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Abstract

The complications that arise from pregnancy such as preterm birth (PTB), preeclampsia, and neonatal
sepsis continue to pose significant threats to maternal and neonatal health worldwide. Early detection
and treatment are crucial in reducing the morbidity and mortality of the complications. The human
microbiome, particularly during the perinatal period, has also been seen as a critical regulator of
immune and metabolic health, influencing both maternal and infant outcomes. This narrative current
review responds to the application of microbiome signatures as predictors for maternal and neonatal
health biomarkers. We summarize new evidence linking dysbiosis of both maternal gut and vaginal
microbiomes with PTB, preeclampsia, and gestational diabetes mellitus (GDM). We further discuss
how the neonatal microbiome affects immune development and what is linked to sepsis risk. The
review also briefly addresses the crossroads of multi-omics data to enhance precision medicine, the
shortcomings in designing adequately powered clinical trials, and the standardization and regulatory
hurdles confronting the microbiome field. As much as the potential of microbiome signatures for
predictive diagnostics in maternal and neonatal health is high, there are daunting challenges to
overcome. They include the dynamic nature of the neonatal microbiome, the nature of multi-omics
data complexity, and invoking standardized methodologies and robust clinical trials. Nevertheless,
the incorporation of microbiome-based biomarkers into medicine has the potential to move towards
more personalized, non-invasive, and effective management of maternal and neonatal health.

Keywords: microbiome; predictive biomarkers; maternal health; neonatal health; preterm birth; pre-
eclampsia; neonatal sepsis; precision medicine; dysbiosis; multi-omics

Introduction

The most critical areas for immune and metabolic developments are observed in human
pregnancy and early neonatal development. During these two stages, the maternal and neonatal
microbiomes undergo drastic changes. The dynamic shifts that occur in this period are linked to
complications such as GDM, neonatal sepsis, preeclampsia and preterm births (Gudnadottir et al.,
2022). The vaginal microbiome has implications on obstetric outcomes. This is evident in
lactobacillus dominated flora which provide protective effects whereas low-lactobacillus flora is
associated with inflammation and preterm risks (Ahmed et al., 2025). Changes in the microbiome of
mothers and newborns can have a variety of negative health effects, such as preterm birth, gestational
diabetes mellitus, neonatal sepsis, and other issues.

Neonatal sepsis, chorioamnionitis, gestational diabetes mellitus, premature rupture of
membranes (PROM) and preterm birth (PTB) are among the leading cause of both maternal and
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neonatal morbidity and mortalities globally. Recent studies indicate PTB affects 10% of pregnancies
worldwide with its effects spanning developmental delays and increased neonatal health conditions
(Ahmed et al., 2025). Similarly, preterm and preeclampsia are the leading cause of death and affects
3-5% of pregnancies globally (Fox et al., 2020). However, neonatal sepsis remains the leading cause
of deaths with higher incidences and prevalence in LMICs (Ahmed et al., 2025). Although these
clinical manifestations have an immense outcome on neonatal and maternal health there are limited
early identification for individuals at risk underscoring the need for urgent and improved predictive
tools. Dysbiosis which refers to the depletion of commensal microorganisms and the proliferation of
pathogenic bacteria affects pregnancy-related outcomes (Koren et al., 2013).

Microbiome signatures are quantifiable characteristics of microbiome that are associated with
healthy or pathologic states (Panzer et al., 2023). Given the accessibility of microbial sampling
through vaginal swabs, stool and saliva alongside microbiome profiling offers a new avenue for
revolutionizing non-invasive biomarkers in clinical management. This narrative review synthesizes
recent information on microbial signatures as biomarkers in maternal and neonatal health. Also, there
is much emphasis on the diagnostic potential and integration with precision medicine and
personalized care.

Maternal Microbiome and Neonatal Health

The normal flora of the gut is made of bacterial, fungal and viral species that are beneficial and
resists the growth of pathogenic microbes (Davis et al., 2022). The maternal gut flora has been linked
to the regulation of metabolic processes during pregnancy and influence both maternal and fetal
health (Barrientos et al., 2024). Some studies have shown that gut microbiome composition impacts
insulin sensitivity, energy metabolism, and inflammation as these processes maintains metabolic
health during pregnancy (Enache et al., 2025). However, dysbiosis in the gut microbiome are
associated with metabolic disorders such as gestational diabetes mellitus (GDM), overweight and
preeclampsia. These clinical conditions poses risk to maternal health and fetal development (Koren
et al.,, 2013). Recent research indicates that a healthy gut microbiota during pregnancy enhances
nutrition absorption by regulating inflammation and preserving glucose metabolism. However,
insulin resistance and chronic inflammation which doubles as the two of the main risk factors for
GDM have been connected to dysbiosis of the normal gut flora (Mora-Janiszewska et al., 2025).
Similarly, pregnant women with a diverse and balanced gut microbiome are less likely to develop
these metabolic complications (Singh et al., 2023).

