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Comparison of gut microbiome and metabolome characteristics
in preterm and full-term infants under different feeding modes

YIN Jiaqi'*, WANG Shuang®, LIU Jiaqi', DING Lina', ZOU Jing', LIU Junwen', JIN Yao', LI Ping',
GU Qing"", HAN Jiarun"’

1 Zhejiang Key Laboratory of Food Microbiology and Nutritional Health, School of Food Science and Biotechnology,
Zhejiang Gongshang University, Hangzhou, Zhejiang, China
2 Shenyang Woman’s and Children’s Hospital, Shenyang, Liaoning, China

Abstract: Early life is a critical window for the establishment of the infant gut microbiome and the
shaping of its metabolic functions, and gestational age and feeding mode are considered key
determinants of this process. [Objective] To compare the fecal gut microbiome and metabolome
between preterm and full-term infants under breastfeeding and non-breastfeeding conditions, thus
exploring the effects of feeding mode and gestational age on early-life gut microbial ecology and
metabolic features.[Methods] Infants were assigned into four groups: breastfeeding preterm infants
(BPI), non-breastfeeding preterm infants (NBPI), breastfeeding full-term infants (BTI), and non-
breastfeeding full-term infants (NBTI), with 10 infants per group. The 16S rRNA gene sequencing
and untargeted metabolomics analysis were performed. Alpha/beta diversity analyses, differential
abundance testing, and linear discriminant analysis effect size (LEfSe) were performed to identify
key microbial taxa. Partial least squares-discriminant analysis (PLS-DA), volcano plots, and KEGG
pathway enrichment were employed to determine differential metabolites and functional pathways,
followed by microbiome-metabolite association network analysis. [Results] The 16S rRNA gene
sequencing showed that the gut microbiome in the BTI group was dominated by Actinomycetota,
Bifidobacterium (45.98%), and Bifidobacterium breve, forming a typical “breastfeeding-type”
structure. The BPI group showed enrichment of Pseudomonadota and Streptococcus, with
attenuated dominance of Bifidobacterium. Among non-breastfed infants, the NBTI group was
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dominated by Enterococcus (59.20%), whereas the NBPI group showed a fluctuating gut
microbiome. Untargeted metabolomics further revealed functional differences consistent with these
compositional patterns. KEGG enrichment indicated that differential metabolites were mainly
involved in amino acid metabolism, lipid metabolism, bile acid-related pathways, and carbohydrate
digestion and absorption. At the level of key metabolites, the BPI group showed significant
enrichment of metabolites related to antioxidant and immune support, such as glutathione and
vitamin D sulfate conjugates; the BTI group enriched long-chain polyunsaturated fatty acids and
indole-derived metabolites; and non-breastfeeding groups generally exhibited accumulation of
fermentable carbohydrates and specific bile acid derivatives. Correlation analysis confirmed a
strong positive association between Bifidobacterium and indole-related metabolite outputs in
breastfeeding groups, whereas microbiome - metabolite networks were looser in non-breastfeeding
groups. [Conclusion] Both gestational age and feeding mode are related to differences in the early
gut microbiome structure and related metabolic characteristics of infants, with the association
between feeding mode and metabolic profile differences being more prominent. Gestational age
may affect the establishment pattern of dominant microbial taxa in the context of breastfeeding. As
a pioneering exploratory study, this study preliminarily reveals the specificity of gut microbiome
structure and functional metabolism in different populations of infants, providing a basis for
subsequent prospective cohort validation, mechanism research, and early nutritional intervention
optimization.

Keywords: gestational age; feeding mode; infant; gut microbiome; metabolome; microbiome-
metabolome association
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Hrr, HMOs #%I\ hy S22 98 38 B 1 OG5 43
FzZ—, "{Eg B HMO FIFHRE 71004 XU
FFE (4N B. longum subsp. infantis) & 58 - 1 5% H
RughiddE, MigmzLR . RS K™Y
WK i e fa s MLz R, BOh U R A
g AR LR L, (H R K OR R RN EC T 4
4 2 S AT 2 L 3 TR A B B AL, SR
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BPI) (29 -36 J&). 7 dE B 3L MR 5% 4H (non-
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J& H +:FL W 3% 4 (breastfeeding full-term infants,
BTI) (37 -42 J&) A1 & J] 9F £ 51 W 5% 4 (non-
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RGN . APFERARR LA 1, %T
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JIT A SR AR AR A P FRE D 2L AR R 5 3-7 K
i P HEAE . B LHEE R /S PRI SR 4R IR ¥

Infant fecal sample collection

== Preterm infants Nl -8

Preterm infants n=10
breastfed

Full-term infants n=10
breastfed

<37
weeks
Preterm infants n=10
not breastfed
=37
weeks

Full-term infants n=10
not breastfed

Fecal sample collection steps:

