiota is a key modulator of bile 
acid metabolism by promoting chemical modifi-
cations of primary bile acids in the gut and thus 
affecting the chemical diversity of bile acids.30 

The complex crosstalk between the gut micro-
biota and bile acids determines host health,31 

and might have a significant impact on host 
wellbeing since infancy, but the latter is still 
poorly described.

Bile acids of the infant metabolome
Newborn babies had high presence of conjugated 
bile acids in feces, including glycocholic acid 
(GCA), taurocholic acid (TCA) and glycocheno-
deoxycholic acid (GCDCA) (Figure 2c), in agree-
ment with previous report where conjugated bile 
acids became abundant immediate after birth.32 

Another feature of the newborn metabolome was 
high levels of secondary conjugated sulfated bile 
acids, such as glycoursodeoxycholic acid 3-sulfate 

(GUDCS) and glycolithocholic acid 3-sulfate 
(GLCS), which originated from the secondary bile 
acids ursodeoxycholic acid (UDCA) and litho-
cholic acid (LCA), the bile acids which were exclu-
sively abundant in the mothers’ metabolome 
(Figure 2c, and Table S7). Furthermore, we 
detected presence of keto-bile acids in the 12- 
month infant fecal metabolome, such as 7-keto-
deoxycholic acid (Figure 2c).

The mature microbiome drives bile acid succession
At neonate age, there was an extensive link between 
the microbiome and conjugated primary bile acids 
(Figure 3a, and Table S3-1). Microbes from the gut 
that possess bile salt hydrolase (BSH) activity are 
involved in the deconjugation of conjugated pri-
mary bile acids.31 Species, such as B. animalis, 
B. bifidum, L. salivarius, C. perfringens, 
B. vulgatus, and P. merdae, are known to have 
multiple BSH and thus be involved in the primary 
bile acids deconjugation.33–37 We identified in our 
analysis that those species were negatively asso-
ciated with conjugated primary bile acids 
(Figure 3a, and Table S3-1), suggesting that for 
the deconjugation of primary bile acids more com-
plex microbial community is required,32 and thus 
the functional repertoire of the neonatal gut micro-
biome was still limited. With age, the number of 
the interactions between the microbiome and the 
secondary bile acid metabolism increased 
(Figure 3a-c, and Table S3-1, Table S3-2, Table S3- 
3). With the maturation of the microbiome, the 
increasing level of 7-ketodeoxycholic acid suggest 
that the mature microbiome is needed to enhance 
the microbial biotransformation of bile acids in the 
large intestine. Species such as B. vulgatus, 
P. merdae and Ruminococcus bicirculans, particu-
larly at 12 months of age, positively correlated with 
the levels of iso-DCA (7-ketodeoxycholic acid) 
(Figure 3c, and Table S3-3), which further con-
firmed the involvement of the gut microbiota in 
the maturation of bile acid metabolism.32,38

Effect of delivery mode and diet on bile acids 
maturation
The C-section delivery strongly affected the 
infant’s bile acids maturation. Indeed, in the 
first year of life, C-section delivered babies showed 
less variations in the fecal bile acid concentration 
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when compared to the vaginally born infants 
(Figure 4a, and Table S4-1). Additionally, contin-
uous breastfeeding of vaginally delivered infants 
not only increased the bile acid diversity at birth 
but also augmented secondary bile acids at 12  
months of age (Figure 4b, and Table S4-2). In 
comparison, the vaginal microbiome at 12 months 
of age was highly interacted with the epimerization 
and sulfonation of bile acids, represented by species 
such as C. difficile (Figure 5b, and Table S5-2).

Amino acids

Amino acids are an essential component of infant 
nutrition, and their content in breast milk is opti-
mal for supporting healthy neonate growth during 
the first months of life.39 Amino acids and peptides 
were identified as the most diverse cluster of fecal 
metabolites measured in our cohort (Figure 2d, and 
Table S7).

The age-specific characteristics of amino acids
The sulfur amino acid cystine was the only amino 
acid abundant in the neonatal metabolome and 
depleted in the 12-month and the mother groups 
(Figure 2d and Figure S2b), in agreement with the 
previous report where variations in cystine content 
occur during lactation.40 Tryptophan catabolites 
including indolelactic acid, indole-3-carbinol, 
indole-3-propionic acid, indoleacetic acid and 
tryptamine were abundant in the metabolome at 
12 months (Figure 2d), but at lower levels than 
mothers (Figure S2b), and they are all well- 
recognized contributors to intestinal 
homeostasis.41 Finally, we observed that the diver-
sity of amino acids and peptides in the infant 
metabolome increased greatly with age in the 
first year of life, including enrichment of acetylated 
amino acids and dipeptides in the 4-month and 12- 
month metabolomes (Figure 2d).