The impact of the maternal microbiome extends to the development of the microbiome in
infants. Neonates obtain their microbes from maternal and environmental sources. Also, the method
of delivery influences the variation in the microbiome as vaginally born and C-section infants share
similar microbes to their mother’s vagina and skin respectively (Dominguez-Bello et al., 2010).
Additionally, studies indicate that C-section delivery mode is a risk factor for asthma due to the
altered gut microbiome (Shao et al.,, 2019). The dysbiosis of the neonatal flora give room to
environmental infections. This increases the risk blood stream infection, normally due to infections
by species of Enterobacteriaceae, Staphylococcus., Streptococcus and Enterococcus (Brooks et al., 2014)).
Furthermore, similar strains of Streptocossus epidermidis have been found in the Midwestern region of
the United States. This can be attributed to the NICU environment they immediately experience
(Erickson et al., 2025).

Antibiotics which are used in the treatment of sepsis is implicated in the late onset of maturation
in microbiota of neonates. This is attributed to the decrease of microbiome diversity and increased
antibiotic resistant genes (Erickson et al., 2025). Other factors such as diet and medications are
thought to enhance the effects whereas breastfeeding promoting protection from antibiotic-mediated
depletion of Bacteroides in the infant gut (Azad et al., 2016). Similarly, this intervention is beneficial in
maintaining the promoting a microbiome composition that supports healthy glucose metabolism and
reduces metabolic diseases (Gupta et al., 2024). Also, certain probiotic strains could improve
insulin sensitivity in pregnant women at risk of GDM. In addition, breastfeeding supports the
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maintenance of a microbiome profile that promotes heathy glucose metabolism and lowers the risk
of metabolic disorders later in life (Ni et al., 2024)

Vaginal Microbiome and Pregnancy Health

This section deals with various complications that arise from dysbiosis in the maternal
microbiome.

Preterm Birth and Miscarriage

A recent study in 2025 highlighted that the Lactobacillus iners during early pregnancy is linked
with increased risk of recurrent spontaneous preterm birth (sPTB) (Cavanagh et al., 2025). However,
vaginal normal flora of diverse microbiota that Lactobaccilus crispatus normally predominant appears
to have an alternative adverse outcome (Pokharel et al., 2023). Unlike Lactobaccilus crispatus which
normally maintains an acidogenic vaginal environment, Lactobaccilus iners is metabolically versatile
yet less protective and coexist with a diverse Lactobaccilus-dominated environment (Nilsen, et al.,
2017). Conversely Lactobaccilus crispatus dominated microbiota is generally associated with
reproductive health and some studies suggests that excessive microbial homogeneity may exert
context-dependent effects. This may influence immune tolerance and epithelial turnover in numerous
ways that differ by host genetics and environmental factors (Armstrong et al., 2025).

Another study also reported that vaginal dysbiosis is strongly associated with spontaneous
miscarriage. Findings from the study suggests that reductions in spontaneous Lactobacilllus species
correspond with an overgrowth of potentially pathogenic taxa such as Gardnerella, Atopobium, and
Prevotella  (Pokharel et al., 2023). These microbial shifts were accompanied by elevated inflammatory
mediators within the cervicovaginal fluid. Suggesting that local immune activation and disruption of
microbial integrity may precipitate early pregnancy loss (Grewal et al., 2022). These findings
indicate that vaginal microbial imbalance whether charaterised by dominance of Lactobaccilus iners or
Lactobaccilus diversity can trigger inflammatory cascades. This supports the use of the vaginal
microbiome /profiling as a potential early biomarker for predicting the risk of preterm births and
miscarriages.

Gestational Diabetes Mellitus (GDM)

Dysbiosis of vaginal and gut microbiota are known to influence systemic inflammation and
insulin resistance, both of which are important risk factors for the development of gestational
diabetes mellitus (Farhat et al., 2022; Gerede et al., 2024). GDM is a metabolic disorder among
pregnant women with intense glucose intolerance build up in the cells. GDM has effects on both
maternal and fetal health (Yao et al, 2025). In mothers, GDM amplifies insulin resistance,
inflammation, oxidative stress and predisposes them to pre-eclampsia and cesarian delivery.
Neonates are exposed to the excess glucose from the mother and are predispose to fetal
hyperinsulinemia and macrosomia (Su et al., 2025). In addition to the clinical outcomes of GDM, there
are distinct microbial signatures that suggests a potential biomarker for diagnosis (Nakshine &
Jogdand, 2023).