1. Collect sample

R [ =

Bl AARATIRIZE
Figure 1

2. Transfer to tube __

3. Perform 16S and
metabolomics sequencing

Flow chart of the study cohort. Based on gestational age at birth and feeding pattern, participants were

divided into four groups: breastfeeding preterm infants (BPI) (29-36 weeks), non-breastfeeding preterm infants
(NBPI) (29-36 weeks), breastfeeding full-term infants (BTI) (37 -42 weeks), and non-breastfeeding full-term

infants (NBTI) (37-42 weeks). Fresh fecal samples from newborns were collected for subsequent microbiome

and metabolome analysis.
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o 2K ACE. Chaol., Shannon, Simpson

BRI IS F e SN, p 2k
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40 °C, Wi 0.4 mL/min, #EFERE 3 pl. Fii% R
HH HE 5% 55 5 1 5 (electrospray ionization, ESI)7E
IE, BRI REERDE, AAEASEILE 1,
153 RIGHIBELERKEHIEE
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% H GraphPad Prism 9, IBM SPSS Statistics 26
ERAF TG o AR E AT . o ZREMESR
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()52 BAE BT iTAL 251 B ZFEME S H R H
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Spearman FH G4 5 ir 1% P {Ei#17 FDR & IE,
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Table 1 Mass spectrometry conditions
Project Parameters
Auxiliary airflow rate/psi 13
Sheath gas flow rate/psi 50
Capillary temperature/°C 325
Auxiliary gas heating temperature/°C 425
Positive mode ion spray voltage/V 3500
Negative mode ion spray voltage/V -3500
Normalized collision energy/V Cyclic collision energy (20-40-60 V)
Primary MS resolution 60 000
Secondary MS resolution 7 500
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Figure 2 Inter-group comparison of gut microbiota diversity in infants. A—F: Represent the Venn diagram, beta

diversity, ACE index, Chaol index, Simpson index, and Shannon index, respectively. The significance marker is

* (P<0.05).
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inside out]; B: Bar graph of LDA effect sizes for LEfSe differential microbiota, showing the key taxa
significantly enriched in each group and their discriminatory power (LDA>4.0, P<0.05).

£, ULEH I A REFUE SR T b) dE Sy Ak — 2k | FERFLM SRS, B LT BE N B 1B B s
ARG KR B ESERS AT A SR, 2T, S0 RS JE T 5 PN FA SE Y 8 B R
BPI 4 & 4 2| £ Burkholderiaceae, X 3% RJf# Ah, NBTI Z1LL g Enterococcus #4128 ¥t

P4 actamicro@im.ac.cn, 7 010-64807516



BRE F | UEYEER, 2026, 66(8)

3937

BN EERE, PERIEREFLR SR ST WA
W SRR SR AAAAE U 22 5 . Bk
F, LEfSe Z5HESE T ARG E SEFr X4 &
FF T 2L 8 R A AN R A SRR A
Koo BEFLMRFRAE LT 25 5 7 LA AU FF
PR OAZ R REZLRLAE S TR L X —FEfE
AR5 o AR REFLMESR ST, HETE AT 6E S i
] ZEARAT T S BR A R A S . X R
AT R i 2 45 A A QT 20 25080 A Ay AN T) 400 1Y) T
LA 5 A R DG PR e A i) o
23 A EREESRAFH A E)LAE K
M LSINEE TR

R T LSRR ) i AR D) RE AR AR S
g2, ARWFFE5r 55T KEGG . HMDB #
LIPID MAPS %iifsi %o 48 52 2 i A GHH  dE A i e
54198, KEGG UIREEREAS AR W (& 54), A
AFF 90 45 5 B A ARG AT S 22 22 A i 2 90
Hrp DI} (metabolism) A S iE g Fe M 28, 3
B a5 4 A ¥ (global and overview maps)
K AL & P4} (carbohydrate metabolism), 233k
2 1%} (amino acid metabolism). g 5 ft i (lipid
metabolism) LA & i + 5 4 £ KA
(metabolism of cofactors and vitamins)Z§ . [A]Hf
AR BB B fF B Ab PR (environmental
information processing). % 1% {5 B Il T. (genetic
information processing). ‘£ ¥ {A& Z 4t (organismal
systems) S A\ 2% (human diseases) =5 AH X [,
RO B LR AR IE E 2 S g . LR AN
WK AA Py A B AR R AR OC . HMDB fh2
SRR (K SB), LBy 8T
12 AR, Hp g2 K IEFESr T (lipids and lipid-
like molecules) 5 A L g M H 1i7 4 ¥ (organic
acids and derivatives) T (5 He il iy, HAOR AL
7 1 1k A W) (organoheterocyclic compounds)., A
ML 8 AL 5 W (organic oxygen compounds)Z, iX
Pl BRI PLIR £ F B R AT 6
A RE RS MY AE S EARRE., ©F

