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Development of the preterm infant gut
microbiome: a research priority
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Abstract

The very low birth weight (VLBW) infant is at great risk for marked dysbiosis of the gut microbiome due to multiple
factors, including physiological immaturity and prenatal/postnatal influences that disrupt the development of a
normal gut flora. However, little is known about the developmental succession of the microbiota in preterm infants
as they grow and mature. This review provides a synthesis of our understanding of the normal development of the
infant gut microbiome and contrasts this with dysbiotic development in the VLBW infant. The role of human milk in
normal gut microbial development is emphasized, along with the role of the gut microbiome in immune
development and gastroenteric health. Current research provides evidence that the gut microbiome interacts
extensively with many physiological systems and metabolic processes in the developing infant. However, to the
best of our knowledge, there are currently no studies prospectively mapping the gut microbiome of VLBW infants
through early childhood. This knowledge gap must be filled to inform a healthcare system that can provide for the
growth, health, and development of VLBW infants. The paper concludes with speculation about how the VLBW
infants’ gut microbiome might function through host-microbe interactions to contribute to the sequelae of preterm
birth, including its influence on growth, development, and general health of the infant host.
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Background
The variability of human life is extraordinary, yet this is
not surprising considering the multitudinous influences
wrought upon us by genetics, culture, and the environ-
ment. Human-associated microbial life, which is also
highly diverse, is influenced by many of the same factors.
The fact that microbial life provides considerable feed-
back on nearly all aspects of human physiology has not
been widely appreciated. The rich diversity of microbial
life represents an ancient evolutionary process of bal-
ance and benefit between host immunity and microbial
growth [1]. The microbiota are so significant to health
that NIH launched the Human Microbiome Project in
2007 [2] and, along with a diverse array of funding sources
globally, continues to fund an extraordinary array of host-
microbe investigations. Microbial life is known to develop
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in biological and anatomical niches and to be influenced
by a host of ecological and genetic factors [3]. While mi-
crobes colonize every available surface in and on the body,
the gut microbiome is most widely studied and consists of
trillions of microbes and millions of functional genes, liv-
ing in cooperation with each other and with the host [2].
The normal gut microbiota is estimated to consist of
up to 100 trillion microorganisms, comprising between
500 to 3,000 species [4], and nearly 5 million unique
genes, which is 100 times more genes than the human
genome [5]. The human host requires this both benign
and beneficial microbiota for normal function, including
nutritional, developmental, defensive, and physiologic pro-
cesses, resulting ultimately in immune tolerance to food
and bacterial antigens, protection against pathogens, and
maturation of the gastrointestinal epithelium [6]. The
influence of the microbiome on host physiology and de-
velopment is often considered to be immediate, but
new evidence is emerging suggesting that changes in
the microbiome early in life may affect host physiology
across the life span (for an excellent synthesis of these
concepts, we suggest Missing Microbes by Martin J. Blaser
td. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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(NY: Henry Holt and Co., LLC, 2014)). As such, subtle
shifts in the external factors that may influence the infant
gut microbiome, including diet [7], must be properly cata-
logued if we are to be able to develop translational prac-
tices. Recent discoveries regarding the native microbiome
in human milk indicate that this first food introduced into
the gastrointestinal tract could have profound influences
on how we modulate early gut microbiome development
and, hence, the trajectory towards a stable, ‘adult’ micro-
biome [7].

Infancy and the gut microbiota
Much of what is known about the infant microbiome
has been from research on term infants, and fewer stud-
ies have focused on the preterm and low birth weight in-
fants. Term and preterm infants were thought to be
born essentially sterile, but new evidence of bacterial
translocation in utero [8] and the presence of microbial
life in preterm infants’ meconium [9] may refute this.
Observed lipopolysaccharide (LPS) in the cord blood of
preterm infants provides evidence of this translocation
process [10]. While these findings are still controversial,
they point to a profound ignorance of the founding of
our microbiota. When born vaginally, infants are quickly
colonized by trillions of maternal vaginal, enteric, skin,
and milk microorganisms. The microbiota of neonatal
skin, oral mucosa, and nasopharyngeal aspirates of vagi-
nally delivered term infants are similar to their mother's
vaginal microbiota, while Caesarean section (C-section)
infants harbor bacterial communities similar to skin
microbiota [11]. Over a relatively short period of time,
the vaginally delivered newborn develops its first gut
microbiome, which is largely composed of maternal
vaginal and enteric organisms. Some data suggest that
C-section-delivered infants have lower gut microbial
richness and diversity at 4 months of age, compared to
vaginally delivered infants [12]. Subsequently, during
the first year of life in full-term infants, the gut is colo-
nized by sequential blooms of microbes comprising ap-
proximately 1014 cells per milliliter of intestinal contents.
Most are anaerobes in the distal small intestine and colon,
but facultative anaerobes and aerobes also colonize the
upper gastrointestinal tract. Because the lower gastrointes-
tinal tract lumen is anoxic, only anaerobes and facultative
bacteria are capable of surviving. The term infant’s gut
microbiome matures over the first 3 years of life before it
is recognizable as an adult microbiome [3,13].
The gut microbiota of the term infant has been ob-