The gut microbiota of 61 pregnant women in their first and fourth trimesters was shown to differ
significantly between the healthy and GDM individuals in this prospective research. Esherichia-
shigella and klebsiella which are pathogenic were mostly relatively more abundant than beneficial than
Bifidobacterium and Faecalibacterium (Yao et al., 2025). The variation in microbial diversity was thought
to result from underlying metabolic dysregulation and inflammatory processes that disrupt normal
microbial diversity and homeostasis (Tian et al., 2024; Turjeman et al., 2021). Furthermore, functional
analysis revealed that, GDM-associated microbiota has shown to enhance carbohydrate metabolism
pathways and protein synthesis related functions and transport. These observations are likely to
increase GDM development during pregnancy (Gupta et al., 2024; Ma et al., 2024; Mora-Janiszewska
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et al., 2025). These findings suggest a gut microbial composition during early pregnancy and could
serves as a valuable diagnostic biomarker for GDM.

Chorioamnionitis and Premature Rupture of Membranes (PROM)

The vaginal microbiome in maintaining the uterine sterility also prevent the growth pathogenic
microbes. The disruption of this microbial stable environment has been complicated in PROM and
chorioamnionitis. Srivastava and Kumar reported that Lactobacillus iners, Gardnella vaginalis, and
Provotella bivia were found in women experiencing PROM. However, Lactobacillus gasseri and
lactobacillus crispatus were more prevalent in the healthy controls suggesting specific microbial
profiles predispose individuals to certain complications (Srivastava & Kumar, 2024). An
observational study was designed to evaluate the vaginal microbiota changes in preterm mothers
following antibiotic therapy. The study's findings showed that a broad spectrum antibiotic treatment
was effective in getting rid of a number of harmful species, including Group B streptococcus and
Gardnerella vaginalis (Pokharel et al., 2023). However, subsequent analyses revealed dysbiosis after
treatment. This indicates that microbiomes are not fully restored after treatment and increases
susceptibility to recurrent infections such as chorioamnionitis and PROM (Kamath et al., 2023).

Placental Microbiome

The concept of the human placenta microbiome is no more a speculation due to the
advancements in sequencing technologies. Previous 16s rRNA gene analysis has reported low
biomass microbiome with Lactobacillus, Escherichia, Staphylococcus, and Streptococcus as the dominant
bacteria found in term infants. The suggestion was that these bacteria are responsible for shaping the
post-natal immune development (Aagaard et al., 2016). Subsequent studies correlated microbial
signals with preterm birth, preeclampsia and neonatal sepsis. Hence, deviations from a normal
placental profile might serve as an early warning biomarker (Doyle et al., 2017). However, advances
in high-sensitive sequencing and rigorous contamination control have prompted a critical
reassessment of these findings.

Recent studies reanalysed 15 publicly available placental 165 data sets with bioinformatic
pipelines and stringent contaminant removal. The study reported “core taxa” largely disappeared
when controls were applied indicating that most microbial reads originated from environment al or
reagent contamination rather than a true placental niche. A culture-based and metagenomic studies
reinforced this conclusion since viable colonies rarely recovered from aseptically collected term
placentas. (Kuperman et al., 2019; Panzer et al., 2023).

Consensus therefore now lies along methodological rather than biological explanation for most
placental microbial signals. Evidence suggests that the majority of sequences reflect contamination
from delivery rooms, reagents rather than a stable resident microbiota. Similar conclusion was
made by a study using low-biomass-sensitive protocols conclude that most placental 16S signals are
delivery-room contamination, reagent DNA or maternal blood filtered by the inter-villous space (de
Goffau et al., 2019). Nonetheless, targeted analyzes of placentas affected by chorioamnionitis biopsies
continue to find Ureaplasma, Fusobacterium and Mycoplasma by sequencing and quantitative PCR,
arguing that pathogenic invasion, rather than commensal colonization, is responsible for positive
signals (Chen et al., 2013; Sweeney et al.,, 2016). This may suggest that microbial invasion pathological
states rather commensal colonization is the driver of placental microbial signatures.

Breast-Milk Microbiome

The breast milk microbiome is reproducible, dynamic and modifiable making it a promising
target for precision medicine in neonatology. A study using culture-independent samples across
Europe, Africa, Asia and the Americas identified core microbiota such as staphylococcus, streptococcus,
Bifidobacterium, Lactobacillus and Cutibacterium representing 80% of reads in colostrum and mature
milk (Dombrowska-Pali et al., 2024). Cell counts ranging from 10°-10° CFU m/L deliver
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approximately 107108 live bacteria to the infant gut daily (Boix-Amords et al., 2016). Cross-cohort
analysis reveals indicate that both infant and maternal factors play key roles in shaping this microbial
population.

Vaginally delivered mother's milk contains higher Bifidobacterium and Bacteroides richness, but
cesarean-section milk contains skin flora Staphylococcus epidermidis and Corynebacterium enrichment
(Hermansson et al., 2019). Lactation phase has a more restrictive filter: colostrum is dominated by
facultative aerobes (Weissella, Leuconostoc) tolerant of oxygen tension within the mammary duct,
while mature milk harbors obligate anaerobes (Veillonella, Prevotella) consistent with retrograde
inoculation from the neonates mouth (Biagi et al., 2018) . Geographical and nutritional conditions
also modulate the signal; rural Ethiopian milk contains certain Rhizobium spp., whereas Spanish milk
is abundant with Cutibacterium and Pseudomonas (Kumar et al., 2016; Lackey et al., 2019).

