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ABSTRACT

The uninterrupted assembly of the early-life gut microbiome is central to growth, immune maturation, and resistance to infection. In low- and middle-income country
(LMIC) settings, this process is often disrupted by nutritional inadequacy, high enteropathogen exposure, and health-system constraints, resulting in increased
vulnerability to undernutrition and environmental enteric dysfunction (EED). These pressures interact bidirectionally as undernutrition and EED can impair intestinal
barrier function and alter microbial composition and function, while recurrent infection and inflammation further reduce nutrient absorption and perpetuate
microbiome perturbations. Here, we summarise current evidence on early-life microbiome assembly in LMIC settings, how wasting, stunting, micronutrient de-
ficiencies and EED influence microbial community composition and function, how infection and microbiota perturbations reciprocally reinforce one another, and the
implications of these interactions for microbiome-directed interventions. We highlight that nutritional rehabilitation alone may be insufficient when inflammation
and enteropathy persist, whereas emerging microbiota-directed complementary foods and related microbiome-targeted approaches offer a mechanistically informed
route to promoting microbiome maturation and improving growth outcomes. Finally, we outline key evidence gaps, particularly geographic under-representation

and the limited availability of longitudinal, multi-omic studies, which constrain the development of generalisable diagnostics and scalable interventions.

1. Introduction

The gut microbiome is a complex microbial community of bacteria,
viruses, archaea and micro-eukaryotes that inhabit the gastrointestinal
tract [1]. Its composition varies substantially between individuals and is
shaped by early-life exposures, diet, environment and host factors [2-5].
Beyond taxonomic diversity, the microbiome plays fundamental roles in
host metabolism by fermenting complex carbohydrates into short-chain
fatty acids (SCFAs), producing bioactive metabolites, and modulating
nutrient availability [6-9]. It also contributes to immune development
and colonisation resistance against enteric pathogens [10-12]. Many of
these functions are established during the first 1000 days, a critical
window for microbiome development and long-term health.

This review examines early-life gut microbiome development in low-
and middle-income (LMIC) settings and its links to malnutrition,

infections, and environmental enteric dysfunction (EED) [5,13].
Compared with high-income settings, LMICs experience a substantially
higher burden of pathogen exposure, undernutrition, and EED, all of
which influence microbiome development and contribute to poor child
health outcomes. Interactions between nutrition, infection, and the gut
microbiome are bidirectional and can become self-reinforcing, driving
growth faltering and increasing disease susceptibility in early life [14].

As summarised in Fig. 1, malnutrition, infection, EED, and micro-
biome development are interconnected through reciprocal pathways.
Nutrient limitation and enteropathy can alter microbial community
structure and function, impair epithelial barrier integrity, and compro-
mise immune responses. In turn, infection and inflammation can reduce
dietary intake, impair nutrient absorption, and further perturb microbial
ecosystems. In environments characterised by persistent pathogen
exposure, repeated antibiotic use, and limited capacity for microbiome
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and mucosal recovery, these processes can become self-perpetuating,
exacerbating undernutrition and poor health [14].

We first summarise early-life microbiome assembly in LMIC settings
and the key environmental and biological factors that shape this tra-
jectory. We then examine how undernutrition and EED disrupt micro-
biome composition and function, placing these changes within
mechanistic pathways that contribute to growth faltering. Finally, we
discuss how infection and microbial ecosystem perturbations can rein-
force one another, review current microbiome-directed interventions,
identify key knowledge gaps, and outline priorities for future research,
policy and practice.

2. Early-life gut microbiome in LMICs

The first 1000 days of life represents a critical period for immune
maturation and microbiome assembly, with lasting implications for
metabolic health and disease susceptibility [15,16]. During this period,
the gut microbiome develops rapidly through interactions between host
biology, diet, and environmental exposures. Although the overall tra-
jectory of microbiome assembly is relatively conserved across pop-
ulations, its composition, timing and stability differ substantially
between infants living in LMICs and high-income countries (HICs) [17].
These differences reflect distinct nutritional, infectious and environ-
mental pressures that influence microbial colonisation, ecological suc-
cession and microbiome resilience [17,18].

Microbiome assembly is shaped before and immediately after birth
by maternal health and the perinatal environment. Although the foetus
develops in utero under largely sterile conditions during uncomplicated
pregnancies, maternal nutrition, infection and environmental expo-
sures, influence foetal development and establish the intestinal envi-
ronment into which postnatal microbial colonisation occurs [19-21]. In
LMIC settings, maternal undernutrition, micronutrient deficiencies and
infectious diseases are more prevalent, and may alter maternal micro-
bial metabolism, metabolite transfer and vertical microbial transmission
[22]. Consistent with this, maternal gut microbiome composition has
been reported to predict birth weight more strongly than gestational
age, highlighting the importance of maternal microbial health for infant
development [22,23].

Gestational age is another major determinant of microbiome as-
sembly. Preterm infants (<37 weeks’ gestation) have an underdevel-
oped intestinal barrier, a more oxygenated gut environment, and
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increased exposure to intensive clinical care, all of which can delay
colonisation by anaerobes like Bifidobacterium, Bacteroides and Ato-
pobium [24-27]. As maternal undernutrition increases the risk of pre-
term birth, these microbiome alterations may be particularly relevant in
LMIC settings, where prematurity and low birth weight remain common
[28,29]. These outcomes contribute substantially to infant mortality and
to long-term risks of infection, chronic disease, and impaired physical
and cognitive development. In 2020, an estimated 19.8 million infants
worldwide were born with low birth-weight (LBW) with an estimated
5.5 million pregnant and lactating women suffering from malnutrition
across 12 crisis-affected countries, which increased to 6.9 million in
2022 [30-33]. The burden was highest in South Asia, primarily India
and Bangladesh, where prevalence may approach 30% in some settings,
while sub-Saharan Africa also has elevated rates, generally around 12%
and reaching 15% in some areas [31]. As LBW and prematurity are
themselves associated with altered microbial colonisation and increased
clinical vulnerability, they represent an important pathway through
which maternal nutritional disadvantage may shape early-life micro-
biome assembly.

Delivery mode and infant feeding further influence early microbial
succession [34,35]. Vaginal delivery promotes transmission of maternal
microbes, whereas Caesarean (C)-section delivery is consistently asso-
ciated with reduced abundance of Bacteroides and Bifidobacterium, and
altered ecological succession that may persist well beyond infancy
[35-38]. C-section rates are not determined by national income alone,
but by a mixture of medical, cultural, demographic, and policy factors
[39]. In East Asia, North America, and parts of Europe, increasing
maternal age has contributed to rising C-section rates, whereas in set-
tings such as Egypt and parts of South America, very high rates may also
reflect structural incentives within healthcare systems that favour sur-
gical delivery [39,40]. By contrast, due to increased risk of surgery, rates
in sub-Saharan Africa often remain close to 5%, below the 10-15% range
often discussed in relation to unmet obstetric need [39,40]. As delivery
mode influences the infant's earliest microbial exposures, both overuse
and under-access to C-section may be relevant to how healthcare sys-
tems shape microbiome assembly in different settings.

Post-delivery breastfeeding supports the expansion of Bifidobacte-
rium through the provision of human milk oligosaccharides (HMOs) [38,
40-45]. However, the composition of human milk is itself influenced by
maternal nutritional status, health, and environmental exposures,
leading to variation in the concentrations of HMOs, micronutrients,
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Fig. 1. Schematic of multivariate interactions linking the gut microbiome, nutrition, infection and EED.
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immune factors and other bioactive components that shape infant gut
microbiome development [46]. In contrast, formula feeding is generally
associated with increased abundance of spore-forming Clostridia and
other taxa with greater pathogenic potential [41]. Although these re-
lationships are observed globally, their impact in LMICs is shaped by
regional variation in breastfeeding practices, complementary feeding,
healthcare access and nutritional status. The World Health Organisation
(WHO) recommends exclusive breastfeeding for the first six months of
life to achieve optimal health outcomes [47]. While breastfeeding rates
are often higher overall in LMICs than in high-income countries (HICs),
substantial regional heterogeneity exists; for example, exclusive
breastfeeding rates are generally lower in West Africa than in East Africa
[48]. At the same time, many LMIC settings also show relatively high
rates of early complementary feeding that is either driven by necessity,
food insecurity, or cultural practice [49].

Complementary feeding is usually introduced between 6 and 24
months of age, but early introduction can lead to sub-optimal outcomes
[49]. Before 6 months of age, the infant gut and immune system remain
developmentally immature, increasing susceptibility to infection from
contaminated foods and possibly inflammation and malabsorption, if
foods cannot be adequately digested [49]. In many settings, comple-
mentary foods such as maize porridge are substantially less
nutrient-dense than breastmilk, potentially contributing to nutrient
displacement and undernutrition [49]. Conversely, where introduced
foods are calorie-dense and rich in added sugars such as processed ce-
reals, early complementary feeding may contribute to inappropriate
weight gain and increase later life obesity risk. This is, however, more
common in urban and mid-to high-income scenarios [49]. Comple-
mentary feeding patterns are therefore not only relevant to nutrition,
but also to the substrates and exposures that shape microbiome devel-
opment during such a critical window.

One characteristic feature of microbiome development in many
LMIC populations is the persistence of taxa adapted to traditional diets
and higher environmental microbial exposure. Bifidobacterium longum
subsp. infantis, which efficiently metabolises HMOs [50], often remains
highly prevalent during early infancy and exhibits greater strain di-
versity than is typically observed in HIC populations [50]. Enhanced
HMO utilisation capacity suggests that breastmilk may play a more
prominent nutritional role in populations in which B. longum subsp.
infantis predominates [50]. This is supported by the Joint Child
Malnutrition Estimates highlighted above, which report higher breast-
feeding prevalence across many LMICs [48]. Furthermore, the ability of
B. longum subsp. infantis to metabolise plant-derived glycans, coupled
with its extensive HMO utilisation repertoire, is consistent with coexis-
tence of prolonged breastfeeding and complementary feeding practices
[50]. Infants in LMICs may also harbour higher early-life abundance of
Escherichia coli, likely reflecting increased exposure to environmental
microorganisms [51,52]. During weaning, microbial diversity rapidly
increases as the microbiome transitions towards an adult-like profile. In
many LMIC settings, fibre-rich complementary diets favour expansion of
members of the phylum Bacillota (formerly Firmicutes) and the genus
Segatella (formerly classified within Prevotella), whereas animal
protein-rich diets more commonly associated with HICs favour Bacter-
oides dominance [53,54]. Segatella copri is typically one of the most
prominent species within non-westernised microbiomes [55]. It is
commonly associated with diets rich in dietary fibres, plant-derived
complex carbohydrates, and resistant starch, reflecting its extensive
carbohydrate-utilisation capacity [55]. Tett et al. reported that members
of the S. copri complex were detected in 95.4% of non-westernised
samples, in some cases accounting for more than 50% of the total
community abundance, compared with 29.6% of westernised samples
[55]. These observations suggest that dietary patterns are a major factor
underpinning the contrasting prevalence of S. copri across populations.