served to influence multiple processes including the
differentiation of epithelium, cross talk within the gut-
associated lymphoid tissue (GALT), gastrointestinal tract
morphology, nutrition, and metabolism [14-18]. Human
milk provides many nutrients for bacterial growth (including
prebiotics such as human milk oligosaccharides
(HMOs) [19]), and breast-fed infants have nearly twice
the abundance of intestinal bacterial cells, but less di-
versity, than their formula-feeding counterparts (21). In
term infants, the species of microbes that colonize the
early gut differ between those who are breast-fed com-
pared to formula-fed infants. HMOs are broken down
into short-chain fatty acids that promote the growth of
Bifidobacteria and Lactobacillus [20]. Formula-fed in-
fant feces contain higher numbers of Atopobium, lower
numbers of Bifidobacterium, and an increased relative
abundance of Bacteroides [21]. Interestingly, when
breast-fed babies receive mixed feeding of both human
milk and formula, the microbiota shifts to a community
structure that more closely resembles that found in
formula-fed infants, which is similar to when the in-
fants begin solid food [14]. This ‘formula/solid food’
microbiome is dominated by Enterococci and Entero-
bacteria, Bacteroides, Clostridia, and other anaerobic
Streptococci [14]. Preterm infants may differ in the re-
sponsiveness of the gut to prebiotics such as HMOs. In
one study, administration of supplemental HMOs to
the feedings in 12 preterm infants did not result in the
expected increase in Bifidobacteria [22]. Hence, ma-
nipulation of the preterm infant gut microbiome may
be challenging because of different influences in the
early lives of these infants compared to term infants. In
general, there is much less known about the influence of
human milk feeding on the gut microbiome of preterm in-
fants, which represents a significant research gap.
Within the first year of life, the intestine will be colo-

nized by approximately 1,000 different species [20].
While human milk contains complex nutrients, it also
harbors many immune components and a recently de-
scribed microbiome (103 to 104 colony-forming units of
select species per milliliter of human milk) [23]. This
symbiotic mix of probiotic and prebiotic components,
combined with other sources including the environment
and immune activation, acts to populate the early gut
with a microbiota. Milk from preterm mothers is differ-
ent in many ways from that produced by term mothers.
For example, preterm milk appears to have a different
mix of human milk oligosaccharides that could influence
microbial growth [24].
The early gut microbiome is believed to maintain a

state of regulated inflammation that is important in pro-
viding cross talk between microbes of the intestinal epi-
thelium [6] and the GALT [20]. The development of a
normal infant gut and the immune system requires
interaction between intestinal epithelial cells, lymphoid
tissue, and the burgeoning commensal microbiota. Apop-
totic stimuli, reactive oxygen synthesis, and Toll-like re-
ceptor (TLR) signaling are induced by commensal bacteria
to produce a state of controlled inflammation that helps
develop the innate immune defenses and promotes
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pathogen recognition [25,26]. The developing commensal
microbiota alters gut microanatomy and function. There
is increased expression of genes that promote epithelial
turnover and synthesis of mucus, as well as elevated peri-
stalsis, which decreases small intestinal colonization; fi-
nally, various antimicrobial compounds are secreted in the
mucus [27,28]. These interactions enable the infant gut to
quickly develop tolerance to food antigens and the com-
mensal microbiota. This provides a barrier against pene-
tration of pathogenic microbes into the mucosa and
submucosa.
After weaning, the gut microbiota becomes firmly

established leading to a lifelong signature [29], a process
that usually takes place by about 3 years of age [3]. How-
ever, the early microbiome is likely to determine the sig-
nature of the adult microbiome, based on the founder
effect, whereby the original colonizing microbiota are in-
strumental in the successional direction of the assem-
blage. As a result, the initial colonizing microbiota is
likely to be a critical determinant in the development of
certain pediatric diseases [30]. The early microbiota pro-
duces active metabolites such as folate, butyrate, and
acetate, which could epigenetically alter gut epithelium
and hepatic and immune cells, a type of developmental
programming which might later translate into risks for a
variety of human diseases, including obesity [31].

The very low birth weight (VLBW) infant gut microbiome
As shown above, the term infant gut microbiome has
been the primary focus of existing research. Therefore,
we highlight the need to refocus our research para-
digm to fully explain how preterm birth might inter-
rupt normal developmental pathways. VLBW infants
(birth weight below 1,500 g) develop a very different,
‘sparse’ microbiome than that described for the full-
term infant. This developmentally challenged micro-
biota is very low in anaerobes, with coagulase-negative
Staphylococci, Enterococci, Enterobacteriaceae, and yeasts
being common microbial species [27]. In addition, VLBW
infants may be fed cow’s-milk-based formula or human
milk fortifiers that can create an entirely different meta-
bolic environment in the gut and thus may favor very dif-
ferent microbial communities [32]. Exposure to many
prenatal and postnatal insults may shape the succession of
the preterm infant gut microbiome. These infants often
experience rapid vaginal or C-section deliveries reducing
exposure to maternal vaginal and enteric microbiota. In
addition, mothers threatening preterm delivery often ex-
perience prolonged hospitalization and are treated with
antibiotics that may alter their microbiota, as well as that
of the fetus. The infants can be exposed to many inflam-
matory factors in utero (prenatal maternal illness, infec-
tions such as bacterial vaginosis and chorioamnionitis,
smoking and physiological stress) and then postnatally
(formula feeding, invasive procedures, antibiotics and
medications that alter gastroenteric pH) and extremely
different microbial sources as compared to full-term neo-
nates. Furthermore, the hospital environment is likely to
be vastly different than home in terms of resident mi-
crobes and microbial resistance. VLBW infants require
prolonged hospitalization and often develop a ‘neonatal
intensive care unit (NICU)’ flora [33]. The VLBW infant
gut is immature and fragile, and extended periods of fast-
ing and alterations in gastrointestinal motility and perfu-
sion may affect colonization and increase inflammation. It
is logical that the composition of the VLBW infant gut mi-
crobial community will influence the successional devel-
opment of the microbiota, and bacteria that established
early on will inhabit important niches later in life. VLBW
infants often display a delay in establishing an adult
microbiota, compared to full-term children [20]. These
delays and alterations in commensal colonization in early
life may preempt gastroenteral illnesses and shifts in im-
mune balance, leading to atopy and neurodevelopmental
effects in childhood and later life [20].
One recent longitudinal study of two VLBW infants