Crosstalk of infant gut microbiota and amino acids 
metabolism
Microbiome-metabolome data showed a positive 
association between B. bifidum and indolelactic 
acid (Table S3–3), in agreement with a previous 
observation where breast milk promoted 
Bifidobacterium-enhanced tryptophan catabolism 
in nursing infants.42 Tryptamine was positively 

correlated with Clostridioides difficile and 
Clostridium butyricum (Table S3–3), supporting 
by the idea that clostridia species was required for 
tryptamine production.41,43 Amino acid derivatives 
presented the least associations with the gut micro-
biota in early life, but the number and complexity 
of those associations increased with age (Mann– 
Whitney U-test, p < 0.01) (Figure 3a-c, and Table 
S3-1, Table S3-2, Table S3-3). This is probably 
driven by the changes in the infant diet, as intro-
duction of high-protein solid foods promotes the 
colonization of the infant’s gut with protein- 
utilizing bacteria. For instance, Lactobacillus spe-
cies were the main bacteria associated with mono-
meric amino acids and acetylated amino acids at 
12 months of age (Figure 3c, and Table S3-3), and 
this association was also supported by the positive 
correlation between Lactobacillus mucosae and 
N-acetylputrescine (Table S3-3),44 a breakdown 
product of amino acid. This is in agreement with 
the observation that Lactobacillus species can easily 
grow in media with free amino acids or peptides as 
sole nitrogen sources45 and on genomic level the 
most abundant genes in Lactobacillus species are 
those related to amino acid transport and 
metabolism.46 In addition to cereals, supplementa-
tion with meat, fish or egg yolk in the diet may 
facilitate colonization by Ruminococcaceae in the 
infant gut.47 Consistent with this, we identified 
numerous interactions between R. bicirculans and 
multiple amino acids, especially with acetylated 
amino acids at 12 months of age (Figure 3c, and 
Table S3-3).

Effect of delivery mode and diet on amino acids 
metabolism
Breastfeeding promotes the increased microbial 
synthesis of cysteine,48 and interestingly, micro-
biome-metabolome analysis suggested a strong posi-
tive interaction between cystine and S. salivarius 
(Table S3-1). The last is a common member of the 
breast milk microbiome shown to contain and 
express metabolic pathways for cysteine biosynthesis 
during colonization in gnotobiotic piglets.49 Also, 
we found that breast milk exposure modulated tryp-
tophan metabolism during the first year of life. 
While kynurenine and serotonin metabolites, essen-
tial for the development of the neonatal neuroim-
mune system,50 were abundant at neonatal age in the 
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vaginally breastfed infants and positively correlated 
to microbes such as B. bifidum, B. vulgatus, and 
P. merdae (Figures 4b, 5c, and Table S4-2, Table S5- 
3). Tryptamine and metabolites related to the direct 
conversions of tryptophan degradation increased 
with the maturation of the microbiome of the vagin-
ally delivered infants and were associated with bac-
teria such as R. bicirculans (Figure 5c, and Table S5– 
3). In addition, the neurotransmitter as gamma- 
aminobutyric acid (GABA) was increased in 
C-section infants from 4 months of age and 
N-acetylputrescine, a precursor of the GABA, was 
exclusively elevated in the vaginally born infants 
since the first week of life (Figure 4a, and Table S4- 
1), suggesting the importance of the vaginal neonatal 
metabolome and microbiome in brain development 
since early life.51

Other basal metabolites

Dynamics of other basal metabolites during the 
first year of life
Carbohydrates are significant fraction in breast 
milk.13 After continuous breastfeeding since birth, 
the majority of the detected sugars had the highest 
levels in the metabolome at 4 months of age (Figure 
S2c and Figure S5a). As expected, human milk oli-
gosaccharides (HMOs), such as N-acetylneuraminic 
acid (e.g., sialic acid) and maltose, were most abun-
dant in the 4-month metabolome (Figure S5a). 
Uridine that activates innate immune response,52 

was the only nucleoside strongly abundant from 
the first week of life (Figure S2d and Figure S5b). 
Vitamin B complexes, including riboflavin, nicotinic 
acid and pantothenic acid, were all abundant at 12  
months of age and presented at even higher levels in 
the mother’s metabolome (Figure S2e and Figure 
S5c). Additionally, xenobiotics that are well-known 
metabolites of the adult-type microbiota, namely, 
ferulate, 2-piperidinone, p-cresol sulfate, caffeic 
acid and isonicotinic acid, were highly abundant in 
the metabolome at 12 months of age (Figure S5d). 
Interestingly, paraxanthine, the primary metabolite 
of caffeine that can reflect coffee intake,53 was 
increased in the metabolome at 4 months of age 
(Figure S2f and Figure S5d), suggesting possible 

transfer of this metabolite through breast milk 
from the mother.