Simultaneous sequencing of maternal feces, milk and infant stool suggests that 25-30 % of gut
strains in infants are shared in breast milk, but identical strains occur on areolar skin as well as on
oral swabs, rendering source attribution difficult (Pannaraj et al., 2019). Longitudinal monitoring of
strain by shotgun metagenomics demonstrates that the majority of milk-transmitted Bifidobacterium
and Lactobacillus isolates transiently colonize, with detectable persistence explained by human-milk
oligosaccharide (HMO) ingestion patterns (Duranti et al., 2017). From a biomarker perspective, these
findings render into actionable measures. As low Bifidobacterium: Staphylococcus ratios in day-3 milk
are prognostic for pre-term gut colonization delay and is associated with later necrotizing
enterocolitis (NEC) risk (Morrow et al., 2013). In contrast to this study, increased Lactobacillus gasseri
and B. breve burdens are associated with reduced atopic eczema at 12 months (Hermansson et al.,
2019). Importantly, the milk is open to intervention: probiotic supplementation during late gestation
or early lactation preferentially increases cognate strains in milk and reduces mastitis incidence,
demonstrating a clear pipeline from microbial read-out to therapeutic modulation (Lackey et al.,
2019). Together, these patterns underscore the prognostic potential of early milk-derived microbial
signatures in anticipating both gastrointestinal and immunological outcomes in infancy.

Neonatal Microbiome and Early-Life Outcomes

This section deals with the early life complications that arises from dysbiosis in the neonatal
microbiome.

Neurodevelopmental Outcomes

The association between early neonatal gut microbial composition and subsequent
neurodevelopmental has attracted interest among preterm populations. Several human cohort
studies have identified associations between abundances of Bacteroides and Bifidobacterium and
improved neurodevelopmental performance of standardized tests such as Bayley Scale (Acunfa et al.,
2021). Experimental studies involving animals has provided evidence that microbial signals are
involved in microglial development and myelination. High quality clinical studies has also shown
that broad spectrum antibiotics administered for neonates interference with microglial and overall
central nervous system development (Erny et al., 2015). This suggests that specific colonization
patterns favor cognitive and motor trajectories. The specific taxa contribute to neurodevelopment
through multiple pathways such as short-chain fatty acids and the maturation of hypothalamic-
pituitary-adrenal axis. Conversely, an overrepresentation of facultative anaerobes and reduced
microbial diversity in the first weeks of life is linked to poorer cognitive and motor outcomes (Beghetti
et al,, 2022). This gives the idea that microbial perturbations may significantly have enduring
neurological consequences.

However, preterm infant longitudinal cohort studies has shown that broad spectrum antibiotics
administered during infancy result in regiment-specific interference with developing microbiota and
promotes antimicrobial resistance (Reyman et al., 2022). These shifts delay microbial maturation and
enriches gut resistome fosters early multidrug resistance that may persist throughout the infancy.
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Notwithstanding longitudinal cohort studies involving preterm infants with Baylee-II
neurodevelopment at 24 months after for extreme neonatal morbidities and other detectable
morbidities indicates that the dysbiosis alone is insufficient to cause detectable cognitive impairment
absent of additional stressors such as systematic inflammation, hypoxic ischemia, injuries or severe
neonatal complications (Deianova et al., 2023).

Allergic and Atopic Diseases

The role of early-life microbiota in shaping risk for allergic and atopic disease is one of the most
robust areas of microbiome-phenotype research. Some longitudinal studies using human subjects
and multi-omics analyses have linked early microbiome changes to later atopic outcomes
(Hoskinson et al., 2023) Neonatal and infant investigations have reported that lower Bifidobacterium
species such as B. longum and B. breve is associated with increased risk of atopic dermatitis and other
allergic phenotypes (Uchil et al., 2014). These taxa are among the earliest commensals that colonize
the gut and are relevant in immune tolerance with the polysaccharides that modulate dendritic and
regulatory T-cells. This depletion led to skewed immune depletion Th2 immune polarization and
exaggerated inflammatory responses to dietary and environmental antigens (D’Auria et al., 2020).
Notwithstanding, higher representation of S. aureus on the infant microbiome is linked to atopic
dermatitis development (Lebon et al., 2009). Similar shotgun metagenomic and functional profiling
further indicate that dysbiosis microbiome alters metabolic activities. This is evident in the reduced
capacity to produce vitamins and short fatty-acids as well as disruptions in the pathways for the
biosynthesis of folate and biotin (Das et al., 2019) . This further suggests that functional alterations in
microbial metabolism could be just as useful as taxonomic differences alone in predicting risk.
Epidemiological evidence indicates that early gut composition to food allergy risk. Low Bacteroides
and a high Enterobacteriacae/Bacteroidaceae ratio during pregnancy are at a greater odds of pea nut
sensitization by age three (adjusted OR~2.8) (Tun et al., 2021).