found that the gut microbiome was influenced by micro-
organisms in the NICU environment, and antibiotic-
resistant microbes were colonizing these infants’ guts
[33]. Genes conferring antibiotic resistance can transfer
among microbes, including pathogens, a process termed
the gut-associated resistome [34]. In another longitu-
dinal study of a single VLBW infant, born by C-section,
nine stool samples taken during the third week of life
showed a shift towards fermentation-based metabolism
(obligate anaerobes) which overtook Escherichia coli as
the most abundant microbial species [35]. A very recent
paper describes a study of microbial succession in 58
VLBW infants grouped into three gestational ages
(<26 weeks, 26–28 weeks, and >28 weeks) [36]. Fecal
samples (N = 922 specimens) were studied across these
infant groups as the infants grew and developed. The
results support a programmed and non-random devel-
opmental succession of microbiota, from Bacilli to
Gammaproteobacteria to Clostridia, with colonization
dominated by anaerobes by 33–36 weeks postconcep-
tual age (weeks of age at birth + weeks of age since
birth). There were frequent and abrupt unpredictable
shifts in the composition of microbial life along the
course of this trajectory. The pace of ecological succes-
sion, but not progression of taxonomic changes, was in-
fluenced by external factors such as breast milk
feeding, antibiotics, and mode of birth. This important
study will become even more valuable if the infants are
subject to follow-up investigation later in life, so that
the infant successional ecology and founder effect of
their microbiome may be linked to early childhood ill-
ness progression and health status.
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Effects of gut microbiome in early VLBW infants’ lives
VLBW infant deaths contributed 35% to all infant deaths
in 2009 (http://www.cdc.gov/reproductivehealth/Mater-
nalInfantHealth/PretermBirth.htm). While most VLBW
infants survive, the costs of care and long-term seque-
lae are highly significant. VLBW infants are at risk of
hematological, cardiorespiratory, gastroenterologic, in-
fectious, and neurological disorders in their early lives
in the NICU (http://www.nlm.nih.gov/medlineplus/pre-
maturebabies.html). These, as well as prenatal and
birth-related insults, contribute to long-term morbidity.
VLBW infants are usually the product of preterm birth
(PTB), but some may be born closer to term (late pre-
term) and are small for gestational age. There are very
few prospective studies of the VLBW gut microbiome
over the NICU stay that assess more than a few VLBW
infants [33-36].
The dysbiosis of microbial succession in VLBW infants

is likely to increase the risk of infections and inflamma-
tory processes. Sepsis is a major threat to these infants
and may occur at any time during hospitalization. In a
recent study, sepsis-causing pathogens were isolated
from stools in 7 of 11 infants, and fecal and blood sam-
ples were provisionally matched. The organisms identi-
fied were not considered members of the normal
microbiota (group B Streptococcus, Serratia marcescens,
and invasive E. coli) [37]. Both late-onset sepsis and nec-
rotizing enterocolitis (NEC) were associated with micro-
biomes dominated by Proteobacteria and Firmicutes
[38]. NEC has an incidence of about 7% in the United
States, and up to 10% of VLBW infants developed it
[39,40]. Developmental immaturity in innate immune
function may occur in VLBW infants, which interrupts
the normal ability of enterocytes to control invasive
non-commensal bacteria and results in a proinflamma-
tory cascade [41]. Bacterial translocation across the epi-
thelial barrier is associated with excessive TLR-4 signaling
that produces the inflammation and necrosis characteris-
tic of this disease [42]. What follows is an excessive in-
flammatory response that predisposes to NEC [20,41]. Use
of human milk significantly reduces the risk for NEC and
sepsis in the NICU [43], perhaps in part because human
milk introduces a diversity of commensal microbial spe-
cies and decreases the proinflammatory cascade that leads
to NEC. Secretory immunoglobulin A (SIgA) in milk plays
a role in immune exclusion by limiting the ability of mi-
crobes to penetrate into the epithelium, regulating com-
mensal microbial growth, and affecting intestinal epithelial
gene expression [44,45].
Few studies have mapped normal, non-medically

treated full-term infants’ or VLBW infants’ microbiota
over time after discharge from the hospital. Eggesbo
et al. [46] describe the colonization process during the
first 4 months of life in 85 healthy term infants not
receiving medical interventions and demonstrated a devel-
opmental trajectory for the establishment of the adult-
type microbiome. Normal early infancy colonization
patterns showed less complexity and higher transient
levels of facultative anaerobes in infancy compared to
later in life [27]. The initial colonizers at 4 days of life
were Enterobacteriaceae, with Klebsiella and Enterobac-
ter, more common in neonatal gut compared to adults.
Bifidobacterium species were also prevalent, as was
Lactobacilli. Bifidobacterium is the dominant bacteria
in the guts of breast-fed infants. At 4 months of age,
dramatic differences in microbiota occurred, which likely
was due to changes in feeding.
The adult-type microbiome, established by 3 years of

age in healthy full-term newborns, is stable through
childhood and into old age [30]. It is unlikely, however,
that the same pattern and timing would occur in the
VLBW infant; yet, there do not appear to be studies in
the literature prospectively mapping the gut microbiome
of VLBW infants through early childhood. This is an im-
portant gap as the role of the microbiome in the growth,
health, and development of VLBW infants provides es-
sential data to aid doctors in their care.