g R, B LZEE v rY B BURAAE AT RE S5 R/
Be LA AR B4 | A D R W B AR R A &
(A T 3t A A SEPT i A AL R S H A A i )
AT RE [ Bz e g S AR A 5 1 28 Al A P b R
VI R WAL LIPID MAPS 11 B4h ik —4
R (] 50), B ILZEME g 5T LS 7 9 25 (fatty
acyls) 3, HHA G M 285 W) (fatty acids and
conjugates, FAOL) ¥ it fx 22 . A1, [ B A 25
(sterol lipids) W LA 2& [# BE 2 & ¥ (steroid
conjugates, ST05) 5 JIH it 2 & 117 4E ) (bile acids
and derivatives, ST04)3 AR, FHK H —E %L
i ) H 71 % A5 (glycerophospholipids) A ¢ WV 2
IXEgE RN, B S BUREE E 8 AT
REWTIR AR P/ [ s S RSEmE A AH G oo WFSE
T, RN PR EE K 5 AN T R B R e N i N i
BRI R MR RCR P BB P 2R, Hi2E ] ot
RIS HE L5 5 WO R B AR AP R R s A2 1k
W] i 5 i 18 R IR RR e Ak e T . s i bR
B 5 SR RS 2 IR 2P s H Il s e AR fk
5 R R A S R IE A DGR B T AT A
S, e R R R JE S AR 4 4
FEA Z 8] 1 22 S AR ) SO 22 S R T i) ¢
AR AR AL T R S ML T ) .
24 A ERBERAARNEZILBEES
KRR EE T

BT 2 m G AR AR LR 4 HAEA AR
WS 2 AT XA ry R 22 7 . i 6 s, 7E
4 HFEMEP I LT, FEARTES B ES T
[) 7 BE 19 70 B o (e IR % T (NBPI vs. BPI,
NBTI vs. BTI), A[RIMEFETr 22 2z [A] 2R3 1 4
WA o B Ea, PC1 B RE T2 19.67%
il 11.49% (97852, HBRLA L (R YR
Ui I MR 07 AT g 5 AR AR 22 5 285 UTAH G .
1EAH [A] M #5757 2R (BTI vs. BPI, NBTI vs. NBPI),
It H R B FLME 35 4H (NBTI vs. NBPD)#) PC1 fi#
BT 2E AR (11.47%), $&7m IRIE 152 m 7E R
REZLMESE S5 T T RB A XTI 55, 55 HA R &=

http://journals.im.ac.cn/actamicrocn



3938 YIN Jiaqi et al. | Acta Microbiologica Sinica, 2026, 66(8)

A :
Cellular processes KEGG pathway annotation
Cellular community-eukaryotes ]I
Cell growth and death 4
Environmental information processing
Signaling molecules and interaction 4
Signal transduction 4
Membrane transport I 3
Genetic information processing
[ranslation 8
Human diseases, .
Neurodegenerative diseases ml
Infectious diseases: Parasitic [
Infectious diseases: Bacterial [V
Immune diseases o -l
Endocrine and metabolic diseases !
Drug resistance; Antineoplastic ml
Cancers: Specific types K
Cancers: Overview 1 3
Metabolism ) )
Xenobiotics biodegradation and metabolism | 4
Nucleotide metabolism ) 7
Metabolism of terpenoids and polyketides ml
Metabolism of other amino acids I
Metabolism of cofactors and vitamins — ] 9
Lipid metabolism —— 4
Global and overview maps I — 8 5
Energy metabolism 2
Carbohydrate metabolism ) O
Biosynthesis of other secondary metabolites | M3
Amino acid metabolism - [§
Organismal systems
Sensory systém 2
Nervous system 4
Immune system |V
Excretory system ml
Endocrine system 5
Digestive system —20 . | .
0 20 40 60 80
Number of metabolites
B C . .
Fatty acyls (FA) Lipidmaps annotation
= 8xtygdcnmcd_(lily?ll;c/)\c(z:£l))ons (FA12) -34
& anol
HMDQ HMDB annotation Qetadecanoids A — .7
Organic polymers ml Fatty sloshols (FAOR) T
02 [
Organohalogen compounds B} Ef&};ﬁéﬂsﬁrﬁég Jugates (FAOL) —— 41
: e i 1
Alkaloids and derivatives -6 Docosamotds (EAD) -
Gl; hospholipids (GP
Hydrocarbons -6 Gl%ggghggghg_s?rlin_seg (G?)m) -l
g}yccmplﬁospl}:ou}osnolls ((GGPP({? ) -g
'cCrophospho; cerols |
Organosplﬁlr comp()l_mds -3 Glgceroghosghogt anolamines (GP02) | I 6
Nucleosides, nucleotides, - 14 Glycerophosphocholines (GPO1) 1
and analogues Glycerophosphates (GP10) 5
Organic nitrogen compounds LK Polyketides (PK)
. . Polyether antibiotics (PK09) ml
Phenylpropanoids and polyketides mmm 22 Phenolic lipids (PK15) [ &
. Flavonoids (PK12) 5
Organic oxygen compounds I 52 "
Btz Polpranis (05 -
SHZENoIES . — 63 IsogxPenoids (PRO1) I
— -
Organoheterocyclic compounds 122 Sterol h&xds (sT) )
Organic acids and derivatives | I ——T— 035 eI —="
Lipids and lipid-like molecules 347 glc%ré);iﬁéﬂlsuk’é‘%(%()gl(m -l 24
) ) ) ) ) ) . ) Bile acids and derivatives (ST04) —10 ) ) )
0 50 100 150 200 250 300 350 0 10 20 30 40
Number of metabolites Number of metabolites