Early postnatal microbiome changes including Bacteroides and Akkermansia are linked to
increased risk of developing a clinical food allergy. This was demonstrated in a study using fiber-
deficient mice to test for Akkermansia mucinphila, which suggests that diet-microbiome interactions
and microbiota composition have a causal role in regulating allergy reactions. Food allergy
symptoms were shown to be exacerbated when A. muciniphila in the microbiome and fiber loss led to
greater anti-commensal IgE coating and innate type-2 immune responses (Parrish et al., 2023).
Collectively these responses underscore that the microbiome has influence in the development of
allergic phenotypes in humans.

Malnutrition

The relationship between neonatal microbiome composition and malnutrition has been studied
most rigorously in LMICs, where stunting and environmental enteric dysfunction (EED) are
prevalent. Children with severe acute malnutrition in Malawi showed an immature gut microbiota
compared to healthy control (Subramanian et al., 2014). When the immature microbiota was
transplanted into germ-free mice, they recapitulated aspects of the of the growth failure phenotype,
providing cause-to-effect relation for microbiota-mediated growth impairment. Similarly, Blanton et
al. (2016) found that microbiota immaturity is highly correlated with growth failure, and that
supplementing with microbiota-directed complementary foods (MDCFs) can restore microbial and
metabolic maturity to a certain degree, which increases weight gain in malnourished children.
Additionally, a randomized controlled trial in Bangladesh to show that MDCFs designed to promote
the growth of beneficial taxa like Roseburia spp. and Faecalibacterium prausnitzii resulted in increased
growth markers and better weight gain in children (Gehrig et al., 2019). According to the results,
certain microbial taxa that produce butyrate are essential for maintaining gut integrity and nutritional
absorption. Stunted children generally displayed an overrepresentation of Enterobacteriaceae and an
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underrepresentation of Faecalibacterium, which are markers of persistent inflammatory status
(Stanislawski et al., 2021).

However, a South Asian cohort study by Vonaesch et al. (2018), studied those recurrent diarrheal
infections significantly affect the variation and composition of the microbiome (Vonaesch et al., 2018).
This indicates that dysbiosis is most likely a secondary effect rather than the cause of infection and
malnutrition. This interpretation highlights how microbial ecology, malnutrition, and enteric
infection interact. Recent research has confirmed that the developmental pathway of the gut
microbiome from neonatal to adult-like state is a more accurate indicator of growth and nutrition
than any single time-point characterization (Blanton et al., 2016; Gehrig et al., 2019). With the
development of precision, microbiota-directed feeding regimens and biomarkers of microbial
maturity to identify infants at risk, the discovery has fueled the new paradigm of microbiome-guided
nutritional therapies.

Gut Microbiome and Sepsis Risk in Neonates

Consistent with emerging evidence on microbiota-pathogen dynamics, a study conducted by
Igba et al. (2024) in India found that Klebsiella and Pneumoniae were the pathogens in preterm neonates
with bloodstream infections. The study indicated that the pathogenic profiles coincided with
profound alterations in the gut microbiota, suggesting that intestinal colonization may be
opportunistic. The alteration of the microbiota was strongly associated with this observation
suggesting the pathogenic colonization may precede and contribute to BSI (Igbal et al., 2025).
Additionally, Ma et al (2024) investigated the gut microbiota of preterm infants with late-onset sepsis
and pneumonia and found a decreased microbiota activity and overabundance of Escherichia/shigella,
Streptococcus and Enterococcus. Meanwhile beneficial taxa such as Bacteroides and Akkermansia were
underrepresented. Notably, the abundance of Escherichia/Shigella was predictive of late-onset sepsis
risk, with an area under the curve of 0.773, highlighting it as a potential biomarker for sepsis (Ma et
al., 2024). This moderate but promising discriminative performance indicates that early microbial
profiling could serve as a non-invasive ability to distinguish between infants who will develop sepsis
and those who will not.

Culture Negative Sepsis and Microbial Shifts

Culture negative sepsis is a condition where patients display signs and symptoms consistent
with sepsis without identifiable pathogens in blood cultures, leading to different clinical
characteristics and outcomes compared to culture-positive sepsis. This condition remains
diagnostically challenging and often results in delayed results and treatment strategies
(Klingenberg et al., 2018). Hanna et al. (2025) conducted a study involving preterm neonates with
culturable sepsis, Culture negative, and asymptomatic controls. The outcome of this study indicated
the alpha and beta variation of the microbiome showed no significant difference between the culture-
negative sepsis and control groups. This finding suggests that subtle microbial community shifts
rather than overt pathogen growth and may contribute to systemic inflammation responses in the
absence of detectable bloodstream pathogens. There was a significant abundance of specific bacterial
and fungal genera in stool and skin samples of the culture-negative sepsis compared to the control.
These findings highlight that alteration in the microbial shifts, even in the absence of detectable
pathogens play a role in the pathogenesis of the culture negative sepsis as a result of a potential
translocation of microbial metabolites, cell-wall components or low-biomass microbial fragments
undetectable by standard diagnostics (Stewart et al., 2017). The identification of specific microbial
shifts in culture-negative sepsis cases suggests that microbiome profiling could serve as a diagnostic
tool where conventional methods fail which can potentially guide earlier and more targeted
interventions.