VLBW infant growth and the gut microbiome
VLBW infants generally experience catch-up growth
during early childhood, with most of this growth occur-
ring in the first 2 years of life but continuing until 8 years
of age [47]. This period of rapid growth and weight gain
has been linked to later risk of coronary artery disease
and insulin resistance [48]. One aspect of growth that
may be related to the microbiome is the risk for later
obesity (and attendant disorders such as metabolic syn-
drome and type 2 diabetes), particularly in small for ges-
tational age infants. VLBW infants are often small for
gestational age as well as prematurely born and could be
more at risk for later obesity rather than underweight
[49]. In addition, a preterm infant can suffer postnatal
growth failure due to inadequate nutritional intake and
illness, so that by term, they are considered ‘small for
dates’. Known as the Barker or ‘thrifty phenotype’ hy-
pothesis [50], the relationship between prenatal nutri-
tional deprivation, either through maternal deprivation,
high-altitude pregnancy, or placental insufficiency, is hy-
pothesized to lead to a metabolic programming that ul-
timately increases the risk for later obesity in small for
gestational age infants. Thus, later obesity has a U-
shaped relationship with early nutrition, with low and
high weight at birth increasing the risk for these meta-
bolic alterations. General thinking has been that infants
who have developed a metabolic adaptation to reduced
prenatal nutrition are born with set points and mecha-
nisms geared towards metabolic efficiency. This adaptive
fetal phenotype may result in obesity when nutritional
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supply is no longer restricted after birth. The risk may
be enhanced in VLBW small for gestational age infants
due to the alterations described previously in the VLBW
infants’ gut microbiome. Some studies suggest that there
is an association between obesity development in VLBW
infants and the rate of accelerated catch-up growth
during infancy [49]. Another possibility is that normal
nutrient digestion and processing, metabolism, and
microbe-host signaling become disturbed in the VLBW
infant due to dysbiosis, and this could contribute to
obesity. More research is needed to explore this pos-
sible relationship over longer time spans.
The obesity-microbiome relationship has been the

subject of many studies. In a very large study of 74,946
children from 31 centers in 18 countries, antibiotic treat-
ment in the first 12 months of life was found to be asso-
ciated with current BMI in boys, ages 5–8, but not girls
[51]. In a study comparing obese to lean children, fecal
samples were analyzed to determine the concentrations
of bacterial species belonging to the following genera:
Bacteroides, Bifidobacterium, Clostridium, Staphylococcus,
and Lactobacillus [52]. There were significant differences
in the microbiomes of obese compared to lean children
(ages 6–16). The ratio of Firmicutes to Bacteroidetes was
higher in obese children, and low levels of Bacteroides vul-
gatus and high concentrations of Lactobacillus spp. and
Staphylococcus spp. were positively associated with energy
intake in both obese and lean children. A relationship be-
tween inflammation (plasma high-sensitivity C-reactive
protein [hsCRP]) and Lactobacillus spp. was observed in
the obese children in this study. Many obese individuals
(up to 50%), including children, develop insulin resistance
and metabolic syndrome. In an adult study, fecal trans-
plants from lean individuals to individuals with metabolic
syndrome reversed the insulin resistance, implicating the
microbiota in metabolic syndrome etiology [53]. Maternal
prenatal BMI may influence the infant microbiome and
later risk for obesity. The childhood obesity epidemic in
the United States may be due to many factors, including
diet and sedentary behaviors, but maternal influences may
be important and may operate through the maternal
prepregnancy and pregnancy BMI. Maternal obesity
was associated with higher levels of Bacteroides and
Prevotella, and these microorganisms appeared higher
in the children at 1 and 6 months of age [54], suggest-
ing intergenerational transfer of a microbiome that is
associated with obesity [55].

VLBW infant development and the gut microbiome
The VLBW infant is at risk for long-term disabilities,
with increased risks for neurological sequelae including
cognitive disabilities, blindness, cerebral palsy, and hear-
ing impairments compared to infants of later gestational
age [56]. The presence of attention deficit/hyperactivity
disorder is five times higher in VLBWs compared to
full-term infants [57]. In a 30-month follow-up of
VLBW infants with gestational ages of 25 weeks or less,
over half had developmental delays, neuromotor disabil-
ity, blindness, or hearing loss [58]. While there are cer-
tainly clear relationships between gestational age, birth
weight, and neurological impairment, the role of the
microbiome has barely been investigated. There is an
evolving literature, mostly with animal studies, showing
the effect of the gut microbiome on neurogenesis and
neuronal circuits involved in motor function, stress re-
sponses, and anxiety [59]. The gut-brain axis is both
complex and extensive, with the enteric nervous system
providing a mechanism for cross talk. Research has dem-
onstrated that the microbiota is involved in this communi-
cation pathway (the ‘brain-gut-enteric-microbiota axis’)
and may impact brain development and plasticity, as well
as gene transcription and behavioral responses [60]. In
adults, multiple studies have explored the relationship
between the gut microbiome and a diverse number of
neuropsychiatric illnesses: schizophrenia, mood disor-
ders, autism spectrum disorders (ASDs), anorexia ner-
vosa, Tourette syndrome, attention deficit hyperactivity
disorder, narcolepsy, posttraumatic stress disorder, and
chronic fatigue syndrome [61]. Anxiety also has been
linked to the microbiome in mice, and brain plasticity
has been speculated to be dependent on normal devel-
opment of the microbiome [59]. It may be that patho-
gens leak from the gut under certain circumstances and
the microbe-associated molecular patterns (MAMPs)
react with TLRs to produce inflammatory signals that
act on the brain. Another potential pathway may be
through autoimmune mechanisms. These pathways have
not been studied in VLBW neonate growth and develop-
ment. It is possible that soft neurological signs and devel-
opmental delays in these children may be associated with
microbial dysbiosis. One neurological relationship of ab-
normal infant microbial colonization is seen in ASD which
is approximately three times more likely to develop in
VLBW infants with gestational age <27 weeks compared
with infants born at term. Studies show that the shorter
the gestation, the greater the risk [62]. ASD has been con-
sistently associated with evidence of both neuroinflamma-
tion and abnormal gut flora such as abnormal Clostridia
species and skewed Firmicutes to Bacteroidetes ratios [63].
A relationship between gastrointestinal symptoms and aut-
ism severity has also been observed [64], pointing to a po-
tential relationship with the gut microbiota. Importantly,
several bacterial probiotic therapies have also been posited
and have shown high efficacy in mouse models [65].