E5 REIERESEER
Figure 5 Metabolite pathways and classification annotations. A: KEGG pathway annotations; B: HMDB
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Figure 6 Metabolomics PLS-DA and permutation test plot. A, C, E, G: PLS-DA score plot; B, D, F, H:

permutation test results.
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Figure 7

Differential metabolite volcano plots (A, C, E, G) and differential metabolite KEGG pathway

enrichment bubble plots (B, D, F, H). The plots show the distribution of differential metabolites for NBPI vs. BPI,
NBTI vs. BTI, BTI vs. BPI, and NBTI vs. NBPI, respectively.
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Figure 8 Differential metabolite matchstick plots. A: BPI vs. NBPI; B: BTI vs. NBTI; C: BTI vs. BPI; D: NBTI
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Figure 9 Heatmaps of microbial-differential metabolite correlation analysis across different groups. A: BPI; B:
NBPI; C: BTI; D: NBTI. The P-value was adjusted for FDR using the Benjamini-Hochberg method, and a
correlation of *P<0.05 was considered significant.

P4 actamicro@im.ac.cn, 7 010-64807516



BRE % | UEYER, 2026, 66(8)

3949

A RES 5 05 B FLIR AL UT 2 AhR 5558 2
S e ol — B0, IR, 2 mAE
FUPHTE S rp i 4G 0 55 HE KT 7T R 5 A
FHREEAHSG, REBEFLURY L2 5 G A
M Z B —E R R o AR, JEREFLIR SR
(Ju H NBTI) v 7] & 9 ik /K /58 5 AR 5G4y 7 5
Enterococcus . Streptococcus. Lactococcus A
J& Z RIS G0, F W Iy FLAH B K 5 A B
I I 3058 22 53 AT RE 52 i 288 {8 i VS ) Bk B8 AR AE
IR RN E T Wb T RE S A 4 AR USSR T
REPE IS, AN TR b 22 [] A VS 0 26 1l 22 5 ) g
M) 28 (e v P ARG 00 38 198 Btk K /SR A DG 0 B HL
Ja S E R AR, R R L SR AR
WS AT RBAE —E FR T L R A L T AR AR
YA Z 18] (22 5 . NBPI 5 NBTI 41 B R
A SERERT T 5% EHR
Staphylococcus .  Enterococcus . Rothia . Lactobacillus
Z AW R — & ARG 3, s IR Bl
JEPRAGER - AR My s b A ] B i I 0 22
S 55 AR AE AR b i B A e S Y I Ab,
WL B 3L 4H (BPI) H 48 b H IR A 2-T T iR
Enterococcus S5 Z B, $&nBEFLTE 5T H
Rt as 5 e M AR L T se kR 2 5 7
7 LI T 5T A AR E AT i . 5 253
PRI, AR T A B S B 12 22 T iy A
WRFR, MARIE IR R . 4555
A B /N 16S tRNA 5 K 76 D E )2 439
FABRAER A, AT PR - A 4
WG R G Se e B A 2 . 8 ) AR 4 2 S
HRESUERT ST A 2 R

3 Z®

AW FEAT Sy — TS 5 1 A W D 22 427 G
WRWESE . TEGE— 222 Jr AR T XA F R #e 5
WRIR T N A 26 F N 2Ll w5 Rk
PEAT TR RS AEfmE DT, 2 H AEEL
MR IR (BTI) B 5y S 57 LA R TR - SUBCAF IR % 22
RO Ry “REFLR R RERRAL, R A5 — Bk ;

IR RS 2B U X — R, 7 R FLIR IR
(BPD)Z BUEAT B #0iss , AR ] 5 Bk
& K- T o AR REFLMR SR AR S 7[R 194
PRMEE, EHANBTHL G ERF )R A £, =
£ (NBPI) U 5% 8 5 5 ) 5 i 1 . J i LEfSe fiff
£ 1 Bifidobacterium,  Enterococcus M
Streptococcus “EAAE A RN BTER AL T
. AR RS RRTT, 4 HREAEHE R
A—E X, HAEHR e o h 2 5 B4R
L RHOC 28 S AR 0 K A . R
[/ A . AN AR IR AE A . IR
PR BB KA 0 A W s S5 %, 7E G BREAR
W R, FL R IR (BPD) OCHR = A 4
B H k. 44z 3R D R & DPA /K1, 4z
FTRE ST LR . e S 2 A OC
PR OCHK ;2 H BEZLMEFRZH (BT ] 5 ns] W
FLIR . 5| T R 5 BB T A AR A 1 ' 4
BYIROC . JERFLR IR (NBTI & NBPD{CH
REAIE D) 5 1 2R B A M 3 v ] K IR K AL S W Bk
B DL SR R/ DT R IR Ak B Ui 22 57, 4o
MR R . e T A W B g TE AR G
e 7l REAL R 2 5 HACBHRA AR IR 1. AH G
oy Mr ik — 20 R, BEFLR SR AL T LA
Bifidobacterium N>, F- 50TV S5 A 15
PR 5 %% 3 [R) AY T AE-AC DCIBeis s mE
B LR 20 W) B 2o SR R R T e ek K /S S IE
THERAR I35 R R 2 IR IR RRE
LiEkE, kSR Iy Ak R sk 2L
R I T8 A S R 254 - D) RERR IR, i iR
W4 T RESE M MRy SO 1A T A AR R S i AR K
BT, U R SRR B AEAR R LR
Frik — Il PRI EEAL |, i — 50 5 R
FELAE A T BE AR DE BC A D BE TR ISP (2" e Bk
FLBE . mIWEELER . sl T IR s Ak S A HE DL AR
(Bifidobacterium ., Lactobacillus) € 5H A 351
Wirm . FEAE A, REARUE AR
W TR 20 34 SRy 2l 5 W MR R, A [a) A4 BT
(Y TC 7 W i L S L o IF A e 4 — 3, HR KB