Despite these characteristic features, microbiome maturation in
LMICs is frequently disrupted by recurrent nutritional and infectious
challenges. Compared with infants in HICs, microbiomes are often
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slower to mature, show reduced ecological stability and harbour a
greater abundance of opportunistic pathogens and antimicrobial resis-
tance (AMR) determinants [56]. Repeated enteropathogen exposure,
antibiotic use, intestinal inflammation and impaired nutritional status
can limit recovery following perturbation, resulting in persistent alter-
ations to microbial community structure and function. These cumulative
disturbances provide the biological context in which malnutrition, EED
and recurrent infection interact to drive growth faltering and poor child
health outcomes [36,57-59].

Infants are commonly colonised by at least one potentially patho-
genic bacterium by three months of age, and exposure risk increases
further with crawling, mouthing behaviour, and the introduction of
solid food [60]. Although much of this carriage is asymptomatic, it
leaves children vulnerable to infection if host immunity or microbiome
resilience is compromised [60]. More importantly, repeated pathogen
exposure may drive chronic inflammation, particularly in settings with
poor water, sanitation and hygiene (WASH) [60]. Recent work also
suggests animal faeces may represent an important and sometimes un-
derappreciated source of exposure in LMIC contexts, as domestic live-
stock, free-roaming poultry, cats and dogs often live in close proximity
to human living and sleeping spaces [61]. These sustained exposures
may accelerate progression towards EED.

Repeated infection and perceived infection risk also drive increased
antibiotic use, which can further disrupt the microbiome and promote
AMR. In many LMIC settings, high antibiotic exposure reflects both the
elevated burden of neonatal sepsis and broader structural factors,
including poor diagnostic capacity and unregulated over-the-counter
access. This is particularly evident in parts of South Asia and sub-
Saharan Africa, where a significant proportion of infants are exposed
to broad spectrum antibiotics before 6 months of age [62]. Antibiotic
exposure during this early period may markedly reduce Bifidobacterium,
a key genus in early microbiome assembly, with potential consequences
for immune training and for digestion of milk and HMOs [63].

Child malnutrition remains a major global health challenge, with an
estimated 150 to 200 million children under 5 affected by some form of
malnutrition, with most of these being in LMICs [48,64]. Although
prevalence has declined gradually in recent decades, faster reductions
would yield substantial health benefits [48,64]. Stunting, defined as low
height-for-age, remains the most common form of undernutrition
(Fig. 2), while wasting, defined as low weight-for-height, is less preva-
lent but more severe (Fig. 3). Although both have decreased over time,
this progress is increasingly complicated by rising levels of child over-
weight and overnutrition, in some settings [48]. The overlap between
undernutrition and socioeconomic disadvantage is reflected in the
global distribution of stunting and wasting (Figs. 2 and 3).

Together, these interconnected LMIC-associated exposures
contribute to microbiome trajectories that are often slower to mature
and more vulnerable to perturbation by inflammation, antibiotics, and
enteropathogen pressure. Socioeconomic disadvantage acts through
upstream determinants including diet quality, household crowding,
sanitation infrastructure and access to timely and appropriate health-
care, creating an exposure landscape that increases the risk of malnu-
trition and EED. These conditions not only impair nutrient absorption
but also further disrupt microbiome development, establishing a self-
reinforcing cycle that contributes to growth faltering. Although, coun-
try income classifications provide only a coarse proxy for these con-
straints and substantial within-country heterogeneity exists, a
socioeconomic framing remains valuable because it captures the
broader nutritional, infectious, and iatrogenic pressures within which
microbiome assembly and recovery occurs [65-67]. Consequently,
LMIC settings are best understood not simply as geographic categories,
but as environments characterised by intersecting exposures that shape
microbial colonisation, immune development, and ultimately child
growth.
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Child Stunting Prevalence (Children Under 5)
Percentage of children with height-for-age below -2 SD (Data up to 2024)
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Fig. 2. Prevalence of stunting across the world. This map was created using data from the Joint Child Malnutrition Estimates [48]. The script used to generate this
map can be found here (https://github.com/DizzySpore/Gut-Microbiology-Literature-Review).

Child Wasting Prevalence (Children Under 5)
Percentage of children with weight-for-height below -2 SD (Data up to 2024)
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Fig. 3. Prevalence of wasting across the world. This map was created using data from the Joint Child Malnutrition Estimates [48]. The script used to generate this
map can be found here (https://github.com/DizzySpore/Gut-Microbiology-Literature-Review).
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3. Malnutrition, EED and the microbiome
3.1. Overview of malnutrition and its consequences

Undernutrition encompasses acute malnutrition (wasting), chronic
malnutrition (stunting), and micronutrient deficiencies, each of which
has distinct clinical manifestations and potential links to gut microbial
composition and function [68]. In LMIC settings, these conditions
frequently co-occur with high enteropathogen exposure, chronic
inflammation, and EED, all of which can impair nutrient absorption and
contribute to growth faltering. The following sections summarise the
major forms of undernutrition and their consequences, as a background
to understanding EED pathophysiology and its relationship with the gut
microbiome [68].

Acute malnutrition, or wasting, is defined in children aged 6-59
months by a weight-for-height z-score (WHZ) < —2 or a mid-upper
arm circumference (MUAC) < 12.5 cm®. Severe acute malnutrition
(SAM), defined by WHZ < —3 and MUAC < 11.5 cm, is a life threatening
condition with mortality rates that may reach 30% in the presence of
complications [69]. SAM compromises nutritional status through mul-
tiple mechanism, including impaired intestinal barrier function, reduced
Immunoglobulin A (IgA) secretion, thymic atrophy, and compromised
cell-mediated immunity [70]. Increased mortality has been associated
with a shift toward Th2-dominant inflammatory cytokine profiles [71].
Children with SAM also show characteristic microbiome alterations,
including increased abundance of taxa within Pseudomonadota
(formally Proteobacteria) such as Escherichia, Klebsiella, Shigella, along-
side reduced representation of Bacteroidota, changes that may exacer-
bate malabsorption and inflammation [72].

Chronic malnutrition, or stunting, is defined by a height-for-age z-
score (HAZ) < —2, and reflects prolonged exposure to nutritional and
environmental adversity [73,74]. Its causes are multifactorial and
include recurrent undernutrition, frequent infections, low socioeco-
nomic status, and suboptimal maternal and infant feeding practices.
Unlike wasting, which reflects acute nutritional deficit, stunting is
associated with impaired linear growth and long-term risks extending
into later life. Stunted children exhibit distinct microbial patterns,
including reduced B. longum and Lactobacillus mucosae and increased
Enterobacteriaceae and Desulfovibrio. These shifts are associated with
reduced SCFA production, impaired barrier integrity, and increased
intestinal inflammation, thereby linking stunting to EED and growth
faltering [75,76]. Chronic immune activation in this context is reflected
by elevated biomarkers such as myeloperoxidase, a-1-antitrypsin and
neopterin [77,78]. Persistent inflammation has also been associated
with adverse neurodevelopmental outcomes and increased later life
cardiometabolic risk [79,80].

Micronutrient deficiencies provide an additional route through
which undernutrition may alter host-microbiome interactions. De-
ficiencies in nutrients such as selenium and zinc can impair immune
function and constrain key enzymatic and metabolic pathways in both
host and microbiota. Selenium deficiency may increase oxidative stress
and weaken innate immunity, whereas zinc limitation can favour mi-
crobes with efficient metal acquisition systems, potentially contributing
to microbiota pertubations [81,82]. Where multiple deficiencies
co-occur, microbial and host responses may interact in ways that reduce
responsiveness to nutritional rehabilitation [83].

3.2. Environmental enteric dysfunction(EED)

EED is defined as a chronic inflammatory disorder of the small in-
testine that is highly prevalent among children living in many LMICs and
is strongly associated with malnutrition, immune dysregulation, and
poor growth outcomes [84]. It is characterised by persistent intestinal
inflammation, villous atrophy, barrier dysfunction and nutrient malab-
sorption [85,86]. As EED often presents sub-clinically, it may remain
undetected until growth faltering or development impairment becomes
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evident, by which point some consequences may be difficult to reverse
[84].

Recent advances suggest that EED pathogenesis involves profound
disruption of barrier function, epithelial renewal, and immunometabolic
homeostasis [87]. Single-cell RNA sequencing studies of duodenal and
jejunal biopsies have demonstrated altered epithelial differentiation,
including reductions in enteroendocrine cell populations and abnor-
malities in Paneth cell maturation [88,89]. These disturbances may arise
in part from chronic exposure to microbial products and endotoxins,
which disrupt crypt-villus homeostasis and alter stem cell behaviour and
lineage allocation [89,90].

Metabolic profiling has also identified biochemical signatures asso-
ciated with EED [91]. Altered concentrations of phenolic compounds
such as 4-cresol, phenylacetate, and urolithins point to a shift in protein
fermentation and impaired host-microbe co-metabolism [92]. As such,
metabolites can influence nuclear receptors involved in intestinal bar-
rier regulation, they may contribute directly to EED pathophysiology
[92]. At the transcriptomic level, maladaptive EED phenotypes have
been associated with impaired inflammatory responses and disruption of
metabolic pathways, including lipid metabolism and SCFA-associated
processes, particularly in children with wasting [93].

Clinically, EED is characterised by growth faltering and other largely
subclinical manifestations, including reduced nutrient absorption, villus
blunting, lymphocytic infiltration, and microbial perturbations [85,86].
Overt symptoms are often non-specific and may include poor weight
gain, stunting, or impaired cognitive development [85,86]. There is
currently no universally accepted clinical standard for diagnosis, and
most studies rely on combinations of functional tests, biomarkers, and
where feasible, histology [85,86]. Common research tools include
measures of intestinal permeability (e.g., Lactulose-to-Mannitol (L:M)
ratios [85,86]), together with inflammatory markers. Emerging ap-
proaches include point-of-care measures of epithelial injury and inte-
grated profiling of microbiome and metabolome features, although
standardisation across settings remains limited [94]. Indeed, the marked
heterogeneity of EED presentation and response suggests that stratified
diagnostic and therapeutic approaches may ultimately be needed [91,
92].

EED is thought to arise from the interaction of nutritional deficiency,
pathogen exposure, and environmental contamination. Diets low in
essential amino acids (e.g., tryptophan), niacin, zinc and vitamin A have
all been implicated, and disruption of zinc homeostasis in particular has
been associated with increased intestinal permeability [95-97].
Oral-faecal contamination, environmental toxins, and repeated enter-
opathogen exposure further contribute to chronic inflammation and
barrier disruption [98]. This in turn, increases energy expenditure,
worsens malabsorption, and reinforces undernutrition [98]. Prolonged
diarrhoea and persistent gut barrier dysfunction are both predictors of
EED and subsequent malnutrition [99].

