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Maternal-Neonatal Microbiome Axis: Inte-
grating Multiomics and Artificial Intelli-
gence for Next-Generation Microbiome
Research

Jae Kyoon Hwang, MD, PhD, Hyun-Kyung Park, MD, PhD

Department of Pediatrics, Hanyang University College of Medicine, Seoul, Korea

The maternal-neonatal microbiome axis has emerged as a critical biological framework linking
maternal health, early-life microbial colonization, neonatal immune and metabolic programming,
and disease susceptibility. Maternal microbial reservoirs in the gut, vagina, oral cavity, skin, and breast
milk contribute to the assembly of the neonatal microbiome through vertical and environmental
transmission. Maternal conditions such as gestational diabetes mellitus, systemic lupus erythematosus,
obesity, fetal growth restriction, and antibiotic exposure may alter microbial composition and func-
tion, thereby influencing neonatal microbial programming and subsequent health trajectories. In
preterm infants, delayed microbial maturation and dysbiosis are frequently observed and are associated
with neonatal morbidities. Recent domestic cohort studies further suggest that distinct neonatal
phenotypes, including prematurity, intrauterine growth status, cardiovascular instability, respiratory
disease, and antibiotic exposure, are accompanied by characteristic microbial signatures and altered
ecological network structures. Beyond compositional profiling, microbiome research is rapidly
expanding toward multiomics integration, including metagenomics, metabolomics, transcriptomics,
and host clinical data. These approaches are increasingly complemented by artificial intelligence-
based analysis to characterize microbial maturation trajectories, identify disease-associated bio-
markers, and improve predictive modeling. In particular, non-invasive technologies such as electronic
nose-based microbial volatile organic compound monitoring represent promising tools for neonatal
microbiome surveillance in the neonatal intensive care unit. This review summarizes current evidence
on the maternal-neonatal microbiome continuum, highlights cohort-based insights into neonatal
microbiome development and disease-associated dysbiosis, and discusses how artificial intelligence-
driven multiomics approaches may advance microbiome-based precision diagnostics and precision
medicine in neonatology.
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HUEI’ o] ATE A(gut), A(vagina), T & ThF A
9] Bl E A4 A (microbial niches)7} Ao} nto] A ZHlo|& 3
Aol 710 5= S-S HoF}. 53] Y4 Fi(gestational
diabetes mellitus, GDM), ZAIZHFYZFEA(systemic lupus
erythematosus, SLE), Fd7d%°Hsmall-for-gestational-age,
SGA)C T2 Al T2 LA vto]F 2HbolFo] WIS R
She, ol= ®jo} & Al4go} mlo| A 2rlo| g FAof| FFE = 5 3
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ESE Hlgotof| A= A wio] A =Hlo]50] AJ<%o] AL 1]y
= E73(dysbiosis)o] E51A LA, o] gl #3}= 4l4JoF &
& 2% S-S (respiratory distress syndrome, RDS), 523 7j
ZZ(patent ductus arteriosus, PDA), A FA(necrotizing
enterocolitis, NEC) 5 That Ao} dgha} gk 4= Qe

F| o= &A| wola&2Hfolgo] Tttt vBE FFW(micro-
bial source)o] ofz} go} 9 Ao} ¥ W2 2dst= 58
S BESHY A5 AAR O 2 A8 4= Qlok= o] AAIE AL Q)
=)

EJF A 9} 41 4gote] mho] 3 ZHl o] & Afo] o] 42| A (vertical
transmission)> tFFst U)1AY E Al(microbial kingdom)ollA 3+
A 0 BEH o oFfEx ek ol A7
2 WA F 2A A% AAEi7t AlAgot who] A ZHlol & g4 3 AlAgo}
A% B0l JFE & 5= Uh= 7H58E AARTL E3] GDM,
A7FAEY Ag Beh YA eE 52 2A| vto]3 =HfolE #3}
£ 78T 5= 9lom, o]gl W= 4o} n A E AElA B &2