http://journals.im.ac.cn/actamicrocn



3950

YIN Jiaqi et al. | Acta Microbiologica Sinica, 2026, 66(8)

FLAEC 5 WA B SEAT AT AG N, DRIk 2 i 45
SR 1 X P DX PR AR Ak B S R AR
W R, ASARSE IR T i 22 2 22 B oA
FEAEAS AR, H o al e 52 22 L7 dH i
FE 2 FRL 7 S0 8 PR OB i AN A 28 B G AL
1B NI, ABFIEITE 7N 022 57 5 RN
5 i KW FR 7 AR S B REARRAE TR RS
RSO BRI ST IR ROV o AR RATI 5 6 B A
Bl ROREE 58 8 B AT IE R BA S h 45 5 TR 2%
AL . A BT 7% 5 DR 2H 2 R A 1] £l
Mgk, B S A S AU
RRFGATEEN, HFREH TR, LY
APEAC R ILE I8 S5 R T B R 4
et .

& Sk PR

B H . RO SRR MREE; £
. FEACREE . TRBE; XGER . PR EISCRERAE
FafHES; TR J5rikie . B mat e ; 45
e PR, BRI S I XBRSC: SR
B, PRBISCERERAE; BRE. PREISCERARAE; WERE. 1B
SC e BR . SRAEORSRE; SRR BT
AT, MEEHE S 2.

{EEF R AT FEEA

VEE PRI A AEATA AT BE 22 RN AS SR o AT
B2 A gt ol AR AR

B3R

[1] Clemente JC, Ursell LK, Parfrey LW, Knight R. The
impact of the gut microbiota on human health: an
integrative view[J]. Cell, 2012, 148(6): 1258-1270.

[2] Collado MC, Cernada M, Baiierl C, Vento M, Pérez-
Martinez G. Microbial ecology and host-microbiota
interactions during early life stages[J]. Gut Microbes,
2012, 3(4): 352-365.

[3] Kadyan S, Park G, Singh TP, Patoine C, Singar S, Heise
T, Domeier C, Ray C, Kumar M, Behare PV, Chakrabarty
P, Efron P, Sheffler J, Nagpal R. Microbiome-based
therapeutics towards healthier aging and longevity[J].
Genome Medicine, 2025, 17: 75.

[4] Wampach L, Heintz-Buschart A, Fritz JV, Ramiro-Garcia
J, Habier J, Herold M, Narayanasamy S, Kaysen A,
Hogan AH, Bindl L, Bottu J, Halder R, Sjoqvist C, May

P4 actamicro@im.ac.cn, 7 010-64807516

P, Andersson AF, de Beaufort C, Wilmes P. Birth mode is
associated with earliest strain-conferred gut microbiome
functions and immunostimulatory potential[J]. Nature
Communications, 2018, 9(1): 5091.

[5] Weber TK, Polanco I. Gastrointestinal microbiota and
some children diseases: a review[J]. Gastroenterology
Research and Practice, 2012, 2012: 676585.

[6] Sela DA, Mills DA. The marriage of nutrigenomics with
the microbiome: the case of infant-associated
bifidobacteria and milk[J]. The American Journal of
Clinical Nutrition, 2014, 99(3): 697S-703S.

[7] Hansen R, Scott KP, Khan S, Martin JC, Berry SH,
Stevenson M, Okpapi A, Munro MJ, Hold GL. First-pass
meconium samples from healthy term vaginally-delivered
neonates: an analysis of the microbiota[J]. PLoS One,
2015, 10(7): e0133320.

[8] Stewart CJ, Ajami NJ, O’Brien JL, Hutchinson DS,
Smith DP, Wong MC, Ross MC, Lloyd RE, Doddapaneni
H, Metcalf GA, Muzny D, Gibbs RA, Vatanen T,
Huttenhower C, Xavier RJ, Rewers M, Hagopian W,
Toppari J, Ziegler AG, She JX, et al. Temporal
development of the gut microbiome in early childhood
from the TEDDY study[J]. Nature, 2018, 562(7728):
583-588.