VLBW infant health and the gut microbiome
The establishment of commensal microbiota influences
the infant’s immune system development. In fact, there
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are remarkable differences in intestinal microbial inter-
actions in infancy compared to adulthood. The early life
gut responds very differently than the adult gut to
inflammogenic stimuli such as the proinflammatory
cytokine tumor necrosis factor-alpha (TNFα). The infant
gut microbiome coevolves with the developing gut; in
fact, the immature immune system and immune re-
sponses are primed by transient inflammatory signals
from microbe-gut interactions [20,66]. The development
of both the innate and acquired immune systems in in-
fants requires orchestrated interactions and controlled
inflammation within the developing gut. The intestinal
immune system is very extensive, with up to 60% of the
immune cells residing in the GALT [59]. Dendritic cells
(DCs) sample the commensal microbes that are present
in the gut lumen in a process that begins with recogni-
tion of the MAMPs by TLRs on intestinal epithelial cells
and penetrating DCs. The TLR activation results in se-
cretion of cytokines such as TSLP and TGF-β, both of
which promote tolerogenesis in DCs [20]. DCs produce
immunoregulatory cytokines such as IL-10 that results
in upregulation of T regulatory cells. In addition, DCs
transport bacteria to the mesenteric lymph nodes where
B cells recognize epitopes and become IgA-secreting
plasma cells specific to the microbes. This IgA is recir-
culated back to the lamina propria of the intestine,
where it binds with a secretory piece and enters the in-
testinal lumen to contain bacteria from penetrating the
epithelium [17]. By these mechanisms, the immune sys-
tem protects against specific bacteria and isolates them
to the gut. In the VLBW population, the enteric effects
of abnormal colonization can interfere with these nor-
mal processes. There are potential developmental differ-
ences in intestinal epithelial cell responses, leading to
decreased immunoregulation and increased inflamma-
tion, both of which may contribute to NEC. Another im-
portant mechanism is how the bacteria in the gut alter
the systemic immune system, and these interactions
offer explanation for the adverse health effects of inad-
equate or abnormal colonization. Depending on the mi-
crobial species, effects far distal to the gut can be
observed, such as systemic autoimmune diseases and al-
lergies, which appear to be influenced by immune bal-
ance orchestrated in the gut. If normal microbiota
development is somehow impacted, as is likely the case
for VLBW infants, there may be an increased risk for
later enteric diseases and defects in immune tolerance,
atopy, and asthma [20]. Immunological consequences of
the abnormal microbiota profile that may occur in
VLBW infants as they develop include disruption in the
Th1/Th2/Th17/Treg immune balance, which may, in part,
explain the relationship between inadequate colonization
in VLBW infants and later atopic disease and asthma.
Since VLBW infants are often born by C-section and
have exposure to antibiotics in early life, they have
additional risks. In a study of infants born by C-section
with atopic family history, the odds ratio for develop-
ment of asthma was 8 [67]. There is also a well-known
epidemiological association between antibiotic use and
later development of asthma, which often is explained
by low microbial exposure (the hygiene hypothesis)
[68,69]. Type I diabetes is an autoimmune-mediated meta-
bolic disorder potentially associated with the microbiome.
Newly diagnosed Mexican children with type I diabetes
had higher fecal Bacteroides and reduced Prevotella,
Megamonas, and Acidaminococcus compared to control
children. Diabetic children also had higher antibiotic ex-
posure than controls [70].
Enteric effects of the VLBW microbiome are not lim-

ited to the early postnatal period. Antibiotic exposure,
which is an extremely common intervention in VLBWs,
has been associated with increased later risk for Crohn’s
disease, with increasing risk related to frequency of
antibiotic exposure in children [71]. In another study,
C-section delivery and being small for gestational age
increased the risk of celiac disease [67]. Obviously,
these factors may or may not be associated with the
microbiome.

Conclusions
It is becoming increasingly clear that the early infant gut
microbiome is an important regulator of many develop-
ing physiologies. These interactions can influence risk
for a variety of pathophysiological effects into childhood
and even adult life. It is also apparent that infant feeding
is a critical determinant of the early gut microbiome,
and so, early feeding habits may have important long-
term effects. The VLBW infant is disadvantaged in many
ways, including the likely development of dysbiosis of
the gut microbiome. Exploration of the long-term effects
of this abnormal microbial number, diversity, and suc-
cession has not yet been done and is critically needed in
order to intervene both early and later in the lives of
these children.

Abbreviations
ASD: autism spectrum disorder; C-section: Caesarean section; DCs: dendritic
cells; GALT: gut-associated lymphoid tissue; hsCRP: high-sensitivity C-reactive
protein; LPS: lipopolysaccharide; MAMPs: microbe-associated molecular
patterns; NEC: necrotizing enterocolitis; NICU: neonatal intensive care unit;
PTB: preterm birth; SIgA: secretory immunoglobulin A; TLRs: Toll-like receptors;
VLBW: very low birth weight.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MWG developed the first draft of this review. AAL, TLA, EM, and LJD provided
critical reviews and updated new references and suggestions for the content.
JAG provided intellectual oversight, suggestions for expansion and new
direction, multiple critiques, and final editing. All authors read and approved
the final manuscript.



Groer et al. Microbiome 2014, 2:38 Page 7 of 8
http://www.microbiomejournal.com/content/2/1/38
Author details
1University of South Florida College of Nursing, 12910 Bruce B. Downs Blvd.,
Tampa, FL 33612, USA. 2Department of Pediatrics, Division of Neonatology,
Morsani College of Medicine, University of South Florida, Tampa General Cir,
Tampa, FL 33606, USA. 3Department of Pediatrics, Morsani College of
Medicine, ACH Children’s Research Institute, USF, 140 7th Avenue South, St.
Petersburg, FL 33701, USA. 4Department of Anthropology, University of
South Florida, 4202 East Fowler Ave., Tampa, FL 33620, USA. 5Institute for
Genomics and Systems Biology, Argonne National Laboratory, Lemont, IL
60439, USA. 6Department of Ecology and Evolution, University of Chicago,
5640 South Ellis Avenue, Chicago, IL 60637, USA. 7College of Environmental
and Resource Sciences, Zhejiang University, Hangzhou 310058, China.