J2Y(neonatal microbiome programming)°ll T & 5 3
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F| T o] A &utolg A& HEAlEEHmetagenomics), FAF
A SHtranscriptomics), YA SHproteomics), AR meta-
bolomics) 52 E6tE th=2 Q) A(multiomics) 413} Q1FA]
S(artificial intelligence, Al) 7]8F 4] 7]&Q] ¥bdo g F7
SAE| 3 ok ol gt A2 ulo] g 2ulo]g A Rk oL}
7152 M3t/ olsfist= Hl 83t I3 gt

o] k=RojxE Atm-Alo} ulo]g ZHlo]L  Z(maternal-
neonatal microbiome axis) /@< $408 AAQ FY FH
SE AT AEE A 4t A3 4AlAfot uto] 3 2ol g B4, 4l
AJof At WY 7he] Ay A E 1, AT 7]5E EA43} thFed]
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4t -4140f D[O|3 =HIO|B =
AtE-41AJo} mho]F 2Hbol & -2 4l F BA|9] thefet vy
& AHAZE 248 AS A71E AA 4l48ote] 27| nfo|A &2Hfol&
BT | E iAb o] FFE VA= ASKHR BETE A
528 AAE oulgltt. ol2gt g2 Tt ndE AES
of, mAS] thAt A", WY 24, 181l wAE fef thAMEE]
gjo} & Al4Jote] Aejd L2 Jafiiof JFE v|x= B A
A YEYAR o|sfi=] L itk FF AqtollA= BA A, 4,
T7(oral) Ao 2H}o] 2 £ ofe} efi¥k(placenta)¥} X--(breast
milk)7FA] 2§35t 5354 At u]AE el A (maternal microbial
ecosystem)’} Ao} mlo]3 Z2uto] S P4 Fa35t 3 FUe R
g3ttt H AFolAE ol A u]YE Aol theFdt
AEE &l Aot uto| A =Hbol & Pl 7ol 4= Qg2 Bl
—EEE’I_.ZZ-ZG

55| A B9t o4 Aotz BA9] A v &+ (maternal
vaginal microbiota)¥} 214 F=3slH 27| ufo]m ZHlol-2 A2}
(microbiome colonization)©] o]&ojXIct. vHd A A7) Erte]
72 o]H3t n|AE E(microbial exposure)°] FAT = Q1O
o, o] AlJo} ufo| Z ZHtol & FAo] IFL & 4= Yk

1§ A 83 nPE A 22 LT 5= Qo BRoll=
ohoFet | BET vE Ff HAMEE (microbial metabolites)
o] x3tE|o] glom, o] Ao} i mholA =HfolE Ad<(neo-

natal gut microbiome maturation)°l] & & 4= Qlc}.?°
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H T-ollAli= GDM A o] ©AoA o]
= 17} FZ(microbiota-mediated inflammation)©]
1_ T &S B SkGITh o= nfo| A EHtolg Bisk} whgh
A} ot A iy wpo] Toid 7He AL AJARRITEY

E3F GDMOJAl+= % nto] A &=Hlo] &) thAty E4o] #iska 4=
ke B a7k Qlek o] g2 FHojlA] ohA] ZpAJ5] =olstE 1l gt
=4

GDM 4H=oj|A] jofd AlAJolol A& mlo] = 2H}o|g W7} 2
ZE 4= 9loW, Bacteroides 74, Enterobacteriaceae 57}, %
ufo] 3 Z2Hfolg g% Ao 2 gokdT) o|gdt ¥igh= WY §hE
2 A} 2 AT B S QP40

2. Amo| iy
A7t

ZE#Kmaternal autoimmune disease: SLE)
A%t JA| 4tH mlo]Z =Hlo - HEkel TAd 4= Qlth
SLE 4H29] njo] 5 2Hlolg #st= 2T $ilo] F7hskal Qle o
T Eofo|t}. Hevia %41% SLE 3kx}o] A & ufo|a Z2Hlo]L B
o] et B IStk