[9] Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh
J, Knight R, Angenent LT, Ley RE. Succession of
microbial consortia in the developing infant gut
microbiome[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2011, 108
(supplement 1): 4578-4585.

[10] Cheng J, Ringel-Kulka T, Heikamp-de Jong I, Ringel Y,
Carroll I, de Vos WM, Salojérvi J, Satokari R. Discordant
temporal development of bacterial Phyla and the
emergence of core in the fecal microbiota of young
children[J]. The ISME Journal, 2016, 10(4): 1002-1014.

[11] Laue HE, Coker MO, Madan JC. The developing
microbiome from birth to 3 years: the gut-brain axis and
neurodevelopmental outcomes[J]. Frontiers in Pediatrics,
2022, 10: 815885.

[12] Frith ME, Kashyap PC, Linden DR, Theriault B, Chang
EB. Microbiota-dependent early-life programming of
gastrointestinal motility[J]. iScience, 2024, 27(10):
110895.

[13] Milani C, Duranti S, Bottacini F, Casey E, Turroni F,
Mahony J, Belzer C, Delgado Palacio S, Arboleya
Montes S, Mancabelli L, Lugli GA, Rodriguez JM, Bode
L, de Vos W, Gueimonde M, Margolles A, van Sinderen
D, Ventura M. The first microbial colonizers of the
human gut: composition, activities, and health
implications of the infant gut microbiota[J].
Microbiology and Molecular Biology Reviews, 2017,
81(4): e00036-17.

[14] Matamoros S, Gras-Leguen C, Le Vacon F, Potel G, de la
Cochetiere MF. Development of intestinal microbiota in
infants and its impact on health[J]. Trends in
Microbiology, 2013, 21(4): 167-173.

[15] Borrego-Ruiz A, Borrego JJ. Early-life gut microbiome
development and its potential long-term impact on health
outcomes[J]. Microbiome Research Reports, 2025,



BRE F | UEYEER, 2026, 66(8)

3951

4(2): 20.

[16] Cuna A, Morowitz MJ, Ahmed I, Umar S, Sampath V.
Dynamics of the preterm gut microbiome in health and
disease[J].  American  Journal of  Physiology-
Gastrointestinal and Liver Physiology, 2021, 320(4):
G411-G419.

[17] Lai MY, Chang YH, Lee CC. The impact of gut
microbiota on morbidities in preterm infants[J]. The
Kaohsiung Journal of Medical Sciences, 2024, 40(9):
780-788.

[18] Sadeghpour Heravi F, Murray GL, Danielewski JA,
Garland SM, Plummer EL. Gut microbiota composition
in preterm infants with and without necrotizing

enterocolitis: a systematic review and narrative
synthesis[J].  Access Microbiology, 2025, 7(12):
001077.v3.

[19] Ma Y, Peng XM, Zhang J, Zhu YL, Huang RW, Li GN,
Wu YQ, Zhou CC, You JJ, Fang SW, Xiang ST, Qiu J.
Gut microbiota in preterm infants with late-onset sepsis
and pneumonia: a pilot case-control study[J]. BMC
Microbiology, 2024, 24: 272.

[20] Hesla HM, Stenius F, Jaderlund L, Nelson R, Engstrand
L, Alm J, Dicksved J. Impact of lifestyle on the gut
microbiota of healthy infants and their mothers-the
ALADDIN birth cohort[J]. FEMS Microbiology Ecology,
2014, 90(3): 791-801.

[21] Parra-Llorca A, Gormaz M, Alcantara C, Cernada M,
Nufiez-Ramiro A, Vento M, Collado MC. Preterm gut
microbiome depending on feeding type: significance of
donor human milk[J]. Frontiers in Microbiology, 2018, 9:
1376.

[22] De Bruyn F, James K, Cottenet G, Dominick M, Katja J.
Combining Bifidobacterium longum subsp. infantis and
human milk oligosaccharides synergistically increases
short chain fatty acid production ex wvivo[J].
Communications Biology, 2024, 7(1): 943.

[23] Béackhed F, Roswall J, Peng YQ, Feng Q, Jia HJ,
Kovatcheva-Datchary P, Li Y, Xia Y, Xie HL, Zhong HZ,
Khan MT, Zhang JF, Li JH, Xiao L, Al-Aama J, Zhang
DY, Lee YS, Kotowska D, Colding C, Tremaroli V, et al.
Dynamics and stabilization of the human gut microbiome
during the first year of life[J]. Cell Host & Microbe,
2015, 17(6): 852.

[24] Shin J, Choi CW, Kang HM, Kim SY, Youn YA. Early-
life development of the intestinal microbiome in preterm
and term infants hospitalized in the neonatal intensive
care unit[J]. Microorganisms, 2025, 13(9): 2158.