Urinary Tract Infections (UTI)
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Despite the pediatric urinary microbiome thought as sterile, recent studies have shown
microbial community (Kelly et al., 2024). UTI's have been linked with early-life dysbiosis of the gut
microbiome (Levanova et al., 2021). A study by Heida et al. (2021) observed that the initial four weeks
of neonatal life undergoes an intense gut microbiome transition mostly from a Staphylococci
dominated microbiome to Enterobacteriaceae dominated. This shift is an indicative of microbial
immaturity and contributes to an increased susceptibility to pathogenic infections. Similar studies
suggests that children with UTI exhibit distinct gut microbiome characterized by pathogenic bacteria
such as Escherichia, Klebsiella, Enterococcus, and Enterobacter species (Srivastava et al., 2025). However,
control populations show greater abundance of commensal genera such as Bacteroides, lactobacillus,
and Pervetolla. This suggests a protective barrier against uropathogen colonization by forming stable
biofilms and adhering mucosal surfaces (Levanova et al., 2021; A. Srivastava et al., 2025). However,
the control populations of the study showed colonies of Bacteroides, Lactobacillus, and Prevotella. This
suggests that healthy gut colonization provides a protective barrier against uropathogen
establishment. Despite these findings, the causal relationship between gut dysbiosis and UTI onset
remain incompletely understood. Some studies suggest that gut alterations are more likely transient
and precede infection episodes rather than being consistently present at baseline (Srivastava et al.,
2025).

Furthermore, the urobiome of females demonstrated greater diversity, with numerous species
considerably more prevalent in females when compared to males. From this study, the urobiome
consists of including those from the genera Anaerococcus, Prevotella, and Schaalia. Urobiome diversity
increases with age, significantly in males. Also, comparison of children with a history of 3+ UTIs
infection history has a diverse urobiome (Kelly et al., 2024). According to a study that used 165 rRNA
sequencing to compare the control and experimental groups, the dominant uropathogens were
Lactobacillus and Prevotella in the control groups and Escherichia coli and Klebsiella pneumoniae in the
experimental groups. According to the same study, there was no significant difference in urobiome
alpha diversity between infants born vaginally and those born via cesarean section, nor was diversity
impacted by previous exposure to antibiotics (Reasoner et al., 2023). These results confirm that a
significant cause of pediatric infections is dysbiosis characterized by the proliferation of Proteobacteria
and the loss of commensals like Bifidobacterium and Lactobacillus. Although the gut and urine
microbiomes of newborns are still poorly understood, new research indicates that they may be
predictive of infection risk. The development of microbiome-based indicators and prompt therapies
to prevent future (Srivastava et al., 2025).

Emerging evidence indicates that certain microbial community alterations across maternal and
neonatal body surfaces are uniformly associated with perinatal adverse outcomes. Table 1 shows
model microbial taxa and their presumed mechanistic associations with key pregnancy and neonatal
diseases. The patterns suggest that the protective genera such as Lactobacillus crispatus, Bifidobacterium,
Faecalibacterium, and Akkermansia are often decreased under pathological conditions, while
pathobiont enrichment by Gardnerella, Prevotella, Escherichia—Shigella, and Enterobacteriaceae signifies
increased disease risk. Combined, these taxa represent the potential biomarker candidates for
predictive diagnostics and mechanistic studies in maternal-neonatal health.

Table 1. Representative microbial signatures and proposed mechanisms linking dysbiosis to major maternal

and neonatal health outcomes.

Microbiome Protective / Proposed Biomarker /
Conditi Path icT
ondition Site athogenic Taxa (1) Depleted Taxa (|) Mechanism
Preterm Birth ' Lactobacillus zner’s, ‘ ‘ Dysb1051's —
Vaginal  Gardnerella, Atopobium, L. crispatus inflammation —
(PTB)
Prevotella premature labor
Gardnerella, Prevotella, . L f protective fl
Miscarriage Vaginal aranerer, “Tevoteth 1 actobacillus spp. 055 o7 profective “ora
Atopobium — immune activation
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. . - . Carbohydrat
Gestational Gut Escherichia—Shigella, Bifidobacterium, metaabrol(i) 51171 sfi fi .
Diabetes (GDM) Klebsiella Faecalibacterium ) ) )
insulin resistance
Clostridium, Bacteroides, Endotoxin-driven