E3E SLE AMHoA= thadt 22 4 nfo]a ZHfo]go] M3k}
B ERAL}. Lactobacillus T4, Enterococcus 37}, Streptoco-
ccus Z7Foltt. Lactobacilluse A W AHg B34S A8t B

T 342 IAISHE Fa% Fo 2 dA Yok kA olet ¥
3= 4 ufo IEEHMQ QYA A4Sl 7] Aot AR 1eE W
ﬂ_%% ?‘)‘ 7 .‘:_k]o] Oh;]-

FT AFolA= AHag 4% 11}01]/\1 A 4 4 olo]7 21t

0]L-9] %:‘Lﬁgo] W 27} BeE & o W sly Qo
E5] SLE @Ao| A= Lactobacillus Zjﬁ\_ 713] B (oppor-
tunistic pathogen) 2717} ¥ha =0 2 W=l olzlet ws}
+ A U & 4 P& AslistaL 7] 41480} nlo] A &2H}o]
ol FF= 1A 7Hsdo] itk

oj9} A=A, B AFZO TTE EAof| A SLE AL 2 41K

ofoll Al Sol&]l mto]a zHto|Z e WEEH o, uBE |

EQ]3 AZX(microbial network connectivity) T4} Lacto-

bacillus 78 4-410] SIS}, T2} ofeigt AT B AT
o 7]3ket A0 2 QTHAS AFFHE AL ohe, B ot o
78 5% 5ol wast,

3. EHOF A% AEHol £7| ZLY Dl0| 2 2HI01S Wt
£ oA A 99l £ A7Ae) A7 A vhgo.s ejop
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& w5 Aok HE AR 24 AS-AEAH 712SGA: ap-

propriate-for-gestational-age, AGA; large-for-gestational-

www.e-kjp.org

2026 June;37(2):27-38

age, LGA)oll w2} Aot A vl & W o] A2 b2 v
B 4= OS2 TET &SItk ol o= Tt 24 AlF
O] Aot ofz} A4l F A9 At H FF e T iUl T
g = 2 I8 (intrauterine developmental programming)2] 4
F2 WP 7HsAdo] itk 9 AE B9, 248 & 7] AI7] St
SGA, AGA, LGA 4lgote] | v|dE thFds 3 2= A=
o2 e e S Bolrh AR SHEQ} T2 SGARF AGA B
ofol| 4] A7to]| uhe} Z7lelis ARFS BP0k LGA FolollAls A
fFo g 2 0] GA|HACH, B-diversity Ao A% SGA
Fote o 2t s = S5 vE 23 R E 35

ESE 27] A EH-oAE Enterococcus’t 35202 SAISH
Uebgon, o]% 4% 3AollA Streptococcus®t Lactobacillus
59 Firmicutes AIg o] A2} S7FetdA G w|A= A7t
H} QPgE TR & ATEE Aol BAEILEe

olgfgt Aat= &4 Al A% AEi7E 7] FU oA 2Hlol &
A& AT nYE JoAE YET 40 ¥FE & = A=
= AlARRI E3] SGA gotellA= 271 vAE 3 Hst A
202 A== Aol =] F dysbiosisoll thet FFd
| 24 715/do] Al7|Heh o Yot uldE 7]5 Aol A= Al
% S7Hcatch-up growth)et A ofn] Al 9 o 2] Al 7
27} EA Aol A AEtEl= F/dol YEh, 27] nfo]3 2Hlo]
=9 7154 /0] olF A% A tjAb g} AvE s B
oj&th ol A HiW A7 E8 3 4ot mho] AL 2Hol & 3
73 Atol9] Adm Aol 711 A% HAA FFE E 4 U= Al
AR 4= QAT

e}

Aot ojo|22H0|2
7|8t 2 T3

gt M IE

4lgot uto] 3 2Hlol -2 T 27| 7l Bt w2 A #istsh
o AA3t A4 A ¥ (maturation trajectory)S Eol1l, o] IF2
WA W8T} A} 2ol 83 IS gk Exﬂ npo]3 2
Hlo] 2ol A HEH v E FF(microbial communities)2 4143
of A AJefA|(neonatal gut ecosystem) B4l a3t 4TS o
o} E3h A vpolg zutolg 7432 Aot WY FH&(neonatal
immune tolerance) 340N = ¥ & 5 Aot