The age-specific association between gut bacteria and 
other basal metabolites. Metabolome-microbiome 
analysis showed that bacteria involved in HMO 
metabolism, such as B. bifidum, B. animalis, and 
Rothia mucilaginosa,54,55 were sugar-associated 
bacteria in the newborn and 4-month groups 
(Figure 3a, b, and Table S3-1, Table S3-2). 
Many of those interactions also showed the 
highest correlation coefficients also at 4 months 
of age (Table S3-1, Table S3-2 and Table S3-3). 
The presence of clostridia species, such as 
R. bicirculans, in the infants microbiome at age 
of 12 months correlated to the production of 
riboflavin, nicotinic acid and pantothenic acid 
(Figure 3c, and Table S3-3), which is in agree-
ment with a recent data that clostridia was able 
to produce vitamin B complex.56 Moreover, 
more species were involved in vitamin and 
xenobiotic metabolism with age, exclusively in 
the vaginally born ones (Figure 4a, Figure S6b-c, 
and Table S4-1, Table S5-4, Table S5-5).

Conclusions

Our data showed that lipid metabolism is critical in 
the newborn gut due to the limited intake of nutri-
ents and the increasing energy requirements for the 
newborn growth and development. Furthermore, 
we showed the importance of the delivery mode- 
and diet-driven microbiome in lipid metabolism 
and propose certain species that could protect 
against early life metabolic disorders. Altogether, 
the maturation of the fecal metabolome is related 
to the energy metabolism migration in the infant 
gut during the first year of life, driven by the diet 
and the gut microbiota, an important player in the 
adaption of nutrient conversion. The integration of 
the microbiome and metabolomics data provides 
new perspectives to better understand the link 
between the gut microbiota and its metabolites 
during infant growth and development, as well as 
a theoretical basis for future nutritional assessment 
and disease treatment of infants.
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Materials and methods

Participants and sample collection

A total of 152 mothers and infants were recruited 
for the study between May 2018 and 
September 2019 in China. Inclusion criteria 
were no chronic disease of mothers (e.g., hyper-
tension and cardiovascular disease), a gestational 
age between 37 and 42 weeks, and healthy infants 
without prematurity or genetic disease. Infant 
feces were collected in the first days after birth 
(NB group), at 4 months (4 M group) and 12  
months (12 M group) of age. Mothers’ fecal sam-
ples were collected within 10 days after delivery 
(mother group). Among the newborns, 35% of 
them were breastfeeding. By 4 months, the rate 
of exclusive breastfeeding increased to 75%. In 
China, most of the newborns are fed with both 
breast milk and formula in the first few days after 
delivery. Even if not recommended by the pedia-
tricians, the mothers provide both, breast milk 
and formula, as they consider that the amount 
of breast milk is not enough for their babies at 
that period. Therefore, exclusive breastfeeding 
rate among newborns is low. However, as the 
amount of breast milk gradually increases with 
lactation, the rate of exclusive breastfeeding 
increases, and a considerable number of mothers 
switch to exclusive breast milk feeding of their 
babies. That’s why more infants were breastfeed-
ing at 4 months of age compared with the new-
borns. Fresh fecal samples were stored at 4°C 
(maximum 24 h) and transferred to −80°C for 
long-term storage until further analysis. General 
information on infants and mothers, including 
feeding patterns, delivery mode and medication, 
was recorded in questionnaires. The study was 
approved by the Ethics Committee of the First 
Affiliated Hospital of Zhengzhou University. 
Written informed consent was obtained from all 
the mothers.