EED creates a vicious cycle with growth faltering and undernutrition
[100]. Higher L:M ratios are negatively associated with linear growth
velocity, while malabsorption and protein-loss enteropathy contribute
to negative nitrogen balance [101-103]. Importantly, subclinical EED
may precede overt growth faltering by 3-6 months, suggesting that in-
testinal dysfunction may be an early driver rather than simply a
consequence of malnutrition [96]. Chronic intestinal inflammation also
elevates inflammatory cytokines such as TNF-a can suppress growth
hormone (GH) receptor expression and IL-6 can impair SOCS3 signalling
leading to increased GH resistance in skeletal muscles and hepatocytes
[104]. In parallel, inflammation-induced dysregulation of the
hypothalamic-pituitary-adrenal (HPA) axis may increase cortisol levels
and promote protein catabolism [105]. Malabsorption of key micro-
nutrients (A, D, zinc), further impairs epithelial repair and antimicrobial
peptide production [100]. These mechanisms may help explain why
some affected children remain deficient despite standard nutritional
supplementation such as ready-to-use supplementary food (RUSF) or
ready-to-use therapeutic foods (RUTF).
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3.3. Effects of EED on the microbiome

EED and undernutrition are characterised by sustained inflamma-
tion, altered substrate availability, and impaired barrier function, all of
which can reshape microbial community structure and reduce func-
tional capacity [106]. These changes likely reflect both direct ecological
selection within the gut and indirect effects of diet quality, infection
burden, and antibiotic exposure. Chronic inflammation and nutrient
inadequacy alter the gut metabolic environment in ways that favour
opportunistic pathogens over beneficial microbes that support barrier
function and metabolic production [106].

Reduced intake of complex carbohydrates can limit SCFA produc-
tion, thereby weakening epithelial barrier integrity and altering immune
homeostasis. Barrier dysfunction may also reduce expression of anti-
microbial molecules such as Regenerating gene family protein III
(RegIIl) proteins, which normally help regulate Gram-positive bacteria
at the mucosal surface [107,108]. Children with SAM show distinct
microbial signatures and often reduced alpha diversity, findings that
may be exacerbated by diarrhoea and impaired gut integrity [109,110].
Several studies have reported enrichment of potentially pathogenic
bacteria, including Shigella, Enterobacter, Streptococcus, Veillonella, and
Escherichia, while healthier microbiomes are more often characterised
by SCFA-producing organisms such as Roseburia and Butyrivibrio [111].
Across cohorts, undernutrition and enteropathy have repeatedly been
linked to relative enrichment of Pseudomonadota and depletion of taxa
associated with SCFA production and HMO utilisation, although the
exact patterns vary by population and analytical approach [72].

Particularly important is the depletion of beneficial Bifidobacterium
species such as B. longum subsp. longum, B. longum subsp. infantis, and
B. breve, which are central to early-life HMO metabolism and are asso-
ciated with SCFA production and immune modulation [112,113]. Loss
of these taxa may reduce efficient milk utilisation and further weaken
host-microbe interactions [114]. At the same time, expansion of
opportunistic pathogens such as Enterobacteriaceae or Clostridiales may
generate toxic metabolic byproducts, promote inflammation, and
contribute to unfavourable SCFA profiles, thereby increasing suscepti-
bility to infection and further microbiome disruption [115,116].

These microbiome perturbations may contribute directly to growth
faltering through impaired barrier integrity, altered nutrient absorption,
and dysregulated host growth signalling. Reduced abundance of SCFA-
producing bacteria can weaken epithelial tight junctions, while sec-
ondary disaccharidase deficiency may develop in the context of chronic
gut inflammation, increasing osmotic load, fluid loss, and bacterial
fermentation [117-119]. Protein-losing enteropathy associated with gut
barrier dysfunction can markedly increase gastrointestinal albumin loss
and reduce circulating albumin concenrations [120]. Fat malabsorption
may also be aggravated by reduced bile acid availability, contributing to
deficiencies in fat-soluble vitamins such as A, D, E, and K.

Taken together, EED provides a mechanistic link between LMIC
environmental exposures, impaired growth, and heightened suscepti-
bility to infection. Recurrent enteropathogen exposure and chronic in-
testinal inflammation reduce absorptive capacity and increase
permeability, creating an inflamed, nutrient-poor intestinal environ-
ment that favours opportunistic taxa while suppressing taxa that support
barrier integrity and metabolite production. This perturbed state may
reduce colonisation resistance and impair immune education, increasing
the likelihood of subsequent infections. Each infectious episode may
further reduce appetite, limit nutrient availability, and increase in-
flammatory signalling, thereby reinforcing both EED physiology and
microbiome immaturity. Framing EED as a central “hinge” in this cycle
helps explain why nutrition rehabilitation alone may be insufficient
when enteropathy and inflammation persist, and why microbiome-
directed strategies are increasingly being pursued.
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4. Infection and the microbiome in LMIC infants
4.1. Common infectious diseases affecting infants in LMICs

Infection risk in early life is shaped by complex interactions between
nutritional status, immune development, environmental exposure, and
the gut microbiome [59]. These risks are amplified in many LMIC set-
tings, where infants are more likely to experience undernutrition, poor
sanitation and hygiene, high enteropathogen exposure, and limited ac-
cess to timely healthcare [121]. Together, these factors increase sus-
ceptibility to infection while also disrupting microbiome maturation and
intestinal barrier function.

LMICs bear a disproportionate burden of infectious diseases, with
infants being particularly vulnerable. Bacterial infections are a major
contributor to morbidity and mortality, followed by viral and parasitic
infections [122-125]. Neonatal sepsis remains one of the most serious
infectious threats and accounts for up to a quarter of all neonatal deaths
[122-125]. In many LMIC settings, neonatal sepsis is predominantly
caused by Gram-negative organisms, with Escherichia and Klebsiella
species among the most frequently reported pathogens [126]. Risk is
increased by poor hygiene, maternal infections, limited vaccination
coverage, high rates of preterm births, and poor maternal or infant
nutritional status [121].

Diarrhoeal illness is also common in early life in LMIC settings,
although estimates vary by region, surveillance method, season, and
study design. Respiratory infections are similarly frequent and remain
an important cause of infant morbidity and mortality. For example one
cross-sectional study from Bangladesh, diarrheal disease affected up to
40.8% of children, while respiratory disease had a prevalence of 35.7%
[59]. Nutritional status is strongly associated with risk of diarrheal
disease and is also linked to respiratory infection risk [59,127]. Among
the most common diarrhoeal pathogens, rotavirus and by Shigella spp.
are reported as the common contributors to disease burden, although
pathogen profiles vary substantially across settings and age groups
(Fig. 4).

Respiratory diseases, including pneumonia, are less frequent than
diarrhoeal illness in some cohorts but carry a high risk of death,
particularly in sub-Saharan Africa and South Asia [128,129]. Under-
nutrition and a disrupted microbiome can impair immune function,
weaken barrier defences and reduce colonisation resistance, thereby
increasing susceptibility to both enteric and systemic infection. These
relationships are bidirectional, as infection can further disrupt the
microbiome, worsen nutrient loss, and reinforce inflammatory pathways
linked to EED and growth faltering.

4.2. Bidirectional interaction of infection and the microbiome

The gut microbiome contributes to colonisation resistance by occu-
pying ecological niches, limiting nutrient availability for invading
pathogens, producing inhibitory metabolites, and strengthening
epithelial barrier function [130,131]. In early life, breastmilk supports
taxa such as Bifidobacterium through the provision of HMOs. Taxa like
Bifidobacterium produce microbial fermentation products, including
SCFAs, reinforce mucosal integrity and may reduce luminal pH, thereby
limiting the growth of acid-sensitive enteric pathogens and, at sufficient
concentrations, disrupting bacterial metabolism [38,132-139].

Commensal microbes also contribute to immune maturation. Bifi-
dobacterium and other early-life commensals can support development
of regulatory T cells, while the microbiome more broadly promotes
maturation of gut-associated lymphoid tissue (GALT) [140,141]. Regu-
latory T cells are central to immune tolerance, helping distinguish be-
tween commensal bacteria and pathogenic threats [142]. Disruption of
these early microbial signals may therefore impair immune education
and alter inflammatory responses.

Perturbations to microbiome development due to infection, under-
nutrition, antibiotic exposure, or other environmental pressures have
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Fig. 4. Heatmap of Disability-Adjusted Life Years (DALYs) attributable to diarrhoeal disease by pathogen. This figure was based on Institute of Health Metrics
and Evaluation's (IHME's) 2021 edition of global burden of disease estimates for pathogens and AMR [128] (Accessed: 09.02.2026). The script used to generate this
map can be found here (https://github.com/DizzySpore/Gut-Microbiology-Literature-Review).

been associated with increased susceptibility to disturbances later in life
[143-145]. These perturbations may delay microbiome maturation,
weaken physical barriers such as the mucin layer [143,146], and reduce
colonisation resistance They may also contribute to poorly regulated
immune responses and persistent low-grade inflammation, even when
pathogen exposure is intermittent [143,146]. In turn, inflammation and
infection can reduce appetite, increase nutrient losses, impair absorp-
tion, and further compromise immune function, thereby reinforcing EED
and delayed microbiome maturation.

Taken together, the evidence supports a self-reinforcing cycle in
which infection perturbs microbiome assembly and function, while
microbiota disturbances and impaired immune maturation increase
vulnerability to further infection. This has important translational im-
plications. Interventions that improve growth without restoring micro-
biome maturation, reducing inflammation, or lowering enteropathogen
exposure may produce incomplete or transient benefits. The following
section therefore considers current intervention strategies, including
nutrition-based rehabilitation and emerging microbiome-directed ap-
proaches, in relation to the mechanisms outlined below.

5. Current translational research and microbiome-directed
interventions

Translational strategies to address undernutrition have historically
focused on caloric and micronutrient repletion, particularly through
ready-to-use therapeutic and supplementary foods. However, growing
mechanistic evidence linking microbiome immaturity, EED, and
impaired growth has motivated approaches that aim not only to restore

nutritional status, but also promote microbial community recovery and
function. Below, we summarise current evidence across nutrition-based
rehabilitation, biotic supplementation, and microbiota-directed com-
plementary foods, while considering implementation factors that may
determine real-world effectiveness in LMIC settings.

RUTF/RUSF remain central to management of acute malnutrition.
These interventions provide energy dense, bioavailable mixtures of
lipids, amino acids, and micronutrients that can reduce mortality, pre-
vent muscle wasting, and support metabolic recovery in children with
wasting and SAM [147-149]. Their relatively small dosage volume may
also help avoid displacement of other important nutrient sources such as
breastmilk [148]. However, systematic reviews highlight uncertainty
around optimal dosing and duration, and effectiveness may vary ac-
cording to comorbidity, enteropathy, infection burden, and local
context. Importantly, RUTF/RUSF have limited effects on linear growth,
and do not resolve EED, indeed in some cases, persistent enteropathy
and inflammation may limit response to nutritional rehabilitation [150].