&2 AoA AAot= 7 A= A ZDE 7N EAZ =
Setal 9lom, 7]& T4 Hard At ZAxke} 37 sfalE ofof
= AlAjo} mho] A =Hfo] & o] thet =744
oL}, ik Aol Z|ekskal Qlof JITAIE
AHgH 0 & dFsp7]ol= Algto] Qirk whebA & Aat= 7Hd B4
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Z9] ZA(hypothesis-generating evidence)& dfj4]=]ojo} 5}
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AAl(neonatal intensive care unit, NICU) &7, A AL, 9
54 A 5ol E=7] ujio] Thatopo] vls) F2 tFd, Pro-
teobacteria $-73, % Plo|A&EHIO|E Ad4 XA} 22 £
nlo]| 5 2utolg WEl-g BRItk Arrieta 52 27] vto] A 2Hlo
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E JF7AL Oxford Nanopore Technologies (ONT) 7]k
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ol §hAtole] 27| AU ulo|d &Hlol &2 B EA% v QL
o &4 3 79 Ao A= ghatore) nlgof WEof| A Firmicutes
7} F8 93 #FE UERF O™, Staphylococcus®t Enteroco-
ccus7t ¥ HES ARSI T2y B 28U AlFAA=
5 & Atolo]l F51gt Apol7h Uebgth whAtotol A= Streptoco-
ccus, Lactobacillus, Bifidobacterium®} & S-2l+#9] =712}
A thFido] S7kshe = Hlrh WHH u|&otolA= Pro-
teobacteria AQ9| @59} KlebsiellaSt 72 FAA HYH9 &
7Pt BEERoH, ndE T SV ARl = B
t}. o]2 gt A= mlotof| A A mho]Z ZHlo] & A< 1ol A
AGAY R S A2 AASHAHFig. 1)
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Fig. 1. Relative abundance of the most dominant bacterial communities, analyzed by Nanopore long-read sequencing. (A) Relative
abundance at the phylum level. (B) Relative abundance at the genus level. (C) The specific bacterial population at the genus level
(Bifidobacterium, Lactobacillus, Streptococcus, Klebsiella) (D) Relative abundance at the species-level. (E) The specific bacterial population at
the species-level (Enterococcus faecalis, Staphylococcus epidermidis, Enterococcus faecium, Staphylococcus haemolyticus, Bifidobacterium
longum, Lactobacillus gasseri, Streptococcus salivarius, Klebsiella pneumoniae). Treatment groups: T1, term group in period 1; T2, term
group in period 2; P1, preterm group in period 1; P2, preterm group in period 2. " indicate significant differences between groups (P<0.05,
and P<0.01, respectively). *’Mean values within a row having different superscript letters are significantly different (P<0.05). Adapted from
Cha et al. Front Microbiol 2023;14:1148466, according to the Creative Commons license.”
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1A (taxonomic profiling)°] &2 IS EHOoM(genus
level log-transformed Pearson r*=0.926), ONT A|@AS &
(species) =2 B E 7o HYd gA 9] 583 AHEE 7t
A 5 &S I ol Ayt AlA¥o} nfo| I 2Hlolg
Toll A A L 3 A|EA 7o) 7] nABE - A% A
B I Yo @A A7L0] 593 =7 € 4 9SS HoE vt
Art.