[25] Dong R, Meng XL, Hu HY, Pan J, Wang W. Integrating
gut microbiota and metabolomics in pediatric
inflammatory bowel disease: insights into pathogenesis
and potential role of precision medicine[J]. European
Journal of Medical Research, 2026, 31: 63.

[26] Pantazi AC, Balasa AL, Mihai CM, Chisnoiu T, Lupu V'V,
Ali Kassim Kassim M, Mihai L, Frecus CE, Chirila SI,
Lupu A, Andrusca A, Ionescu C, Cuzic V, Cambrea SC.
Development of gut microbiota in the first 1 000 days
after birth and potential interventions[J]. Nutrients, 2023,
15(16): 3647.

[27] Chichlowski M, van Diepen JA, Prodan A, Olga L, Ong

KK, Kortman GAM, Dunger DB, Gross G. Early
development of infant gut microbiota in relation to
breastfeeding and human milk oligosaccharides[J].
Frontiers in Nutrition, 2023, 10: 1003032.

[28] Ho NT, Li F, Lee-Sarwar KA, Tun HM, Brown BP,
Pannaraj PS, Bender JM, Azad MB, Thompson AL,
Weiss ST, Azcarate-Peril MA, Litonjua AA, Kozyrskyj
AL, Jaspan HB, Aldrovandi GM, Kuhn L. Meta-analysis
of effects of exclusive breastfeeding on infant gut
microbiota across populations[J]. Nature
Communications, 2018, 9(1): 4169.

[29] Yang S, Cai JW, Su Q, Li QH, Meng XC. Human milk
oligosaccharides combine with Bifidobacterium longum
to form the ‘golden shield’ of the infant intestine:
metabolic strategies, health effects, and mechanisms of
action[J]. Gut Microbes, 2024, 16: 2430418.

[30] Xu DQ, Zhou SY, Liu Y, Scott AL, Yang J, Wan FY.
Complement in breast milk modifies offspring gut
microbiota to promote infant health[J]. Cell, 2024,
187(3): 750-763.e20.

[31] Lok KY, Teng JL, Fong JY, Peng Y, Fan HS, Ma YC, Li
TT, Lau SK, Chau PP, El-Nezami H, Ip P, Tarrant M, Tun
HM, Woo PC. Influence of feeding practices on intestinal
microbiota composition in healthy Chinese infants: a
prospective cohort study[J]. Journal of Pediatric Health
Care, 2025, 39(1): 14-21.

[32] Laursen MF, Sakanaka M, von Burg N, Morbe U,
Andersen D, Moll JM, Pekmez CT, Rivollier A,
Michaelsen KF, Mglgaard C, Lind MV, Dragsted LO,
Katayama T, Frandsen HL, Vinggaard AM, Bahl MI, Brix
S, Agace W, Licht TR, Roager HM. Bifidobacterium
species associated with breastfeeding produce aromatic
lactic acids in the infant gut[J]. Nature Microbiology,
2021, 6(11): 1367-1382.

[33] Arboleya S, Sanchez B, Solis G, Fernandez N, Suarez M,
Hernandez-Barranco A, Milani C, Margolles A, De los
Reyes-Gavilan C, Ventura M, Gueimonde M. Impact of
prematurity and perinatal antibiotics on the developing
intestinal microbiota: a functional inference study[J].
International Journal of Molecular Sciences, 2016,
17(5): 649.

[34] Wang M, Valizadegan N, Fields CJ, Donovan SM. Fecal
microbiome and metabolomic profiles of mixed-fed
infants are more similar to formula-fed than breastfed
infants[J]. Microorganisms, 2025, 13(1): 166.

[35] Sillner N, Walker A, Lucio M, Maier TV, Bazanella M,
Rychlik M, Haller D, Schmitt-Kopplin P. Longitudinal
profiles of dietary and microbial metabolites in formula-
and breastfed infants[J]. Frontiers in Molecular
Biosciences, 2021, 8: 660456.

[36] Wu SM, Jia W, Li JX, Luo YT, Chen F, Yang T, Jiang X,
He F, Cheng RY. Infant gut microbiota and SCFAs
mediate the association between early-life human milk
microbiota and neurodevelopment[J]. npj Biofilms and
Microbiomes, 2025, 11: 149.

[37] McKimmie RL, Easter L, Weinberg RB. Acyl chain
length, saturation, and hydrophobicity modulate the
efficiency of dietary fatty acid absorption in adult

http://journals.im.ac.cn/actamicrocn



3952

YIN Jiaqi et al. | Acta Microbiologica Sinica, 2026, 66(8)

humans[J].  American  Journal of  Physiology-
Gastrointestinal and Liver Physiology, 2013, 305(9):
G620-G627.

[38] Cai J, Sun LL, Gonzalez FJ. Gut microbiota-derived bile
acids in intestinal immunity, inflammation, and
tumorigenesis[J]. Cell Host & Microbe, 2022, 30(3):
289-300.

[39] Hishikawa D, Hashidate T, Shimizu T, Shindou H.
Diversity and function of membrane
glycerophospholipids generated by the remodeling
pathway in mammalian cells[J]. Journal of Lipid
Research, 2014, 55(5): 799-807.