Received: 21 July 2014 Accepted: 30 August 2014
Published: 13 October 2014
References
1. Dishaw LJ, Cannon JP, Litman GW, Parker W: Immune-directed support of

rich microbial communities in the gut has ancient roots. Dev Comp
Immunol 2014, 47:36–51.

2. Friedrich MJ: Genomes of microbes inhabiting the body offer clues to
human health and disease. JAMA 2013, 309:1447–1449.

3. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras
M, Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath AC, Warner B,
Reeder J, Kyczynski J, Caporaso JG, Lozupone CA, Lauber C, Clemente JC,
Knights D, Knight R, Gordon JI: Human gut microbiome viewed across
age and geography. Nature 2012, 486:222–227.

4. Pfeiffer JK, Sonnenburg JL: The intestinal microbiota and viral
susceptibility. Front Microbiol 2011, 2:92.

5. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI:
The human microbiome project. Nature 2007, 449:804–810.

6. Neu J: Perinatal and neonatal manipulation of the intestinal microbiome:
a note of caution. Nutr Rev 2007, 65:282–285.

7. Jeurink PV, Van Bergenhenegouwen J, Jimenez E, Knippels LM, Fernandez L,
Garssen J, Knol J, Rodriguez JM, Martin R: Human milk: a source of more
life than we imagine. Benef Microb 2013, 4:17–30.

8. Jimenez E, Marin ML, Martin R, Odriozola JM, Olivares M, Xaus J, Fernandez
L, Rodriguez JM: Is meconium from healthy newborns actually sterile? Res
Microbiol 2008, 159:187–193.

9. Ardissone AN, De la Cruz DM, Davis-Richardson AG, Rechcigl KT, Li N, Drew
JC, Murgas-Torrazza R, Sharma R, Hudak ML, Triplett EW, Neu J: Meconium
microbiome analysis identifies bacteria correlated with premature birth.
PLoS One 2014, 9:e90784.

10. Martinez-Lopez DG, Funderburg NT, Cerissi A, Rifaie R, Aviles-Medina L,
Llorens-Bonilla BJ, Sleasman J, Luciano AA: Lipopolysaccharide and soluble
CD14 in cord blood plasma are associated with prematurity and chor-
ioamnionitis. Pediatr Res 2014, 75:67–74.

11. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer
N, Knight R: Delivery mode shapes the acquisition and structure of the
initial microbiota across multiple body habitats in newborns. Proc Natl
Acad Sci U S A 2010, 107:11971–11975.

12. Azad MB, Konya T, Maughan H, Guttman DS, Field CJ, Chari RS, Sears MR,
Becker AB, Scott JA, Kozyrskyj AL: Gut microbiota of healthy Canadian
infants: profiles by mode of delivery and infant diet at 4 months. CMAJ
2013, 185:385–394.

13. Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO: Development of the
human infant intestinal microbiota. PLoS Biol 2007, 5:e177.

14. Guaraldi F, Salvatori G: Effect of breast and formula feeding on gut
microbiota shaping in newborns. Front Cell Infect Microbiol 2012, 2:94.

15. Putignani L, Del Chierico F, Petrucca A, Vernocchi P, Dallapiccola B: The
human gut microbiota: a dynamic interplay with the host from birth to
senescence settled during childhood. Pediatr Res 2014, 76:2–10.

16. Cho I, Blaser MJ: The human microbiome: at the interface of health and
disease. Nat Rev Genet 2012, 13:260–270.

17. Hooper LV, Littman DR, Macpherson AJ: Interactions between the
microbiota and the immune system. Science 2012, 336:1268–1273.

18. Cebra JJ: Influences of microbiota on intestinal immune system
development. Am J Clin Nutr 1999, 69:1046S–1051S.

19. Bode L: Human milk oligosaccharides: prebiotics and beyond. Nutr Rev
2009, 67(Suppl 2):S183–S191.
20. Weng M, Walker WA: The role of gut microbiota in programming the
immune phenotype. J Dev Orig Health Dis 2013, 4:203–214.

21. Bezirtzoglou E, Tsiotsias A, Welling GW: Microbiota profile in feces of
breast- and formula-fed newborns by using fluorescence in situ
hybridization (FISH). Anaerobe 2011, 17:478–482.

22. Underwood MA, Kalanetra KM, Bokulich NA, Mirmiran M, Barile D, Tancredi
DJ, German JB, Lebrilla CB, Mills DA: Prebiotic oligosaccharides in
premature infants. J Pediatr Gastroenterol Nutr 2014, 58:352–360.

23. Martin R, Langa S, Reviriego C, Jiminez E, Marin ML, Xaus J, Fernandez L,
Rodriguez JM: Human milk is a source of lactic acid bacteria for the
infant gut. J Pediatr 2003, 143:754–758.

24. De Leoz ML, Gaerlan SC, Strum JS, Dimapasoc LM, Mirmiran M, Tancredi DJ,
Smilowitz JT, Kalanetra KM, Mills DA, German JB, Lebrilla CB, Underwood
MA: Lacto-N-tetraose, fucosylation, and secretor status are highly
variable in human milk oligosaccharides from women delivering
preterm. J Proteome Res 2012, 11:4662–4672.

25. Jakaitis BM, Denning PW: Commensal and probiotic bacteria may prevent
NEC by maturing intestinal host defenses. Pathophysiology 2014, 21:47–54.

26. Kaplan JL, Shi HN, Walker WA: The role of microbes in developmental
immunologic programming. Pediatr Res 2011, 69:465–472.