£3] NICU 831HE P94 418, B8 2%, 364 44 5
o] no]zZrtol & Aol YFE F 5 YL oln] F LA 9

l:]- 50-52

=]

2. SUWHIWESO ME

heart-gut axisX &

PDA= ml&otoflA 231 483 Agte = A I/} 4ka
g 9F= = & UoH, olet B2H Hal= 27
A B/l B v 7HsAdo] Stk & AR w|&o}
o2 PDAS] A2 Aol wet hemodynamically signi-
ficant PDA (hsPDA), delayed-closure PDA (dPDA), 18|31 &
7] A4 #H A FH(contro) 0 & 76kl E4Y AT HE e 2709
7HA 9] B MES T 08 EA5to] ZJfj nlo] 3 2xtol Wt
g PAE v wots TS skl ot

9 A7+ A3 hsPDA FotollA= 271 AF 713 51t vlE oF
/Jo] Z¥ASIAL Proteobacteria’} 57 o= dysbiosis FAo] T
Qlt}. £3] Enterobacter?}t -2 713143 v|A&E 7% (opportunistic
taxa)°] SAISHA Heptom, A vlgE 8 2 A o2
= f-diversity HEHES Et} WhA dPDA ot vfe]A2
Hpol & A3 e A Ho] A 2 A 2T fAR FS B
of, et W JlE A Hoh= E95HY Rgo] ot utola
Exbo| g o] F8% I 1A 5= AUS= AAFSHL Qi

T3 MR FE UENA B4 75 o5 A0 A= hsPDA
GotollA v BE HEY I tedt=a B 4 45 S A
o} 27} A== EAo] UERHth EnterobacterZt AT 3
o A= Alzd e, AEH A vhg 9 A A B tiAF A=
7H A 0 &2 ek Aol WAE QI ol=fgt Ax}= hsPDA
7} et AAA dysbiosisEl’| Hok= A] ulo] 3 28}o]2-9] A
4 9 7|54 5o AAE = AdHet BHE 5 &= AlAkeE
u, AEy A7t 27] A vAE YA B0 F= A 5
U= heart-gut axis 7'dS LS.
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3. LYo sE2Y S0 st 0f0|22H[0|7 Hak: gut-
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lung axis® HZ2

RDSE oA &35] TAeh= 257] dfte &2, | Ao
A= ol2fgt ¥ Aol A njlE A Fole JFS E
5ol BHIE| T e} ARt &4 T 48417F o]y o] Hi =S
EA5}to] RDS Yool Al Lactobacillus®t Bifidobacterium™} 2
2§79 A%}y Enterococcus, Klebsiella 5 /A4 B
9] Z7F Yeht= A dysbiosis YA BHQ1I5HI) o]k ¥

s

+ ¥ Z(gut-lung axis)< &of ¥ Akt i v]PE BH
A7F AT YFE TE 5 U2 AAFSHH, 271 Aot mlo]a &
Hho]&- g/do] 4l A2 Aeiet UisH A8 5 a2 HoiE
=+

E3L RDS A =2E 9ol A== AlHE/3A4] B3 8%¥(surfactant
replacement therapy)= AU FFE A= FFE VA E+
F& FEHO R IEAT = AFS Bk B Hopt RDS gok
oA TAH HY FAHEQA Limosilactobacillus fermentum}
Bifidobacterium longum= ©]-&3t probiotic 2 A 1lAY
= 748 5T A &Y 7s 9 W9 vhE= JNAstE anE
e o]2gk A= Aol 27] mlo]3 &=Hfol&o] H gyt
A7 27ge] ol FFS v 4= Jom, nfo|A &EHolg 7|5t F
A7t - && B Ao Y U V)5 35 Ao ' &8

7Hs/d& AR

d

4, SMiN| =0} Aot OH0|22HI0|8 &7 (antibiotics—
induced gut dysbiosis)

NICU®fA] &3] A== F 84 A (empirical antibiotics)
Az 27) vAE Q2 ol a3 wek 8210 2 A83k 4= 9]
th A2t= BE 109 olHie] Fot 9 MES 24T 43}, 34
A& T2 v|&otofA] A njlE o] FR5HA HElshH
Firmicutes #48} Proteobacteria 27Vt UYehte B4 &
A B 5ttHFig. 2). o3t Mak= Ay nlBE AEiAS] 2
7] B/ g0l A X w5t HTHA AfEo] &= AL