Raw sequencing data representing the fecal 
microbiota of infants from the Swedish cohort 
with complete series at NB, 4 M, and 12 M were 
obtained after matching the proportion of vagin-
ally delivered infants.6 In total, sequencing data 
from 530 samples, collected longitudinally to 
study the development of the gut microbiota in 
a Swedish cohort, were included in the analysis 

(NB group: n = 158; 4 M group: n = 135; 12 M 
group: n = 129; Mother group: n = 108). Similar 
to the Chinese cohort, the rates of vaginal deliv-
ery in the different age groups of Swedish infants 
were 68% (NB group), 81% (4 M group) and 86% 
(12 M group). The fecal samples from the 
Chinese cohort were collected, prepared for 
sequencing and sequenced with the same proto-
col as the Swedish cohort. Unsupervised cluster-
ing was conducted to check the batch effect, and 
the results showed that no batch effect between 
the two cohorts (Figure S7).

The weight standard deviation (SD) scores of the 
newborns from the Chinese cohort were calculated 
according to the Chinese newborn references, 
adjusting for gestational age and sex.57 The weight 
SD scores of the 4-month and 12-month infants 
were calculate with the Chinese child growth refer-
ence, correcting for sex and age.58 To evaluate the 
relations between short-chain acylcarnitines and 
the infant growth from birth to 12-month-old, 
variations in SD scores during the first year of life 
were calculated (scores at old age minus scores at 
young age). An increase in SD score greater than 
0.67 was grouped as rapid growth, and a reduce in 
SD scores for weight by more than 0.67 suggested 
slow growth.59

DNA extraction and sequencing

Genomic DNA was isolated from 130 to 150 mg of 
fecal samples using a previously described method 
with slight modifications on the PCR system.6 In 
our study, the V4 region of the 16S rRNA gene was 
amplified in a 25 µL volume containing Phusion 
High-Fidelity PCR Master Mix with HF Buffer 
(Thermo Scientific, F-531 L), 200 nM of each pri-
mer, and 20 ng of genomic DNA. The amplified V4 
region of the 16S rRNA gene was then subjected to 
250-bp paired-end sequencing on an Illumina 
MiSeq instrument (RTA version 1.18.54, MSC ver-
sion 2.4, Illumina, San Diego, CA, USA) with the 
V2 MiSeq SBS kit (Illumina, MS-102-2003).

Preprocessing of the 16S rRNA gene

After removing samples with fewer than 1,000 
reads (two samples from the 12 M group and one 
sample from the mother group were excluded), we 
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obtained a total of 21,691,557 high-quality reads, 
with an average of 55,619 ± 29,921 sequences/sam-
ple (mean ± SD; range 2,208 to 357,251) in the 
Chinese cohort. Raw sequencing data were ana-
lyzed using Quantitative Insights into Microbial 
Ecology 2 (QIIME 2) software V 2021.2.60 

Demultiplexed fastq files were first imported into 
QIIME2 using the manifest importing tool. The 
paired-end reads were then quality filtered, paired- 
end merged and chimera filtered using DADA2.61 

To correct for differences in sequencing depth 
between the two cohorts, samples were subsampled 
to the same number of reads (2208 reads). The 
“core-metrics-phylogenetic” methods were applied 
for downstream diversity analysis (α- and β- 
diversity indexes). The biodiversity of the samples 
(α-diversity) was calculated using the faith phylo-
genetic diversity. The similarity between samples 
(β-diversity) was calculated by unweighted 
UniFrac distance and represented with the 
emperor in a three-dimensional principal coordi-
nate analysis (PCoA). Unique amplicon sequence 
variants (ASVs) were assigned a taxonomy and 
aligned to the SILVA database v 138_99 at 99% 
similarity. The taxonomic composition table was 
exported at the phylum, genus and the species 
levels, with the relative abundance of taxa summed 
to 1.

LC-MS based nontargeted metabolomics analysis

Approximately 50 mg of fecal sample was mixed 
with 1 mL of methanol/water (1:1, v/v) solvent 
containing internal standards (ISs, Table S8) in an 
Eppendorf tube and then homogenized twice (30  
Hz, 1 min) in a frozen mixed ball grinding machine 
(MM400, Retsch Technology, Han, Germany). 
Then, the mixture was centrifuged at 10,000 
×g and 4°C for 10 min. Finally, 800 μL of the super-
natant was transferred to a new Eppendorf tube for 
lyophilization. The freeze-dried sample was recon-
stituted with 300 μL of acetonitrile/water (1:3, v/v) 
on a vortex mixer for 30 sec, and the mixture was 
centrifuged at 10,000 ×g and 4°C for 10 min. The 
supernatant was filtered through a 0.22-μm filter 
membrane and then used for analysis. A pooled 
quality control (QC) sample was prepared by mix-
ing equal volumes of the supernatants of all sam-
ples to evaluate data quality.