27. Adlerberth I, Wold AE: Establishment of the gut microbiota in Western
infants. Acta Paediatr 2009, 98:229–238.

28. Johansson ME, Sjovall H, Hansson GC: The gastrointestinal mucus system
in health and disease. Nat Rev Gastroenterol Hepatol 2013, 10:352–361.

29. Maynard CL, Elson CO, Hatton RD, Weaver CT: Reciprocal interactions of
the intestinal microbiota and immune system. Nature 2012, 489:231–241.

30. Nieuwdorp M, Gilijamse PW, Pai N, Kaplan LM: Role of the microbiome in
energy regulation and metabolism. Gastroenterology 2014, 146:1525–1533.

31. Mischke M, Plosch T: More than just a gut instinct—the potential
interplay between a baby's nutrition, its gut microbiome, and the
epigenome. Am J Physiol Regul Integr Comp Physiol 2013, 304:R1065–R1069.

32. Poroyko V, Morowitz M, Bell T, Ulanov A, Wang M, Donovan S, Bao N, Gu S,
Hong L, Alverdy JC, Bergelson J, Liu DC: Diet creates metabolic niches in
the “immature gut” that shape microbial communities. Nutr Hosp 2011,
26:1283–1295.

33. Brooks B, Firek BA, Miller CS, Sharon I, Thomas BC, Baker R, Morowitz MJ,
Banfield JF: Microbes in the neonatal intensive care unit resemble those
found in the gut of premature infants. Microbiome 2014, 2:1.

34. Moore AM, Patel S, Forsberg KJ, Wang B, Bentley G, Razia Y, Qin X, Tarr PI,
Dantas G: Pediatric fecal microbiota harbor diverse and novel antibiotic
resistance genes. PLoS One 2013, 8:e78822.

35. Brown CT, Sharon I, Thomas BC, Castelle CJ, Morowitz MJ, Banfield JF:
Genome resolved analysis of a premature infant gut microbial
community reveals a Varibaculum cambriense genome and a shift
towards fermentation-based metabolism during the third week of life.
Microbiome 2013, 1:30.

36. La Rosa PS, Warner BB, Zhou Y, Weinstock GM, Sodergren E, Hall-Moore CM,
Stevens HJ, Bennett WE Jr, Shaikh N, Linneman LA, Hoffman JA, Hamvas A,
Deych E, Shands BA, Shannon WD, Tarr PI: Patterned progression of bac-
terial populations in the premature infant gut. Proc Natl Acad Sci U S A
2014, 111:12522–12527.

37. Carl MA, Ndao IM, Springman AC, Manning SD, Johnson JR, Johnston BD,
Burnham CA, Weinstock ES, Weinstock GM, Wylie TN, Mitreva M, Abubucker
S, Stevens HJ, Hall-Moore C, Julian S, Shaikh N, Warner BB, Tarr PI: Sepsis
from the gut: the enteric habitat of bacteria that cause late-onset
neonatal bloodstream infections. Clin Infect Dis 2014, 58:1211–1218.

38. Berrington JE, Stewart CJ, Cummings SP, Embleton ND: The neonatal bowel
microbiome in health and infection. Curr Opin Infect Dis 2014, 27:236–243.

39. Barrett E, Kerr C, Murphy K, O'Sullivan O, Ryan CA, Dempsey EM, Murphy BP,
O'Toole PW, Cotter PD, Fitzgerald GF, Ross RP, Stanton C: The individual-
specific and diverse nature of the preterm infant microbiota. Arch Dis
Child Fetal Neonatal Ed 2013, 98:F334–F340.

40. Jacquot A, Neveu D, Aujoulat F, Mercier G, Marchandin H, Jumas-Bilak E,
Picaud JC: Dynamics and clinical evolution of bacterial gut microflora in
extremely premature patients. J Pediatr 2011, 158:390–396.

41. Hunter CJ, De Plaen IG: Inflammatory signaling in NEC: role of NF-kappaB,
cytokines and other inflammatory mediators. Pathophysiology 2014,
21:55–65.

42. Hackam DJ, Good M, Sodhi CP: Mechanisms of gut barrier failure in the
pathogenesis of necrotizing enterocolitis: toll-like receptors throw the
switch. Semin Pediatr Surg 2013, 22:76–82.



Groer et al. Microbiome 2014, 2:38 Page 8 of 8
http://www.microbiomejournal.com/content/2/1/38
43. Meier PP, Bode L: Health, nutrition, and cost outcomes of human milk
feedings for very low birthweight infants. Adv Nutr 2013, 4:670–671.

44. Rogier EW, Frantz AL, Bruno ME, Wedlund L, Cohen DA, Stromberg AJ,
Kaetzel CS: Secretory antibodies in breast milk promote long-term
intestinal homeostasis by regulating the gut microbiota and host gene
expression. Proc Natl Acad Sci U S A 2014, 111:3074–3079.

45. Corthesy B: Multi-faceted functions of secretory IgA at mucosal surfaces.
Front Immunol 2013, 4:185.

46. Eggesbo M, Moen B, Peddada S, Baird D, Rugtveit J, Midtvedt T, Bushel PR,
Sekelja M, Rudi K: Development of gut microbiota in infants not exposed
to medical interventions. APMIS 2011, 119:17–35.

47. Hack M, Weissman B, Borawski-Clark E: Catch-up growth during childhood
among very low-birth-weight children. Arch Pediatr Adolesc Med 1996,
150:1122–1129.

48. Barker DJ, Osmond C, Forsen TJ, Kajantie E, Eriksson JG: Trajectories of
growth among children who have coronary events as adults. N Engl J
Med 2005, 353:1802–1809.

49. Belfort MB, Gillman MW, Buka SL, Casey PH, McCormick MC: Preterm infant
linear growth and adiposity gain: trade-offs for later weight status and
intelligence quotient. J Pediatr 2013, 163:1564–1569. e1562.