Evidence for probiotics and synbiotics in undernourished children
remains mixed. Randomised trials and meta-analyses have reported
variable effects on growth outcomes, likely reflecting differences in
strain selection, dose, baseline microbiome composition, concurrent
infection burden, and environmental exposures [151]. For example, the
SYNERGIE trial in Bangladesh found that supplementation with
B. longum subsp. infantis EVC001 significantly increased WAZ and MUAC
compared with placebo [152]. However, the subsequent CONSTELLA-
TION study in Pakistan, which assessed different strains, did not detect
significant improvements in weight gain or anthropometric outcomes
[153]. These findings suggest that probiotic efficacy is unlikely to be
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generic and may depend on careful matching of strain, host context,
diet, and ecological niche availability.

More recent research has therefore shifted towards microbiota-
directed complementary foods (MDCFs), which are designed to repair
microbiome immaturity by providing substrates that selectively pro-
mote growth of beneficial taxa [154]. Studies in Bangladesh showed that
childhood malnutrition is associated with “taxonomic immaturity”,
whereby the gut microbiota of a malnourished child resembles that of a
younger child rather than an age-matched healthy peer [56]. Early
MDCF approaches produced only transient microbiome improvements,
with relapse after treatment cessation, suggesting that perturbation was
not simply a consequence of caloric deficiency but also reflected the
absence of specific microbial growth substrates [56,155,156].

This led to the development of MDCF-2, a formulation deigned to
provide substrates that support taxa associated with a healthy micro-
biome maturation [155,156]. In a RCT in Bangladesh, MDCF-2 was
compared with standard RUSF in children with moderate acute
malnutrition while both groups improved over three months, children
receiving MDCF-2 showed a greater rate of improvement in
weight-for-age and weight-for-length Z-scores, despite MDCF-2 having a
lower caloric density than RUSF [154]. Subsequent analysis suggested
that the presence of Segatella copri may enhance response to MDCF
treatment, contributing to greater weight gain for a given caloric intake
[157]. These findings support the idea that provision of appropriate
microbial substrates can promote expansion of beneficial taxa, enhance
microbiome maturation, which improve growth outcomes beyond what
would be expected by calories alone.

Together, these studies indicate that microbiome-directed in-
terventions may offer an important complement to conventional nutri-
tional rehabilitation. However, their effectiveness is likely to depend on
baseline microbiome state, dietary context, infection burden, and
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environmental exposures. Future interventions may therefore need to
combine nutritional support with strategies that reduce enteropathogen
pressure, improve gut barrier recovery, and promote durable micro-
biome maturation.

6. Key knowledge gaps and future research directions

Several evidence gaps limit generalisable understanding of early-life
microbiome development and its relationship with growth in LMIC
settings. These include (i) geographic under-representation and limited
longitudinal sampling, (ii) insufficient integration of functional read-
outs, including metabolomics, proteomics, and immunophenotyping,
with microbial community profiles, (iii) incomplete reference cata-
logues for locally prevalent strains and non-bacterial members of the
microbiome, and (iv) limited understanding of how context-specific
exposures modify responses to nutritional and microbiome-directed
intervention response. Although broad patterns of early-life micro-
biome development have been described, the resolution of available
data remains substantially lower in LMICs early life than in HICs,
particularly for longitudinal cohorts [158,159]. This imbalance is re-
flected in the global distribution of human gut microbiome studies, the
majority of which originate from HIC populations (Fig. 5).

Microbiome heterogeneity may be greater in many LMIC settings
than in HICs, reflecting wider variation in diet, environmental expo-
sures, sanitation, infection burden and healthcare access [162-164]. As
a result, normative developmental trajectories of early-life microbiome
maturation remains poorly defined across many regions [165-167], and
the extent of geographic variation is still incompletely characterised
[165,166]. Establishing robust reference trajectories early life would
provide a baseline against which microbiome perturbations associated
with malnutrition, antibiotic exposure, infection, and EED could be

Global Distribution: Early-Life (Under 5) Gut Microbiome Studies
From GMrepo shotgun metagenomes - Global distribution showing HIC/LMIC disparity

Number of (N

Projects 5

10 50 85

Country assignment via descriptions, abstracts, full-text, affiliations, institutions

Fig. 5. Distribution of gut microbiome studies across the world. This map was created by assigning country of origin to projects listed in the Gut Microbiome
Repository (GMrepo) [160] (Accessed: 16.02.2026). Country of origin and early-life status were assigned using a custom Python script by parsing entries from
GMrepo based on: 1. The population descriptions in GMrepo's database metadata, 2. The project descriptions listed in GMrepo's database metadata, 3. Abstracts of
associated papers accessed through dois listed in GMrepo's database metadata, 4. Methods sections of associated papers, 5. Submitting organisations listed on ENA
[161]. Projects assigned to multiple countries were counted once for each country assigned. The script used to generate this map can be found here (https://github.

com/DizzySpore/Gut-Microbiology-Literature-Review).
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quantified [167]. With dense longitudinal sampling and well-annotated
exposure data, deviations from these ‘reference’ patterns may help
identify dominant drivers of disruption within and between populations
[167].

A further gap concerns the mechanisms through which specific taxa
influence immune and nutritional outcomes. For example, although
S. copri has been associated with enhanced response to MDCF treatment,
the mechanisms underlying its effect on early-life immune development
remains poorly understood. Recent work has shown S. copri outer-
membrane vesicles can induce pro-inflammatory responses in macro-
phages, but whether these findings translate to infant intestinal immu-
nity remains unknown [168]. In contrast, immunomodulatory
mechanisms have been described in greater detail for other taxa such as
Bacteroides fragilis through polysaccharide A and several Bifidobacter-
ium-associated pathways, highlighting the need for comparable mech-
anistic studies of S. copri and other candidate taxa [169,170].

Non-bacterial members of the microbiome are also underexplored in
early life, particularly in LMIC settings. Archaea and methane meta-
bolism may influence gut ecology and nutrition-relevant physiology, yet
their contribution to early-life microbiome development remains poorly
understood [171-173]. Studying archaea is technically challenging
because many are strict anaerobes, grow slowly, and are present at much
lower abundance than bacteria, making them difficult to culture and
isolate [172,174]. Nevertheless, despite their low abundance, archaea
may play important roles in hydrogen metabolism, fermentation effi-
ciency, and wider microbial network function [175].

Bacteriophages are another important yet understudied crucial
component of the gut microbiome, particularly in LMIC contexts [176,
177]. Phages play a major role in shaping bacterial population dynamics
and act as key mediators of horizontal gene transfer [178,179]. Through
both lytic infection abundances and lysogenic integration, bacterio-
phages can alter bacterial abundance, influence community composi-
tion, and drive strain-level turnover [178,179]. A deeper understanding
of early life phageome therefore represents an important knowledge gap
in microbiome research, particularly in underrepresented populations
and geographical regions.

Addressing these gaps will require expanded longitudinal multi-omic
datasets, improved reference catalogues for locally prevalent strains,
and greater recovery and sequencing of isolates from LMIC cohorts.
Integrating metagenomics with metabolomics, immune profiling, path-
ogen surveillance, dietary assessment, and environmental exposure data
will be essential for distinguishing correlation from mechanism. In
parallel, targeted profiling of the archaeome and other non-bacterial
community members may clarify how microbial-associated pathways
differ across settings and contribute to nutrition-relevant physiology
during early development. Such efforts will be critical for designing
diagnostics and interventions that are generalisable, context-sensitive,
and scalable.

7. Implications for public health policy and practices

Therapeutic foods and microbiome-relevant adjuncts that promote
microbiome maturation alongside nutritional recovery could offer an
additional route to reducing the short- and long-term consequences of
early-life undernutrition [180]. These strategies may show clearest
near-term benefits in wasting and SAM, where clinical trajectories can
be modified over relatively short time scales [157]. Effects on stunting
are likely to be more context-dependent given the chronic nature of
linear growth faltering and need for earlier identification, sustained
nutritional support, and reduction of enteropathogen, and inflammatory
burden [181,182].

Implementation factors will strongly shape real-world impact. Shelf
stability, supply chains, cost, acceptability, regulatory oversight, and
local production capacity will influence feasibility at scale [183]. Local
production may improve access and affordability but can introduce
variability in formulation, composition, and quality if standardisation is
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limited. Conversely centralised production may support quality control
but can create barriers related to distribution, procurement and equity
[184]. These considerations highlight that translational success will
depend not only on biological efficacy, but also on delivery systems that
are affordable, culturally acceptable, and robust across diverse LMIC
contexts.

More broadly, microbiome-directed strategies should not be viewed
as replacements for established public health interventions, but as po-
tential complements. Their impact is likely to be greatest when inte-
grated with breastfeeding support, appropriate complementary feeding,
improved WASH infrastructure, infection prevention, antimicrobial
stewardship, and early identification of growth faltering and EED. A
combined approach that addresses both microbial recovery and the
environmental pressures that drive perturbation may be necessary to
achieve sustained improvements in growth and immune development.

8. Conclusions

Early-life undernutrition in LMIC settings commonly occurs along-
side high enteropathogen exposure, repeated infection, and inflamma-
tory gut pathology, including EED. Together, these pressures are
associated with delayed or perturbed microbiome maturation. Across
studies, wasting, stunting, and micronutrient deficiencies are linked to
microbial compositional and functional shifts that may weaken barrier
integrity, reduce colonisation resistance, impair nutrient utilisation, and
alter immune development. Infection can further disrupt microbiome
assembly, both directly and indirectly through antibiotic exposure,
while inflammation and malabsorption may limit effectiveness of
nutrition-only rehabilitation in some contexts.

Microbiome-directed interventions, including MDCFs and selected
biotic approaches, are being evaluated as strategies to support micro-
biome maturation alongside nutritional recovery and improved growth.
However, current evidence remains heterogeneous and strongly context-
dependent. Key priorities include improving geographic representation,
expanding longitudinal multi-omic cohorts, and establishing functional
benchmarks of “healthy” maturation across diverse LMIC settings. From
an implementation perspective, shelf stability, supply chains, cost,
acceptability, and equity will be critical determinants of real-world
impact. As these interventions move towards scale, it will also be
important to consider potential unintended consequences, including
whether efforts to promote “healthy” maturation could inadvertently
homogenise microbiomes across ecologically and culturally diverse
early life contexts.

CRediT authorship contribution statement

Leon Miji¢: Writing — original draft, Visualization, Methodology,
Investigation, Formal analysis. Mishal Shaheen: Writing — original
draft. Angeziwa Chunga: Writing — review & editing. Raymond Kiu:
Writing — original draft. Lindsay J. Hall: Writing — original draft, Su-
pervision, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

L.J.H. is funded by a Wellcome Investigator Award no. 220876/Z/
20/Z, and a Biotechnology and Biological Sciences Research Council
(BBSRC) Institute Strategic Programme Food Microbiome and Health
BB/X011054/1 and its constituent project BBS/E/F/000PR13631. L.M.
is supported by a Colin Charles Frederick Blake University of



L. Miji¢ et al.

Birmingham PhD Studentship with L.J.H. as supervisor. M.S received an
“Accelerating microbiome research in LMIC: Travel Award” funded by
Gates and Wellcome, with sponsor L.J.H. A. C. was awarded a regional
career development award via the Wellcome Project: Malawi Liverpool
Wellcome Programme, Discovery Research - Research Support Hub, no.
228194/7/23/1Z.