Metabolomics analysis was performed on an 
ultra-performance liquid chromatography (UPLC, 
Waters, Milford, MA, USA)-Q Exactive HF MS 
(Thermo Fisher Scientific, Rockford, IL, USA) sys-
tem using an ACQUITY UPLC BEH C8 column 
(Waters, 100 mm × 2.1 mm, 1.7 μm) in both posi-
tive and negative ion modes. The mobile phases 
were water with 0.1% formic acid solution (A 
phase) and acetonitrile with 0.1% formic acid solu-
tion (B phase) in both positive and negative ion 
modes. The column temperature was set at 50°C, 
and the elution flow rate was set at 0.35 mL/min. In 
the positive ion mode, the gradient started at 5% B, 
holding for 1 min, followed by a linear increase to 
55% B within 14 min, arriving at 100% B at 15 min 
and holding for 3 min, and finally returning to 5% 
B and holding for 2 min for post-equilibration. In 
the negative ion mode, the gradient started at 2% B, 
holding for 1 min, followed by a linear increase to 
72% B within 13 min, arriving at 100% B at 14 min 
and holding for 3 min, and finally returning to 5% 
B and holding for 3 min for post-equilibration. The 
MS conditions were well described in the previous 
research.62

Metabolite identification and data preprocessing

Metabolite identification was conducted by com-
bining the OSI-SMMS database63 and the 
Massbank of North America (MONA) database 
(https://mona.fiehnlab.ucdavis.edu/) to examine 
the accurate mass, retention time and MS/MS frag-
ments. Raw data were imported to TraceFinder 
(version 3.2, Thermo Fisher Scientific, Rockford, 
IL, USA) for peak extraction to generate a peak list 
with the m/z, retention time and peak area of the 
identified metabolites in each sample.

Metabolites in QC samples were used to evaluate 
the quality of the metabolomic data. Peak area of 
metabolites in QC samples were calibrated with the 
ISs that has the similar chemical properties with the 
metabolites, and the relative standard deviation 
(RSD) value after calibration was calculated. 
Ninety-four percent of the metabolites had the 
RSD value less than 30%, and were included in 
the following analysis. In analytical samples, meta-
bolites detected in more than half of samples in any 
of the four groups were included in the following 
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analysis, and a minimum value was assigned for 
undetected metabolites. A total of 152 metabolites 
were included with the following analysis, includ-
ing 40 lipids, 68 amino acids and peptides, 10 
sugars and energy metabolites, 13 nucleotides, 3 
vitamins and 18 xenobiotics (Table S7), with 118 
metabolites detected in all groups. Prior to follow- 
up analysis, the original peak area of the metabo-
lites in analytical samples was corrected with the 
same IS as QC samples. Finally, sample weight was 
corrected for each sample.

Statistical analysis

All the boxplots, pie charts, bar plots, and heatmaps 
were constructed in GraphPad Prism 9.0 
(GraphPad Software Inc., USA). The Mann– 
Whitney U-test was applied for difference analysis. 
The false discover rate (FDR) was controlled by the 
Benjamini–Hochberg method and a corrected 
p value < 0.05 was considered as statistically 
significant.

Discriminative bacteria were identified by 
LefSe, with linear discriminant analysis (LDA) 
score above 2.0.64

PLS-DA of the fecal metabolome was per-
formed by SIMCA (version 14.1, Umetrics AB, 
Umea, Sweden). The permutation test was used 
to check if the model was overfitted. The bubble 
matrix was plotted by an online platform (http:// 
www.bioinformatics.com.cn). Levels of the meta-
bolites were compared based on the logarithmic 
ratio of relative contents and the significantly dif-
ferent metabolites were defined in terms of 
a combination of the fold change (FC) and the 
FDR (|Log2 FC| > 1.0 and FDR < 0.05).

To explore the crosstalk of the gut microbiota 
and fecal metabolites, the Spearman correlation 
coefficient (r) between microbial taxa and the 
fecal metabolites was calculated, and significant 
correlations (|r| > 0.2 and p < 0.05) were visualized 
in Cytoscape (version 3.7.1). Microbes with 
a relative abundance >1% or microbiota with 
a relative abundance >0.1% and prevalence >10% 
at the species level and metabolites with 
a detection rate above 50% in the corresponding 
group were included. In summary, a total of 223, 
229, 394 significant associations of bacteria and 

fecal metabolites were observed in the NB, 4 M, 
and 12 M groups, respectively.
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