50. Hales CN, Barker DJ: Type 2 (non-insulin-dependent) diabetes mellitus:
the thrifty phenotype hypothesis. Int J Epidemiol 2013, 42:1215–1222.

51. Murphy R, Stewart AW, Braithwaite I, Beasley R, Hancox RJ, Mitchell EA, the
IPTSG: Antibiotic treatment during infancy and increased body mass
index in boys: an international cross-sectional study. Int J Obes (Lond)
2013, 38:1115–1119.

52. Bervoets L, Van Hoorenbeeck K, Kortleven I, Van Noten C, Hens N, Vael C,
Goossens H, Desager KN, Vankerckhoven V: Differences in gut microbiota
composition between obese and lean children: a cross-sectional study.
Gut Pathog 2013, 5:10.

53. Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF,
Dallinga-Thie GM, Ackermans MT, Serlie MJ, Oozeer R, Oozeer R, Derrien M,
Druesne A, Van Hylckama Vlieg JE, Bloks VW, Groen AK, Heilig HG, Zoetendal
EG, Stroes ES, De Vos WM, Hoekstra JB, Nieuwdorp M: Transfer of intestinal
microbiota from lean donors increases insulin sensitivity in individuals
with metabolic syndrome. Gastroenterology 2012, 143:913–916. e917.

54. Collado MC, Isolauri E, Laitinen K, Salminen S: Effect of mother's weight on
infant's microbiota acquisition, composition, and activity during early
infancy: a prospective follow-up study initiated in early pregnancy. Am J
Clin Nutr 2010, 92:1023–1030.

55. Thompson AL: Developmental origins of obesity: early feeding
environments, infant growth, and the intestinal microbiome. Am J Hum
Biol 2012, 24:350–360.

56. Serenius F, Kallen K, Blennow M, Ewald U, Fellman V, Holmstrom G,
Lindberg E, Lundqvist P, Marsal K, Norman M, Olhager E, Stigson L,
Stjernqvist K, Vollmer B, Stromberg B: Neurodevelopmental outcome in
extremely preterm infants at 2.5 years after active perinatal care in
Sweden. JAMA 2013, 309:1810–1820.

57. Bora S, Pritchard VE, Chen Z, Inder TE, Woodward LJ: Neonatal cerebral
morphometry and later risk of persistent inattention/hyperactivity in
children born very preterm. J Child Psychol Psychiatry 2014, 55:828–838.

58. Wood NS, Marlow N, Costeloe K, Gibson AT, Wilkinson AR, EPICure Study
Group: Neurologic and developmental disability after extremely preterm
birth. N Engl J Med 2000, 343:378–384.

59. Douglas-Escobar M, Elliott E, Neu J: Effect of intestinal microbial ecology
on the developing brain. JAMA Pediatr 2013, 167:374–379.

60. Cryan JF, O'Mahony SM: The microbiome-gut-brain axis: from bowel to
behavior. Neurogastroenterol Motil 2011, 23:187–192.

61. Hornig M: The role of microbes and autoimmunity in the pathogenesis
of neuropsychiatric illness. Curr Opin Rheumatol 2013, 25:488–795.

62. Kuzniewicz MW, Wi S, Qian Y, Walsh EM, Armstrong MA, Croen LA:
Prevalence and neonatal factors associated with autism spectrum
disorders in preterm infants. J Pediatr 2014, 164:20–25.

63. Goyal DK, Miyan JA: Neuro-immune abnormalities in autism and their
relationship with the environment: a variable insult model for autism.
Front Endocrinol (Lausanne) 2014, 5:29.

64. Adams JB, Johansen LJ, Powell LD, Quig D, Rubin RA: Gastrointestinal flora
and gastrointestinal status in children with autism—comparisons to
typical children and correlation with autism severity. BMC Gastroenterol
2011, 11:22.
65. Gilbert Jack A, Krajmalnik-Brown R, Porazinska Dorota L, Weiss Sophie J, Knight
R: Toward effective probiotics for autism and other neurodevelopmental
disorders. Cell 2013, 155:1446–1448.

66. Centanni M, Turroni S, Consolandi C, Rampelli S, Peano C, Severgnini M,
Biagi E, Caredda G, De Bellis G, Brigidi P, Candela M: The enterocyte-
associated intestinal microbiota of breast-fed infants and adults responds
differently to a TNF-α-mediated pro-inflammatory stimulus. PLoS One 2013,
8:e81762.

67. Eggesbo M, Botten G, Stigum H, Nafstad P, Magnus P: Is delivery by
cesarean section a risk factor for food allergy? J Allergy Clin Immunol 2003,
112:420–426.

68. Murk W, Risnes KR, Bracken MB: Prenatal or early-life exposure to antibiotics
and risk of childhood asthma: a systematic review. Pediatrics 2011,
127:1125–1138.

69. Risnes KR, Belanger K, Murk W, Bracken MB: Antibiotic exposure by
6 months and asthma and allergy at 6 years: findings in a cohort of
1,401 US children. Am J Epidemiol 2011, 173:310–318.

70. Mejia-Leon ME, Petrosino JF, Ajami NJ, Dominguez-Bello MG, De la Barca
AM: Fecal microbiota imbalance in Mexican children with type 1
diabetes. Sci Rep 2014, 4:3814.

71. Hviid A, Svanstrom H, Frisch M: Antibiotic use and inflammatory bowel
diseases in childhood. Gut 2011, 60:49–54.

doi:10.1186/2049-2618-2-38
Cite this article as: Groer et al.: Development of the preterm infant gut
microbiome: a research priority. Microbiome 2014 2:38.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Review
	Background
	Infancy and the gut microbiota
	The very low birth weight (VLBW) infant gut microbiome
	Effects of gut microbiome in early VLBW infants’ lives
	VLBW infant growth and the gut microbiome
	VLBW infant development and the gut microbiome
	VLBW infant health and the gut microbiome


	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Author details
	References