[40] Brink LR, Mercer KE, Piccolo BD, Chintapalli SV,
Elolimy A, Bowlin AK, Matazel KS, Pack L, Adams SH,
Shankar K, Badger TM, Andres A, Yeruva L. Neonatal
diet alters fecal microbiota and metabolome profiles at
different ages in infants fed breast milk or formula[J].
The American Journal of Clinical Nutrition, 2020, 111(6):
1190-1202.

[41] Chalifour B, Holzhausen EA, Lim JJ, Yeo EN, Shen N,
Jones DP, Peterson BS, Goran MI, Liang DH, Alderete
TL. Author Correction: The potential role of early life
feeding patterns in shaping the infant fecal metabolome:
implications for neurodevelopmental outcomes[J]. npj
Metabolic Health and Disease, 2025, 3: 23.

[42] Davis EC, Castagna VP, Sela DA, Hillard MA, Lindberg
S, Mantis NJ, Seppo AE, Jarvinen KM. Gut microbiome
and breast-feeding: implications for early immune
development[J]. Journal of Allergy and Clinical
Immunology, 2022, 150(3): 523-534.

[43] McCloskey K, De Livera AM, Collier F, Ponsonby AL,
Carlin JB, Vuillermin P, Mellett NA, Jayawardana K,
Weir JM, Blangero J, Curran JE, Burgner D, Meikle PJ,
Group BI. Gestational age and the cord blood lipidomic
profile in late preterm and term infants[J]. Neonatology,
2018, 114(3): 215-222.

[44] Lembo C, Buonocore G, Perrone S. Oxidative stress in
preterm newborns[J]. Antioxidants, 2021, 10(11): 1672.

[45] Ledo A, Arduini A, Asensi MA, Sastre J, Escrig R,
Brugada M, Aguar M, Saenz P, Vento M. Human milk
enhances antioxidant defenses against hydroxyl radical
aggression in preterm infants[J]. The American Journal of
Clinical Nutrition, 2009, 89(1): 210-215.

[46] Stipanuk MH. SULFUR AMINO ACID METABOLISM:
pathways for production and removal of homocysteine

P4 actamicro@im.ac.cn, 7 010-64807516

and cysteine[J]. Annual Review of Nutrition, 2004, 24:
539-577.

[47] Axelson M. 25-hydroxyvitamin D; 3-sulphate is a major
circulating form of vitamin D in man[J]. FEBS Letters,
1985, 191(2): 171-175.

[48] Reynolds CJ, Dyer RB, Oberhelman-Eaton SS,
Konwinski BL, Weatherly RM, Singh RJ, Thacher TD.
Sulfated vitamin D metabolites represent prominent roles
in serum and in breastmilk of lactating women[J].
Clinical Nutrition, 2024, 43(9): 1929-1936.

[49] Calder PC. Omega-3 fatty acids and inflammatory
processes: from molecules to man[J]. Biochemical
Society Transactions, 2017, 45(5): 1105-1115.

[50] Underwood MA, Gaerlan S, De Leoz MLA, Dimapasoc
L, Kalanetra KM, Lemay DG, German JB, Mills DA,
Lebrilla CB. Human milk oligosaccharides in premature
infants: absorption, excretion, and influence on the
intestinal microbiota[J]. Pediatric Research, 2015, 78(6):
670-677.

[51] Younge NE, Newgard CB, Cotten CM, Goldberg RN,
Mucehlbauer MJ, Bain JR, Stevens RD, O’Connell TM,
Rawls JF, Seed PC, Ashley PL. Disrupted maturation of
the microbiota and metabolome among extremely
preterm infants with postnatal growth failure[J].
Scientific Reports, 2019, 9: 8167.

[52] Zohrer E, Resch B, Scharnagl H, Schlagenhauf A, Fauler
G, Stojakovic T, Hofer N, Lang U, Jahnel J. Serum bile
acids in term and preterm neonates: a case - control study
determining reference values and the influence of early-
onset sepsis[J]. Medicine, 2016, 95(44): ¢5219.

[53] Martin CR, Cheesman A, Brown J, Makda M, Kutner AJ,
DaSilva D, Zaman M, Freedman SD. Factors determining
optimal fatty acid absorption in preterm infants[J].
Journal of Pediatric Gastroenterology and Nutrition,
2016, 62(1): 130-136.

[54] Kebbe M, Leung K, Perrett B, Reimer RA, Adamo K,
Redman LM. Effects of infant formula supplemented
with prebiotics on the gut microbiome, gut environment,
growth parameters, and safety and tolerance: a systematic
review and meta-analysis[J]. Nutrition Reviews, 2025,
83(3): 422-447.

[55] Lee MH, Nuccio SP, Mohanty I, Hagey LR, Dorrestein
PC, Chu H, Raffatellu M. How bile acids and the
microbiota interact to shape host immunity[J]. Nature
Reviews Immunology, 2024, 24(11): 798-809.