B3 uAE 7]5 A5 A= YA RS -2 v|&oto|
A heme J&/(biosynthesis) #& v|E thAt B=7}F S7Fst
, SAlol B2 2RI o] FrASHs Zako] WRE . ol
=AU v E 3 HaP <39 A A NS 2|1k
s AAFeHH, 27] ulo| A 2Holg B0l Hl&of

Gt 22 A Aot 24 74 ATt wet
AlA3o} 271 FRIA| AHE-2 7 ofolt: /A o xt T
A AE g E AL 20 plAl= A 9S8 As
stA 2842 " g7} ek

R

O:
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25995
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5. 00|32 2HI0|2-%k-k| &: psychobiotics 7Hd 7|8t HZ
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B AL 24 AANE 59 attention-deficit/hyperacti-
vity disorder (ADHD) A&to] tial] t+-23} -2 psychobiotics
NES A S 8f Qltk>* AlAdo} A mlo] 3 ZHlo] -2 4] A&
FE G4 BskE AR of 7 2-34 Bt HAF AT AR
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Fig. 2. Gut microbial populations and diversity of TA, TF, PA, and PF groups. (A) gut microbial composition at
the phylum level (B) gut microbial composition at the genus level (C-F) a-diversity (ACE, Chao 1, Shannon,
and Simpson) indices (G) principal coordinates analysis of gut microbial communities in TA, TF, PA, and PF
groups. TA, term infant with empirical antibiotics; PA, preterm infant with empirical antibiotics; TF, term infant
without empirical antibiotics; PF, preterm infant without empirical antibiotics. Adapted from Kim et al.
Comput Struct Biotechnol J 2025;27:937-45, according to the Creative Commons license.”
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Table 1. Microbiome—Metabolite—-Immune Signaling Pathways and Therapeutic Implications in GDM

Specific receptors/

Target Key mediators Proposed mechanisms & effects Key evidence
pathways
Metabolic signaling ~ SCFAs (butyrate, pro-  FFAR2/3 (GPR43/41) Triggers GLP-1/PYY secretion via Akt-STAT3 axis; improves maternal  Singh et al”, Wang et al”,
pionate) glucose tolerance; recovers GPR43 for offspring development. Wang et al”
Bile acid homeostasis Secondary BAs (LCA, TGRS, FXR Activation of CAMP-PKA pathway; enhances systemic insulin sen- Fan et a|.56, Parsaei et a|.64,
DCA) sitivity; TMAQ reduction; TBA as a clinical biomarker. Maoetal”
Inflammatory axis LPS (Endotoxemia)  TLR4-NF-kB axis Activates RELA/CD14; establishes a self-sustaining inflammatory Zgutka etal”, Rameshetal™

loop (IL-16, IL-6, TNF-a) in the placenta; barrier disruption.

Epigenetic/ tolerance  Bifidobacterium me-  TRIB1 methylation;  Reduces TRIBT DNA methylation to modulate COX-2; induces Wang etal.éz, Gavzy etal.72,
tabolites/EVs reg induction Foxp3+ Tregs; dampens Th17/Th2 programs. Singh et al”

Pathways and mechanisms summarized in this table are derived from a combination of human observational studies, preclinical experiments, and mechanistic /n vitro
models. While these findings support biologically plausible links between microbiome-derived metabolites and immune—metabolic signaling in GDM, direct causality
in human pregnancy has not been fully established. Therapeutic implications remain investigational and require validation in adequately powered, pregnancy-specific
clinical trials.

GDM, gestational diabetes mellitus; SCFA, short-chain fatty acid; FFAR2/3, free fatty acid receptor 2/3; GLP-1, glucagon-like peptide-1; PYY, peptide YY; LCA, lithocholic acid;
DCA, deoxycholic acid; TGRS, Takeda G protein—coupled receptor 5; FXR, farnesoid X receptor; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; NF-kB, nuclear factor kappa
B; RELA, v-rel avian reticuloendotheliosis viral oncogene homolog A; IL, interleukin; TNF-a, tumor necrosis factor-alpha; COX-2, cyclooxygenase-2; Treg, regulatory T cell;
Th17,T helper 17 cell.
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