Data availability

No data was used for the research described in the article.

References

[1]
[2]
[3]

[4]

[5]
[6]
[71
[81

[91

[10]

[11]
[12]
[13]
[14]
[15]

[16]

[17]
[18]
[19]

[20]

[21]
[22]
[23]
[24]
[25]

[26]

[27]
[28]
[29]

[30]

A. Zhernakova, et al., Population-based metagenomics analysis reveals markers
for gut microbiome composition and diversity, Science 352 (2016) 565-569.
R.K. Singh, et al., Influence of diet on the gut microbiome and implications for
human health, J. Transl. Med. 15 (2017) 73.

K.E. Morrison, E. Jasarevi¢, C.D. Howard, T.L. Bale, It's the fiber, not the fat:
significant effects of dietary challenge on the gut microbiome, Microbiome 8
(2020) 15.

V. Heidrich, M. Valles-Colomer, N. Segata, Human microbiome acquisition and
transmission, Nat. Rev. Microbiol. 1-17 (2025), https://doi.org/10.1038/
541579-025-01166-x.

S.K. Dogra, et al., Nurturing the early life gut microbiome and immune
maturation for long term health, Microorganisms 9 (2021) 2110.

J.G. LeBlanc, et al., Bacteria as vitamin suppliers to their host: a gut microbiota
perspective, Curr. Opin. Biotechnol. 24 (2013) 160-168.

S. Selber-Hnatiw, et al., Human gut microbiota: toward an ecology of disease,
Front. Microbiol. 8 (2017).

1. Rowland, et al., Gut microbiota functions: metabolism of nutrients and other
food components, Eur. J. Nutr. 57 (2018) 1-24.

K. Oliphant, E. Allen-Vercoe, Macronutrient metabolism by the human gut
microbiome: major fermentation by-products and their impact on host health,
Microbiome 7 (2019) 91.

A.M. Baumann-Dudenhoeffer, A.W. D'Souza, P.I. Tarr, B.B. Warner, G. Dantas,
Infant diet and maternal gestational weight gain predict early metabolic
maturation of gut microbiomes, Nat. Med. 24 (2018) 1822-1829.

E. Blacher, M. Levy, E. Tatirovsky, E. Elinav, Microbiome-modulated metabolites
at the interface of host immunity, J. Immunol. 198 (2017) 572-580.

D.B. Graham, R.J. Xavier, Conditioning of the immune system by the microbiome,
Trends Immunol. 44 (2023) 499-511.

S. Tamburini, N. Shen, H.C. Wu, J.C. Clemente, The microbiome in early life:
implications for health outcomes, Nat. Med. 22 (2016) 713-722.

J.C. Wells, et al., The double burden of malnutrition: aetiological pathways and
consequences for health, Lancet 395 (2020) 75-88.

1. Cho, M.J. Blaser, The human microbiome: at the interface of health and disease,
Nat. Rev. Genet. 13 (2012) 260-270.

R.C. Robertson, A.R. Manges, B.B. Finlay, A.J. Prendergast, The human
microbiome and child growth - first 1000 days and beyond, Trends Microbiol. 27
(2019) 131-147.

T. Yatsunenko, et al., Human gut microbiome viewed across age and geography,
Nature 486 (2012) 222-227.

P. Panigrahi, The neonatal gut microbiome and global health, Gut Microbes 16
(2024) 2352175.

M.C. de Goffau, et al., Human placenta has no microbiome but can contain
potential pathogens, Nature 572 (2019) 329-334.

A. Kuperman, et al., Deep microbial analysis of multiple placentas shows no
evidence for a placental microbiome, BJOG Int. J. Obstet. Gynaecol. 127 (2020)
159-169.

S. Turjeman, M.C. Collado, O. Koren, The gut microbiome in pregnancy and
pregnancy complications, Curr. Opin. Endocr. Metab. Res. 18 (2021) 133-138.
E.K. Gough, et al., Maternal fecal microbiome predicts gestational age, birth
weight and neonatal growth in rural Zimbabwe, EBioMedicine 68 (2021).

C. Dreisbach, et al., Composition of the maternal gastrointestinal microbiome as a
predictor of neonatal birth weight, Pediatr. Res. 94 (2023) 1158-1165.

S. Arboleya, et al., Establishment and development of intestinal microbiota in
preterm neonates, FEMS Microbiol. Ecol. 79 (2012) 763-772.

P.S. La Rosa, et al., Patterned progression of bacterial populations in the
premature infant gut, Proc. Natl. Acad. Sci. 111 (2014) 12522-12527.

E. Rinninella, et al., What is the healthy gut microbiota composition? A changing
ecosystem across age, environment, diet, and diseases, Microorganisms 7 (2019)
14.

Q. Jia, et al., Dynamic changes of the gut microbiota in preterm infants with
different gestational age, Front. Microbiol. 13 (2022).

D.G. Gete, M. Waller, G.D. Mishra, Effects of maternal diets on preterm birth and
low birth weight: a systematic review, Br. J. Nutr. 123 (2020) 446-461.

T. Hussain, et al., Understanding the immune system in fetal protection and
maternal infections during pregnancy, J. Immunol. Res. 2022 (2022) 7567708.
J. Krasevec, et al., Study protocol for UNICEF and WHO estimates of global,
regional, and national low birthweight prevalence for 2000 to 2020, Preprint at,
https://doi.org/10.12688/gatesopenres.13666.1, 2022.

10

[31]
[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]
[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]
[54]

[55]

[56]
[571
[58]

[59]

[60]

[61]

[62]
[63]
[64]

[65]

Gut Microbiology 3 (2026) 100020

UNICEF. Low Birthweight. UNICEF DATA, 2023. https://data.unicef.org/topic/
nutrition/low-birthweight/.

UNICEF, Undernourished and Overlooked: a Global Nutrition Crisis in Adolescent
Girls and Women, 2023.

T. Xu, et al., Global burden of maternal disorders attributable to malnutrition
from 1990 to 2019 and predictions to 2035: worsening or improving? Front. Nutr.
11 (2024).

M. Azad, et al., Impact of maternal intrapartum antibiotics, method of birth and
breastfeeding on gut microbiota during the first year of life: a prospective cohort
study, BJOG Int. J. Obstet. Gynaecol. 123 (2016) 983-993.

C.M. Mitchell, et al., Delivery mode affects stability of early infant gut microbiota,
Cell Rep. Med. 1 (2020).

N.A. Bokulich, et al., Antibiotics, birth mode, and diet shape microbiome
maturation during early life, Sci. Transl. Med. 8 (2016), 343ra82-343ra82.

S.B. Busi, et al., Persistence of birth mode-dependent effects on gut microbiome
composition, immune system stimulation and antimicrobial resistance during the
first year of life, ISME Commun. 1 (2021) 8.

S.A. Frese, et al., Persistence of supplemented Bifidobacterium longum subsp.
infantis EVCO001 in breastfed infants, mSphere (2017), https://doi.org/10.1128/
msphere.00501-17, 10.1128/msphere.00501-17.

N. Opiyo, et al., Non-clinical interventions to reduce unnecessary caesarean
sections: WHO recommendations, Bull. World Health Organ. 98 (2020) 66-68.
WHO, Caesarean section rates continue to rise, amid growing inequalities in
access. https://www.who.int/news/item/16-06-2021-caesarean-section-rates-
continue-to-rise-amid-growing-inequalities-in-access, 2021.

J. Ma, et al., Comparison of gut microbiota in exclusively breast-fed and formula-
fed babies: a study of 91 term infants, Sci. Rep. 10 (2020) 15792.

Y. Golan, Y.G. Assaraf, Genetic and physiological factors affecting human milk
production and composition, Nutrients 12 (2020) 1500.

K.E. Johnson, et al., Human milk variation is shaped by maternal genetics and
impacts the infant gut microbiome, Cell Genom. 4 (2024).

Z. Liu, et al., Human breast milk and infant formulas differentially modify the
intestinal microbiota in human infants and host physiology in Rats123, J. Nutr.
146 (2016) 191-199.

C.J. Stewart, et al., Temporal development of the gut microbiome in early
childhood from the TEDDY study, Nature 562 (2018) 583-588.

S.M. Han, et al., Maternal and infant factors influencing human milk
oligosaccharide composition: beyond maternal genetics, J. Nutr. 151 (2021)
1383-1393.

WHO, Exclusive breastfeeding for optimal growth, development and health of
infants. https://www.who.int/tools/elena/interventions/exclusive-breastfeedin
g, 2023.

UNICEF, WHO & World Bank Group, Levels and Trends in Child Malnutrition:
Unicef/Who/World Bank Group Joint Child Malnutrition Estimates: Key Findings
of the 2025 Edition, 2025. https://www.who.int/publications/i/item/9789
240112308.

R. Masuke, et al., Effect of inappropriate complementary feeding practices on the
nutritional status of children aged 6-24 months in urban Moshi, Northern
Tanzania: cohort study, PLoS One 16 (2021) e0250562.

Y. Shao, et al., Genomic atlas of Bifidobacterium infantis and B. longum informs
infant probiotic design, Cell 189 (2026) 1854-1873.e17.

G. Fahur Bottino, et al., Early life microbial succession in the gut follows common
patterns in humans across the globe, Nat. Commun. 16 (2025) 660.

C.C. Luchen, et al., Distinct infant resistome trajectories shaped by country
income and geography revealed through global metagenomics reanalysis, Npj
Antimicrob. Resist. 4 (2026) 24.

F. Backhed, et al., Dynamics and stabilization of the human gut microbiome
during the first year of life, Cell Host Microbe 17 (2015) 690-703.

T.S. Dong, A. Gupta, Influence of early life, diet, and the environment on the
microbiome, Clin. Gastroenterol. Hepatol. 17 (2019) 231-242.

A. Tett, et al., The Prevotella copri complex comprises four distinct clades
underrepresented in westernized populations, Cell Host Microbe 26 (2019)
666-679.€7.

S. Subramanian, et al., Persistent gut microbiota immaturity in malnourished
Bangladeshi children, Nature 510 (2014) 417-421.

V. Owino, et al., Environmental enteric dysfunction and growth failure/stunting
in global child health, Pediatrics 138 (2016) e20160641.

M. Reyman, et al., Effects of early-life antibiotics on the developing infant gut
microbiome and resistome: a randomized trial, Nat. Commun. 13 (2022) 893.
N.R. Chowdhury, et al., Interplay between malnutrition and infectious diseases
insights from a cross-sectional study in Bangladesh, Asia Pac. J. Med. Innov. 1
(2024) 41-47.