Preeclampsia Gut/Placenta

Desulfovibrio Lactobacillus ~ endothelial dysfunction
E e Path . h
. scherichia/Shigella, Akkermansia, athogenic overgrowt
Neonatal Sepsis Gut Streptococcus, . — bloodstream
Bacteroides . .
Enterococcus infection
Allergy/Atopy Neonatal Gut Staphylococcus'aureus, Bifidobacterium  Reduced S.CFA — Th2
Enterobacteriaceae breve, B. longum bias
Malnutrition / . Faecalibacterium, Inflammation &
. Neonatal Gut Enterobacteriaceae . ; . .
Stunting Roseburia immature microbiota
NEC Risk Breast Milk /  Low Bifidobacterium, High Predictive milk ratio for
Neonatal Gut  high Staphylococcus  Bifidobacterium NEC

The chart consolidates the primary microbiome sites implicated in each disease, the enriched bacterial
groups during disease states (1), reduced or defensive taxa (]), and the mechanistic processes by

which these alterations lead to pathologic effects (—).

Integration of Omics for Precision Medicine

The integration of multi-omics data has emerged as cornerstone of precision medicine with its
fields ranging from genomics, transcriptomics, proteomics, metabolomics and microbiomics. This is
due to the synthesis of data from across diverse biological layers and can lead to more accurate
diagnostics, prognostics and therapeutic strategies. The recent advancements have highlighted the
transforming power of multi-omics in clinical cases. For instances, a study by Abdelaziz et.al (2024)
provided a multi-omics analysis pipeline, emphasizing the relevance of integrating data from
different omics technologies using computational methods. The approach has been integrated in to
survival analysis, cancer classification and biomarker identification. Similarly, a review by Archarya
& Mukhopadhyay (2024) focused on the integration in precision data in precision oncology. The
outcome of this was to emphasize the machine-learning integration of distinct omics datasets
provides a powerful framework for clinical application and informing personalized treatment.

Diagnostic Pathway

The development of an actionable microbiome signature for maternal and neonatal outcome
requires an open end to-end diagnostic pathway to deployable and validated models. The following
pathway integrates current advances in multi-omics design, data management and translational
science. For the strongest data basis, prospective, well-phenotyped pregnant cohorts with
longitudinal sampling from the first trimester through early infancy are used. Bias is reduced when
endpoints, such as spontaneous preterm birth, preeclampsia, or newborn infection, are defined prior
to participation. It is essential to standardize sampling locations, timing, and storage conditions
because even minor pre-analytic variations might cause microbial and metabolic signals to be
distorted (Boudar et al., 2022).

Placental and amniotic tissue is extremely low biomass and easily swamped by reagent or
environmental contaminant. To curb this negative and process controls with study samples and
prevalence-based filtering is essential to discriminate genuine biological signals from artifacts
(Kuperman et al., 2019; Panzer et al., 2023).

Additionally, high resolution needs to combine 165 and shotgun metagenomics, meta-
transcriptomics and host derived proteomics. This integration must be done across layers to
synchronize collection timepoints and harmonized aliquoting and comparability is maintained by
normalization and batch corrections (Sherwani et al, 2025).

The modelling frameworks such as DIABLO, MOFA/MOFA+, or network-based latent factor
models jointly capture a modality-specific variation between the different omics layers which will
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improve predictive performance. The inclusion of statistical analysis with immunological or
metabolic pathways enhances interpretation (Singh et al, 2019)

Again, model training, validation, and calibration of predictive models must be internally and
externally done in independent cohorts and varied settings. Tests such as the Nested cross-validation
and reporting of discrimination (AUC), calibration (Brier score), and decision-analytic metrics ensure
clinical rigor (Tarca et al., 2021).

Candidate biomarkers must be verified in independent assays e.g., metabolite quantitation,
targeted qPCR, or spatial transcriptomics to provide mechanistic link between microbe, metabolite,
and host response (Bautista et al., 2025).

Open reporting of pipelines, parameter settings, and raw data deposition following STROBE-
metagenomics or MIxS guidelines enables reproducibility and meta-analysis (Boudar et al., 2022).

To visualize the sequential steps linking microbiome research to clinical application, Figure 1
illustrates the diagnostic pathway for multi-omics biomarker development in maternal and neonatal
health.

1. Cohort Design & Recruitment

Y

2. Sampling & Contamination Control

Y

3. Multi-Omics Profiling

(Genomics * Transcriptomics * Metabolomics * Proteomics)

Y

4. Data Integration
(MOFA * DIABLO * Network Models)

Y

5. Feature Selection & Predictive Modeling

v

6. Validation & Calibration
(Independent Cohorts)

|

7. Orthogonal Verification
(gPCR * Metabolomics * Spatial Transcriptomics)

Y

8. Clinical Translation & Regulation

|

9. Reporting & Reproducibility

Figure 1. Diagnostic pathway for multi-omics biomarkers in maternal and neonatal health. The flowchart
summarizes the translational pipeline linking cohort recruitment, sample handling, multi-omics profiling, data
integration (MOFA, DIABLO, network mode.