F.M. Ngure, et al., Water, sanitation, and hygiene (WASH), environmental
enteropathy, nutrition, and early child development: making the links, Ann. N. Y.
Acad. Sci. 1308 (2014) 118-128.

V. Alban, et al., Child exposure to animal feces and zoonotic pathogens in
northwest Ecuador: a mixed-methods study, PLoS Neglected Trop. Dis. 20 (2026)
e0014019.

R. Laxminarayan, et al., Access to effective antimicrobials: a worldwide
challenge, Lancet 387 (2016) 168-175.

Ojeda, A. et al. Increased antibiotic resistance in preterm neonates under early
antibiotic use. mSphere 9, e00286-24.

M.J. Barratt, T. Ahmed, J.I. Gordon, Gut microbiome development and childhood
undernutrition, Cell Host Microbe 30 (2022) 617-626.

E. Metreau, K.E. Young, S.G. Eapen, World Bank Country Classifications by
Income Level for 2024-2025, World Bank Blogs, 2024. https://blogs.worldbank.


http://refhub.elsevier.com/S3051-1720(26)00016-2/sref1
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref1
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref2
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref2
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref3
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref3
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref3
https://doi.org/10.1038/s41579-025-01166-x
https://doi.org/10.1038/s41579-025-01166-x
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref5
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref5
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref6
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref6
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref7
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref7
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref8
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref8
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref9
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref9
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref9
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref10
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref10
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref10
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref11
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref11
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref12
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref12
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref13
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref13
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref14
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref14
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref15
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref15
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref16
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref16
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref16
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref17
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref17
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref18
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref18
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref19
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref19
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref20
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref20
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref20
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref21
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref21
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref22
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref22
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref23
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref23
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref24
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref24
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref25
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref25
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref26
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref26
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref26
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref27
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref27
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref28
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref28
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref29
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref29
https://doi.org/10.12688/gatesopenres.13666.1
https://data.unicef.org/topic/nutrition/low-birthweight/
https://data.unicef.org/topic/nutrition/low-birthweight/
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref32
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref32
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref33
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref33
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref33
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref34
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref34
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref34
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref35
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref35
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref36
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref36
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref37
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref37
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref37
https://doi.org/10.1128/msphere.00501-17
https://doi.org/10.1128/msphere.00501-17
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref39
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref39
https://www.who.int/news/item/16-06-2021-caesarean-section-rates-continue-to-rise-amid-growing-inequalities-in-access
https://www.who.int/news/item/16-06-2021-caesarean-section-rates-continue-to-rise-amid-growing-inequalities-in-access
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref41
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref41
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref42
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref42
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref43
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref43
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref44
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref44
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref44
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref45
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref45
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref46
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref46
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref46
https://www.who.int/tools/elena/interventions/exclusive-breastfeeding
https://www.who.int/tools/elena/interventions/exclusive-breastfeeding
https://www.who.int/publications/i/item/9789240112308
https://www.who.int/publications/i/item/9789240112308
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref49
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref49
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref49
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref50
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref50
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref51
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref51
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref52
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref52
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref52
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref53
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref53
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref54
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref54
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref55
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref55
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref55
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref56
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref56
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref57
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref57
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref58
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref58
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref59
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref59
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref59
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref60
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref60
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref60
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref61
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref61
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref61
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref62
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref62
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref64
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref64
https://blogs.worldbank.org/en/opendata/world-bank-country-classifications-by-income-level-for-2024-2025

L. Miji¢ et al.

[66]
[67]

[68]

[69]

[70]

[71]

[72]
[73]
[74]
[75]
[76]
[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]
[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

org/en/opendata/world-bank-country-classifications-by-income-level-for-2024-
2025.

The world bank atlas method. https://datahelpdesk.worldbank.org/knowledge
base/articles/378832-what-is-the-world-bank-atlas-method, 2024.

V. Arel-Bundock, E.W.D.I. Bacher, World Development Indicators and Other
World Bank Data, 2025.

F. Hidalgo-Villeda, et al., Prolonged dysbiosis and altered immunity under
nutritional intervention in a physiological mouse model of severe acute
malnutrition, iScience 26 (2023) 106910.

WHO Guideline on the Prevention and Management of Wasting and Nutritional
Oedema (Acute Malnutrition) in Infants and Children Under 5 Years, World
Health Organization, Geneva, 2024.

R.K. Chandra, M. Wadhwa, Nutritional deficiencies and intestinal mucosal
immunity, in: Inmunophysiology of the Gut, Elsevier, 1993, pp. 389-399,
https://doi.org/10.1016/B978-0-12-732085-4.50034-5.

C. Lindebjerg, T.W. Helt, V.B. Christensen, Factors involved in thymic atrophy in
severely malnourished children: a systemic review and meta-analysis, Scand. J.
Immunol. 101 (2025) e€70014.

S. Monira, et al., Gut microbiota of healthy and malnourished children in
Bangladesh, Front. Microbiol. 2 (2011).

M. De Onis, et al., The World Health Organization's global target for reducing
childhood stunting by 2025: rationale and proposed actions, Matern. Child Nutr.
9 (2013) 6-26.

W.H.O. Who, Stunting in Children Under 5, 2025.

D.M. Dinh, et al., Longitudinal analysis of the intestinal microbiota in persistently
stunted young children in South India, PLoS One 11 (2016) e0155405.
Ratnayani, et al., Association of gut microbiota composition with stunting
incidence in children under five in Jakarta slums, Nutrients 16 (2024) 3444.

D. Hrnciarikova, et al., Serum lipids and neopterin in urine as new biomarkers of
malnutrition and inflammation in the elderly, Nutrition 25 (2009) 303-308.

M. Rostami, et al., The relationship between fecal myeloperoxidase concentration
and growth velocity in 2-5 year-old children in rural areas of Zanjan, Iran, J. Adv.
Med. Biomed. Res. 30 (2022) 255-262.

E.R. Palmer, et al., Trajectories of inflammation in youth and risk of mental and
cardiometabolic disorders in adulthood, JAMA Psychiatry 81 (2024) 1130-1137.
A.M. Bach, et al., Systemic inflammation during the first year of life is associated
with brain functional connectivity and future cognitive outcomes, Dev. Cogn.
Neurosci. 53 (2021) 101041.

C. Wang, et al., Selenium deficiency impairs host innate immune response and
induces susceptibility to Listeria monocytogenes infection, BMC Immunol. 10
(2009) 55.

A K. Sauer, A.M. Grabrucker, Zinc deficiency during pregnancy leads to altered
microbiome and elevated inflammatory markers in mice, Front. Neurosci. 13
(2019) 1295.

R.O. Babatunde, F.I. Olagunju, S.B. Fakayode, F.E. Sola-Ojo, Prevalence and
determinants of malnutrition among under-five children of farming households in
Kwara State, Nigeria, J. Agric. Sci. 3 (2011) p173.

C.G. Victora, et al., Maternal and child undernutrition: consequences for adult
health and human capital, Lancet 371 (2008) 340-357.

P.S. Korpe, W.A. Petri, Environmental enteropathy: critical implications of a
poorly understood condition, Trends Mol. Med. 18 (2012) 328-336.

R.D. Semba, et al., Environmental enteric dysfunction is associated with carnitine
deficiency and altered fatty acid oxidation, EBioMedicine 17 (2017) 57-66.
K.D. Tickell, H.E. Atlas, J.L. Walson, Environmental enteric dysfunction: a review
of potential mechanisms, consequences and management strategies, BMC Med. 17
(2019) 181.

M.R. Keever-Keigher, et al., Genomic insights into pediatric intestinal
inflammatory and eosinophilic disorders using single-cell RNA-sequencing, Front.
Immunol. 15 (2024) 1420208.

Z.-X. Wei, et al., scRNA-seq of the intestine reveals the key role of mast cells in
early gut dysfunction associated with acute pancreatitis, World J. Gastroenterol.
31 (2025).

L. Ren, J. Zhou, S. Liang, X. Wang, Impaired intestinal stem cell activity in ETEC
infection: enterotoxins, cyclic nucleotides, and Wnt signaling, Arch. Toxicol. 96
(2022) 1213-1225.

R. Das, et al., Citrulline and kynurenine to tryptophan ratio: potential EED
(environmental enteric dysfunction) biomarkers in acute watery diarrhea among
children in Bangladesh, Sci. Rep. 13 (2023) 1416.

L.A. Bartelt, et al., Cross-modulation of pathogen-specific pathways enhances
malnutrition during enteric co-infection with Giardia lamblia and
enteroaggregative Escherichia coli, PLoS Pathog. 13 (2017) e1006471.

Y. Haberman, et al., Mucosal genomics implicate lymphocyte activation and lipid
metabolism in refractory environmental enteric dysfunction, Gastroenterology
160 (2021) 2055-2071.e0.

T.N. Phiri, et al., Novel gastrointestinal tools (GI tools) for evaluating gut
functional capacity in adults with environmental enteropathy in Zambia and
Zimbabwe: a cross-sectional study protocol, F1000Research 13 (2025) 956.

P. Chen, et al., Association of vitamin A and zinc status with altered intestinal
permeability: analyses of cohort data from northeastern Brazil, J. Health Popul.
Nutr. 21 (2003) 309-315.

M.J. Manary, et al., Perturbed zinc homeostasis in rural 3-5-y-Old Malawian
children is associated with abnormalities in intestinal permeability attributed to
tropical enteropathy, Pediatr. Res. 67 (2010) 671-675.

J. Louis-Auguste, et al., Tryptophan, glutamine, leucine, and micronutrient
supplementation improves environmental enteropathy in Zambian adults: a
randomized controlled trial, Am. J. Clin. Nutr. 110 (2019) 1240-1252.

11

[98]

[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]
[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

Gut Microbiology 3 (2026) 100020

N.T. Igbal, et al., Pathobiome driven gut inflammation in Pakistani children with
environmental enteric dysfunction, PLoS One 14 (2019) e0221095.

D. Mondal, et al., Contribution of enteric infection, altered intestinal barrier
function, and maternal malnutrition to infant malnutrition in Bangladesh, Clin.
Infect. Dis. 54 (2012) 185-192.

C.G. Victora, et al., Revisiting maternal and child undernutrition in low-income
and middle-income countries: variable progress towards an unfinished agenda,
Lancet 397 (2021) 1388-1399.

M.IL Ordiz, et al., Environmental enteric dysfunction is associated with poor linear
growth and can be identified by host fecal mRNAs, J. Pediatr. Gastroenterol. Nutr.
63 (2016) 453-459.

A. Ozen, M.J. Lenardo, Protein-losing enteropathy, N. Engl. J. Med. 389 (2023)
733-748.

P. Collins, Protein-losing enteropathies. Frontline Gastroenterol. flgastro-2024-
103021, 2025, https://doi.org/10.1136/flgastro-2024-103021.

Y. Zhao, X. Xiao, S.J. Frank, H.Y. Lin, Y. Xia, Distinct mechanisms of induction of
hepatic growth hormone resistance by endogenous IL-6, TNF-a, and IL-1p, Am. J.
Physiol. Endocrinol. Metab. 307 (2014) E186-E198.

E. Gangitano, L. Gnessi, M. Merli, Protein catabolism and the dysregulation of
energy intake-related hormones may play a major role in the worsening of
malnutrition in hospitalized cirrhotic patients, Livers 2 (2022) 158-170.

G.T. Patterson, et al., Pathologic inflammation in malnutrition is driven by
proinflammatory intestinal microbiota, large intestine barrier dysfunction, and
translocation of bacterial lipopolysaccharide, Front. Immunol. 13 (2022) 846155.
S.P. Hogan, et al., Resistin-like molecule f regulates innate colonic function:
barrier integrity and inflammation susceptibility, J. Allergy Clin. Immunol. 118
(2006) 257-268.

T. Miki, N. Okada, W.-D. Hardt, Inflammatory bactericidal lectin RegIIIp: friend
or foe for the host? Gut Microbes 9 (2018) 179-187.

M. Pop, et al., Diarrhea in young children from low-income countries leads to
large-scale alterations in intestinal microbiota composition, Genome Biol. 15
(2014) R76.

S. Rouhani, et al., Diarrhea as a potential cause and consequence of reduced gut
microbial diversity among undernourished children in Peru, Clin. Infect. Dis. 71
(2020) 989-999.

T.S. Ghosh, et al., Gut microbiomes of Indian children of varying nutritional
status, PLoS One 9 (2014) e95547.

R. Hemalatha, et al., Effect of probiotic supplementation on total lactobacilli,
bifidobacteria and short chain fatty acids in 2-5-year-old children, Microb. Ecol.
Health Dis. 28 (2017) 1298340.

C.B. Wong, H. Huang, Y. Ning, J. Xiao, Probiotics in the new era of human milk
oligosaccharides (HMOs): HMO utilization and beneficial effects of
Bifidobacterium longum subsp. infantis M-63 on infant health, Microorganisms
12 (2024) 1014.

A. Sheikh, et al., Enterotoxigenic Escherichia coli heat-labile toxin drives
enteropathic changes in small intestinal epithelia, Nat. Commun. 13 (2022) 6886.
D.M.A.E. Jonkers, Microbial perturbations and modulation in conditions
associated with malnutrition and malabsorption, Best Pract. Res. Clin.
Gastroenterol. 30 (2016) 161-172.

L.B. Price, B.A. Hungate, B.J. Koch, G.S. Davis, C.M. Liu, Colonizing opportunistic
pathogens (COPs): the beasts in all of us, PLoS Pathog. 13 (2017) e1006369.
M.V. Puertolas, A.C. Fifi, The role of disaccharidase deficiencies in functional
abdominal pain disorders—A narrative review, Nutrients 10 (2018) 1835.

R. Abdulqadir, J. Engers, R. Al-Sadi, Role of bifidobacterium in modulating the
intestinal epithelial tight junction barrier: current knowledge and perspectives,
Curr. Dev. Nutr. 7 (2023) 102026.

L. Viswanathan, S.S. Rao, Intestinal disaccharidase deficiency in adults:
evaluation and treatment, Curr. Gastroenterol. Rep. 25 (2023) 134-139.

D. Levitt, M. Levitt, Protein losing enteropathy: comprehensive review of the
mechanistic association with clinical and subclinical disease states, Clin. Exp.
Gastroenterol. 10 (2017) 147-168.

A. Dramowski, et al., National Neonatal Sepsis Task Force launch: supporting
infection prevention and surveillance, outbreak investigation and antimicrobial
stewardship in neonatal units in South Africa, SAMJ South Afr. Med. J. 110
(2020) 360-363.

S. Chaurasia, et al., Characterisation and antimicrobial resistance of sepsis
pathogens in neonates born in tertiary care centres in Delhi, India: a cohort study,
Lancet 4 (2016) e752-e760.

A. Cassini, et al., Global report on the epidemiology and burden on sepsis: current
evidence, identifying gaps and future directions, Global Rep. Epidemiol. Burden
Sepsis: Current Evidence Identifying gaps Future Directions (2020) 16-37. http
s://www.who.int/publications/i/item/9789240010789.

N.J. Russell, et al., Patterns of antibiotic use, pathogens, and prediction of
mortality in hospitalized neonates and young infants with sepsis: a global
neonatal sepsis observational cohort study (NeoOBS), PLoS Med. 20 (2023)
€1004179.

A. Dramowski, L. Bolton, F. Fitzgerald, A. Bekker, Partnership, on behalf of the N.
A., Neonatal sepsis in Low- and middle-income countries: where are we now?
Pediatr. Infect. Dis. J. 44 (2025) e207.

M.L. Harrison, B.F.R. Dickson, M. Sharland, P.C.M. Williams, Beyond Early- and
late-onset neonatal sepsis definitions: what are the current causes of neonatal
sepsis globally? A systematic review and meta-analysis of the evidence, Pediatr.
Infect. Dis. J. 43 (2024) 1182.

J. Bryce, C. Boschi-Pinto, K. Shibuya, R.E. Black, WHO estimates of the causes of
death in children, Lancet 365 (2005) 1147-1152.


https://blogs.worldbank.org/en/opendata/world-bank-country-classifications-by-income-level-for-2024-2025
https://blogs.worldbank.org/en/opendata/world-bank-country-classifications-by-income-level-for-2024-2025
https://datahelpdesk.worldbank.org/knowledgebase/articles/378832-what-is-the-world-bank-atlas-method
https://datahelpdesk.worldbank.org/knowledgebase/articles/378832-what-is-the-world-bank-atlas-method
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref67
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref67
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref68
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref68
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref68
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref69
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref69
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref69
https://doi.org/10.1016/B978-0-12-732085-4.50034-5
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref71
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref71
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref71
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref72
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref72
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref73
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref73
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref73
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref74
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref75
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref75
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref76
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref76
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref77
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref77
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref78
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref78
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref78
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref79
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref79
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref80
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref80
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref80
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref81
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref81
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref81
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref82
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref82
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref82
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref83
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref83
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref83
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref84
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref84
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref85
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref85
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref86
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref86
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref87
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref87
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref87
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref88
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref88
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref88
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref89
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref89
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref89
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref90
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref90
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref90
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref91
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref91
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref91
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref92
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref92
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref92
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref93
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref93
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref93
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref94
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref94
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref94
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref95
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref95
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref95
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref96
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref96
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref96
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref97
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref97
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref97
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref98
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref98
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref99
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref99
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref99
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref100
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref100
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref100
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref101
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref101
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref101
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref102
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref102
https://doi.org/10.1136/flgastro-2024-103021
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref104
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref104
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref104
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref105
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref105
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref105
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref106
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref106
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref106
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref107
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref107
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref107
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref108
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref108
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref109
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref109
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref109
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref110
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref110
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref110
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref111
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref111
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref112
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref112
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref112
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref113
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref113
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref113
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref113
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref114
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref114
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref115
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref115
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref115
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref116
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref116
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref117
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref117
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref118
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref118
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref118
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref119
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref119
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref120
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref120
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref120
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref121
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref121
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref121
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref121
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref122
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref122
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref122
https://www.who.int/publications/i/item/9789240010789
https://www.who.int/publications/i/item/9789240010789
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref124
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref124
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref124
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref124
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref125
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref125
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref125
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref126
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref126
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref126
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref126
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref127
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref127

L. Miji¢ et al.

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]
[136]

[137]

[138]
[139]
[140]
[141]
[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

GBD 2017 Lower Respiratory Infections Collaborators, Quantifying risks and
interventions that have affected the burden of lower respiratory infections among
children younger than 5 years: an analysis for the Global Burden of Disease Study
2017, Lancet Infect. Dis. 20 (2020) 60-79.

L. Liu, et al., Global, regional, and national causes of under-5 mortality in 2000-
15: an updated systematic analysis with implications for the sustainable
development goals, Lancet Lond. Engl. 388 (2016) 3027-3035.

V. Horrocks, O.G. King, A.Y.G. Yip, .M. Marques, J.A.K. McDonald, Role of the
gut microbiota in nutrient competition and protection against intestinal pathogen
colonization, Microbiology 169 (2023) 001377.

L. Deng, S. Wang, Colonization resistance: the role of gut microbiota in preventing
Salmonella invasion and infection, Gut Microbes 16 (2024) 2424914.

L. Romdn, F. Melis-Arcos, T. Proschle, P.A. Saa, D. Garrido, Genome-scale
metabolic modeling of the human milk oligosaccharide utilization by
Bifidobacterium longum subsp. infantis, mSystems 9 (2024) e00715-23.

S. He, et al., Metabolic diversity and competitive interactions of infant-derived
bifidobacteria in human milk oligosaccharides and galacto-oligosaccharide
utilization, J. Dairy Sci. 108 (2025) 9034-9047.

G. Casaburi, S.A. Frese, Colonization of breastfed infants by Bifidobacterium
longum subsp. infantis EVC001 reduces virulence gene abundance, Hum.
Microbiome J. 9 (2018) 7-10.

R.M. Duar, et al., Colonization resistance in the infant gut: the role of B. infantis in
reducing pH and preventing pathogen growth, High-Throughput 9 (2020).

G. Caballero-Flores, J.M. Pickard, G. Ninez, Microbiota-mediated colonization
resistance: mechanisms and regulation, Nat. Rev. Microbiol. 21 (2023) 347-360.
A.A. Kadry, M.A. El-Antrawy, A.M. El-Ganiny, Impact of short chain fatty acids
(SCFAs) on antimicrobial activity of new p-lactam/p-lactamase inhibitor
combinations and on virulence of Escherichia coli isolates, J. Antibiot. (Tokyo) 76
(2023) 225-235.

S. Ricke, Perspectives on the use of organic acids and short chain fatty acids as
antimicrobials, Poult. Sci. 82 (2003) 632-639.

R. Mirzaei, et al., Dual role of microbiota-derived short-chain fatty acids on host
and pathogen, Biomed. Pharmacother. 145 (2022) 112352.

R. Verma, et al., Cell surface polysaccharides of Bifidobacterium bifidum induce
the generation of Foxp3+ regulatory T cells, Sci. Immunol. 3 (2018) eaat6975.
K.S. Kim, Regulation of T cell repertoires by commensal microbiota, Front. Cell.
Infect. Microbiol. 12 (2022) 1004339.