Clinical Applications and Challenges
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Multi-omics is an integrative approach that incorporates transcriptomics, metabolomics,
proteomics, phenomics, genomics and epigenomics into examining diseases. The integration of
microbiome data with other omics, such as proteome, inflammatory mediators, and the metabolome
to address the gap in understanding the functional interactions between bacteria and humans (Neu
& Stewart, 2025). Multi-omics studies in neonates are particularly important due to the complex of
human development. While traditional microbiome studies provide insights into microbial relative
abundance and diversity. The large data sets involved generated require complex analysis and
interpretation, especially metagenomics. The integration of multi omics data sets while maintaining
biological context is a significant hurdle that has to be addressed for robust and reproducible findings
(Neu & Stewart, 2025).

The integration of multi-omics is driven by the new technologies such as the Next generational
sequencing and highly advanced microbial sequencing. These novel technologies make it possible to
explore the host-microbiome interactions at various omics levels. These technologies are necessary to
understand the complex interactions between gut microbiota and the host’s physiological status (Lu
et al, 2025). For instance, studies that utilized multi-omics approach has shown that the gut
microbiota is altered in when the host is diseased (Huang et al., 2024). Similarly, metagenomics and
metabolomics has shown that the gut microbiota is able to metabolize drugs (Jarmusch et al., 2020).
Transcriptome analyses have shown the gut microbiota can influence host gene expression (Richards
et al., 2019).

Challenges in Clinical Translation

Neonatal microbiome studies are particularly complex due to the dynamic nature. Factors such
as the antibiotic exposure, feeding practices, mode of delivery and environmental exposures
significantly influence microbial colonization and development (Neu & Stewart, 2025). These shifts
pose significant challenge in establishing stable biomarkers for clinical implications. As such some
studies indicate that the microbial colonization patterns differ from those in full-term infants affecting
health outcomes. Furthermore, the influence of maternal factors on the neonatal microbiome remains
an area requiring further inspection.

Studies also generate vast amount of data that needs requiring bioinformatics and statistical
analysis (Abdelaziz et al., 2024). Neonatal microbiome studies generate vast amount of high-
dimensional data, including DNA sequence, metabolomics and transcriptomics. Additionally, the
integration of multi-omics adds another layer of complexity which necessitates the development of
robust computational frameworks.

There are challenges in designing the adequately powered clinical trials and ensuring
reproducibility of findings. Moreover, the rapid developmental changes in neonates require careful
planning of study design and measure outcomes. This will ensure adequate sample sizes and
statistical power to detect meaningful associations between microbiome profiles and physiological
statuses.

There are also regulatory hurdles and the standardization of methodologies for microbiome
analysis in diagnostic testing (FDA, 2018). This is due to the microbiome-based diagnostic regulatory
environment is continually developing. The FDA has recently rolled-back certain regulations on lab-
developed test in the United States. In Europe, the lack of clear guidance on regulation of microbiome
testing services has led to uncertainty regarding their intended use and regulatory classification. In
addition, the absence of standardized methods for sample collection, processing, and analysis also
leads to variability in study results.

Conclusions

Within a decade, maternal and neonatal microbiome has evolved from descriptive to predictive
models. As demonstrated through this mini review, the perinatal microbiome plays a critical review
role in immune regulation, metabolic health and the development of pregnancy-related outcomes,
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such as preterm birth, preeclampsia and neonatal sepsis. Microbial imbalances have been implicated
in adverse pregnancy and neonatal outcomes indicating the microbiome-based biomarkers in early
diagnosis.

Integration of microbiome signatures as prognostic biomarkers for neonatal and maternal health
is a promising future prospect in precision medicine. As depicted in this review, the perinatal
microbiome plays a core role in immune regulation, metabolic health, and complication development
during pregnancy, such as preterm birth, preeclampsia, and neonatal sepsis. Dysbiosis, or microbial
imbalance, has been implicated in several adverse pregnancy and neonatal outcomes, underlining
the potential of microbiome-based biomarkers to improve early detection and personalized
treatment. Despite this, challenges persist, including the dynamic nature of the neonatal microbiome,
the complexity of information arising from multi-omics profiling, and the need for highly powered
clinical studies for reproducibility and validation. Furthermore, the effect of maternal influences on
the neonatal microbiome is still to be investigated, and regulatory challenges are a major hurdle to
the translational applications of microbiome-based diagnostics. Despite these challenges, the
growing evidence base and improvements in microbiome profiling technologies suggest that the
incorporation of microbiome signatures into clinical practice has the potential to revolutionize
maternal and neonatal health care into more individualized and efficient approaches to health care.
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