D. Ramanan, et al., Regulatory T cells in the face of the intestinal microbiota, Nat.
Rev. Immunol. 23 (2023) 749-762.

A. Sarkar, J.Y. Yoo, S. Valeria Ozorio Dutra, K.H. Morgan, M. Groer, The
association between early-life gut microbiota and long-term health and diseases,
J. Clin. Med. 10 (2021) 459.

H. Park, N.-Y.P.&A. Koh, Scarring the early-life microbiome: its potential life-long
effects on human health and diseases, BMB Rep. 56 (2023) 469-481.

A. Borrego-Ruiz, J.J. Borrego, Early-life gut microbiome development and its
potential long-term impact on health outcomes, Microbiome Res. Rep. 4 (2025)
20.

T. Bankole, Y. Li, The early-life gut microbiome in common pediatric diseases:
roles and therapeutic implications, Front. Nutr. 12 (2025).

B.H. Likoswe, et al., A systematic review on the optimal dose and duration of
ready-to-use therapeutic food (RUTF) for 6-59-Month-Old children with severe
wasting or oedema, Nutrients 15 (2023) 1750.

V.M. Aguayo, et al., Benefits of small-quantity lipid-based nutrient supplements
for child nutrition and survival warrant moving to scale, Nat. Food 4 (2023)
130-132.

UNICEF, Small Supplements for the Prevention of Malnutrition in Early
Childhood (SQ-LNS), UNICEF. UNICEF, 2023. https://www.unicef.org/docum
ents/nutrition/SQLNS-Guidance.

H. Pesu, et al., Effects of lipid-based nutrient supplements on gut markers in
stunted children: secondary analysis of a randomised trial, J. Pediatr.
Gastroenterol. Nutr. 80 (2025) 889-898.

A. Imdad, et al., Probiotic supplementation for promotion of growth in
undernourished children: a systematic review and meta-analysis, J. Pediatr.
Gastroenterol. Nutr. 77 (2023) e84-e92.

M.J. Barratt, et al., Bifidobacterium infantis treatment promotes weight gain in
Bangladeshi infants with severe acute malnutrition, Sci. Transl. Med. 14 (2022)
eabk1107.

J. Parrino, et al., Impact of Bifidobacterium infantis supplementation on growth,
health outcomes, and gut microbiome features in underweight infants from
Pakistan, Front. Nutr. 13 (2026).

R.Y. Chen, et al., A microbiota-directed food intervention for undernourished
children, N. Engl. J. Med. 384 (2021) 1517-1528.

L.V. Blanton, et al., Gut bacteria that prevent growth impairments transmitted by
microbiota from malnourished children, Science 351 (2016) aad3311.

12

[156]
[157]

[158]

[159]

[160]

[161]
[162]
[163]
[164]
[165]

[166]

[167]

[168]

[169]
[170]
[171]

[172]

[173]

[174]

[175]
[176]
[177]
[178]

[179]

[180]

[181]
[182]

[183]

[184]

Gut Microbiology 3 (2026) 100020

J.L. Gehrig, et al., Effects of microbiota-directed foods in gnotobiotic animals and
undernourished children, Science 365 (2019) eaau4732.

S.J. Hartman, et al., A microbiome-directed therapeutic food for children
recovering from severe acute malnutrition, Sci. Transl. Med. 16 (2024) eadn2366.
M. Chibuye, et al., Systematic review of associations between gut microbiome
composition and stunting in under-five children, Npj Biofilms Microbiomes 10
(2024) 46.

V. Seco-Hidalgo, et al., Rurality and relative poverty drive acquisition of a stable
and diverse gut microbiome in early childhood in a non-industrialized setting, Sci.
Rep. 15 (2025) 5601.

D. Dai, et al., GMrepo v2: a curated human gut microbiome database with special
focus on disease markers and cross-dataset comparison, Nucleic Acids Res. 50
(2022) D777-D784.

D. Yuan, et al., The European Nucleotide Archive in 2023, Nucleic Acids Res. 52
(2024) D92-D97.

S. Rosas-Plaza, et al., Human gut microbiome across different lifestyles: from
hunter-gatherers to urban populations, Front. Microbiol. 13 (2022) 843170.

S. Sun, et al., Loss of novel diversity in human gut microbiota associated with
ongoing urbanization in China, mSystems 7 (2022) e00200-e00222.

E. Vinogradova, et al., Impact of urbanization on gut microbiome mosaics across
geographic and dietary contexts, mSystems 9 (2024) e00585-24.

R. Brewster, et al., Surveying gut microbiome research in Africans: toward
improved diversity and representation, Trends Microbiol. 27 (2019) 824-835.
M.J. Dalby, et al., Faecal microbiota and cytokine profiles of rural Cambodian
infants linked to diet and diarrhoeal episodes, Npj Biofilms Microbiomes 10
(2024) 85.

G. Fahur Bottino, et al., Early life microbial succession in the gut follows common
patterns in humans across the globe, Nat. Commun. 16 (2025) 660.

A. Sepilveda-Pontigo, et al., Segatella copri outer-membrane vesicles are
internalized by human macrophages and promote a pro-inflammatory profile, Int.
J. Mol. Sci. 26 (2025) 3630.

E.B. Troy, D.L. Kasper, Beneficial effects of Bacteroides fragilis polysaccharides on
the immune system, Front. Biosci. J. Virtual Libr. 15 (2010) 25-34.

S.J. Gavzy, et al., Bifidobacterium mechanisms of immune modulation and
tolerance, Gut Microbes 15 (2023) 2291164.

J.Y. Kim, et al., The human gut archaeome: identification of diverse haloarchaea
in Korean subjects, Microbiome 8 (2020) 114.

S. Duller, et al., Targeted isolation of methanobrevibacter strains from fecal
samples expands the cultivated human archaeome, Nat. Commun. 15 (2024)
7593.

N. Mntambo, T. Arumugam, A. Pramchand, K. Pillay, V. Ramsuran, A review of
global patterns in gut microbiota composition, health and disease: locating South
Africa in the conversation, Microorganisms 13 (2025) 2831.

A. Mahnert, M. Blohs, M.-R. Pausan, C. Moissl-Eichinger, The human archaeome:
methodological pitfalls and knowledge gaps, Emerg. Top. Life Sci. 2 (2018)
469-482.

A. Camara, et al., Clinical evidence of the role of Methanobrevibacter smithii in
severe acute malnutrition, Sci. Rep. 11 (2021) 5426.

A.N. Shkoporov, C. Hill, Bacteriophages of the human gut: the “Known Unknown”
of the microbiome, Cell Host Microbe 25 (2019) 195-209.

M. Shamash, C.F. Maurice, Phages in the infant gut: a framework for virome
development during early life, ISME J. 16 (2022) 323-330.

M. Godsil, N.L. Ritz, S. Venkatesh, A.J. Meeske, Gut phages and their interactions
with bacterial and mammalian hosts, J. Bacteriol. 207 (2025) e00428-24.

T. Borodovich, A.N. Shkoporov, R.P. Ross, C. Hill, Phage-mediated horizontal
gene transfer and its implications for the human gut microbiome, Gastroenterol.
Rep. 10 (2022) goac012.

1. Mostafa, et al., Proof-of-concept study of the efficacy of a microbiota-directed
complementary food formulation (MDCF) for treating moderate acute
malnutrition, BMC Public Health 20 (2020) 242.

R.C. Robertson, et al., The gut microbiome and early-life growth in a population
with high prevalence of stunting, Nat. Commun. 14 (2023) 654.

Y.A.S. Matos, et al., Maternal undernutrition exacerbates microbiota-driven
growth stunting through pre- and postnatal effects, Cell Rep. 44 (2025) 116471.
A. Schoonees, M.J. Lombard, A. Musekiwa, E. Nel, J. Volmink, Ready-to-use
therapeutic food (RUTF) for home-based nutritional rehabilitation of severe acute
malnutrition in children from six months to five years of age - schoonees, A - 2019
| Cochrane Library. https://www.cochranelibrary.com/cdsr/doi/10.1002/
14651858.CD009000.pub3/full, 2019.

J. Segre, G. Liu, J. Komrska, Local versus offshore production of ready-to-use
therapeutic foods and small quantity lipid-based nutrient supplements, Matern.
Child Nutr. 13 (2017) e12376.


http://refhub.elsevier.com/S3051-1720(26)00016-2/sref128
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref128
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref128
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref128
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref129
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref129
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref129
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref130
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref130
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref130
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref131
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref131
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref132
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref132
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref132
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref133
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref133
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref133
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref134
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref134
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref134
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref135
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref135
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref136
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref136
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref137
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref137
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref137
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref137
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref138
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref138
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref139
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref139
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref140
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref140
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref141
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref141
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref142
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref142
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref143
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref143
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref143
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref144
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref144
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref145
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref145
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref145
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref146
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref146
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref147
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref147
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref147
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref148
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref148
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref148
https://www.unicef.org/documents/nutrition/SQLNS-Guidance
https://www.unicef.org/documents/nutrition/SQLNS-Guidance
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref150
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref150
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref150
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref151
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref151
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref151
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref152
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref152
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref152
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref153
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref153
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref153
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref154
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref154
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref155
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref155
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref156
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref156
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref157
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref157
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref158
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref158
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref158
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref159
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref159
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref159
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref160
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref160
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref160
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref161
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref161
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref162
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref162
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref163
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref163
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref164
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref164
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref165
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref165
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref166
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref166
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref166
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref167
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref167
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref168
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref168
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref168
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref169
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref169
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref170
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref170
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref171
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref171
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref172
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref172
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref172
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref173
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref173
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref173
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref174
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref174
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref174
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref175
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref175
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref176
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref176
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref177
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref177
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref178
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref178
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref179
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref179
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref179
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref180
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref180
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref180
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref181
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref181
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref182
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref182
https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD009000.pub3/full
https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD009000.pub3/full
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref184
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref184
http://refhub.elsevier.com/S3051-1720(26)00016-2/sref184

	Early-life gut microbiome assembly in low- and middle-income countries: Interactions between undernutrition, infection, and ...
	1 Introduction
	2 Early-life gut microbiome in LMICs
	3 Malnutrition, EED and the microbiome
	3.1 Overview of malnutrition and its consequences
	3.2 Environmental enteric dysfunction(EED)
	3.3 Effects of ​EED on the microbiome

	4 Infection and the microbiome in LMIC infants
	4.1 Common infectious diseases affecting infants in ​LMICs
	4.2 Bidirectional interaction of infection and the microbiome

	5 Current translational research and microbiome-directed interventions
	6 Key knowledge gaps and future research directions
	7 Implications for public health policy and practices
	8 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


