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ABSTRACT
The development of the human infant intestinal microbiota is a sequential process that begins in
utero and continues during the first 2 to 3 years of life. Microbial composition and diversity are
shaped by host genetics and multiple environmental factors, of which diet is a principal contributor.
An understanding of this process is of clinical importance as the microbiota acquired in early life
influence gastrointestinal, immune and neural development, and reduced microbial diversity or
dysbiosis during infancy is associated with disorders in infancy and later childhood. The goal of this
article was to review the published literature that used culture-independent methods to describe
the development of the gastrointestinal microbiota in breast- and formula-fed human infants as
well as the impact of prebiotic and probiotic addition to infant formula, and the addition of solid
foods.
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Introduction

Intestinal microbiota development is a complex process
that begins in utero and continues for the first 2–3 years
of life.1-3 Host genetics and environmental factors such as
gestational age, delivery mode, diet, pre- and probiotics,
antibiotics, maternal weight and stress influence the pro-
cess.4 The microbiota acquired in early life have long-
term implications for host metabolism and gastrointesti-
nal (GI), immune and neurological function.5,6 Reduced
diversity or dysbiosis are linked to childhood and later
life disorders, including necrotizing enterocolitis,7

eczema,8 asthma,9 inflammatory bowel diseases,10 irrita-
ble bowel syndrome,11 obesity,12 diabetes13 and autism.14

Diet is one of the major determinants of GI micro-
bial diversity. Bacterial composition and alpha-diversity
differ between breastfed (BF) and formula-fed (FF)
infants,15-17 and solid food introduction has been asso-
ciated with rapid and sustained alterations in the fecal
microbiota.1,18 The goal of this review is to summarize
our current knowledge on how nutrition may influence
GI microbial composition and function in early infancy.
The impact of pre- and probiotic supplementation on
the colonization of the infant microbiota will also be
addressed.

Breast- and formula-feeding

The fecal microbial composition of BF and FF infants
has been investigated for more than 40 years. Prior to
the early part of the 21st century, microbes were stud-
ied primarily using culture-dependent methods, which
limited our understanding of microbial diversity and
often resulted in conflicting reports.19 Findings from
16S ribosomal ribonucleic acid (16S rRNA)-based
approaches (For a review, see ref. 20) have shown that
the infant microbiota is more diverse than previously
appreciated. However, the findings are still somewhat
varied, likely due to the small number of infants
included in some studies (Table 1), geographical dif-
ferences,21 differences in analytical methods and sam-
pling time points,17 changes in infant formula
composition over time, and differences in oligosaccha-
ride composition of human milk (HM) and infant for-
mula.17,20 This review focuses on studies that used 16S
rRNA-based methods to investigate the fecal micro-
bial composition in infants over the first yr of life
(Table 1).

Initially after birth, the newborn fecal microbiota is
composed primarily of facultative anaerobes, such as
Staphylococcus, Streptococcus, Lactobacillus, and
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Enterobacteriaceae,1,27,56,57which are thought to con-
sume oxygen and prime the GI tract for colonization
with obligate anaerobes such as Bifidobacterium, Bac-
teroides, and Clostridium. From the first wk of life, dif-
ferent colonization patterns are present in BF and FF
infants.26,49 The fecal microbiota of BF infants is more
stable over time,26,39 and characterized by a lower
alpha-diversity compared to FF infants.15,23,31,33

Exclusive breastfeeding is inversely related to alpha-
diversity in 3 mo-old infants.23 Conversely, exclusive
breastfeeding and breastfeeding duration,23 as well as
predominant breastfeeding for the first 3 mos,25 are
positively related to alpha-diversity at 12 mos.

Many studies have reported that BF infants are col-
onized with higher proportions of microbes from the
phylum Actinobacteria and less Firmicutes than FF
infants.23,25,26,28,33 Other studies report that BF
infants have similar levels of Actinobacteria and Fir-
micutes28,30 but lower proportions of Bacteroi-
detes31,36 and Proteobacteria26,28 compared to FF
infants.

At the genus level, Bifidobacterium has long been
described to predominate in BF versus FF infants19;
however, results are varied. Several studies found bifi-
dobacteria to be significantly greater in BF
infants18,23,26,28,33,36,37,39,47,51; Fan and colleagues26

reported roughly double the relative abundance of
bifidobacteria in BF than FF infants. Bifidobacteria
have been shown to account for 70% of the sequences
of exclusively breastfed (EBF) infants40 and appear
earlier in the feces of EBF than in FF infants38 In addi-
tion, infants who were exclusively breastfed in early
life maintained greater colonization with bifidobacte-
ria later in infancy.54 Although this evidence is sub-
stantial, other findings suggest that Bifidobacterium
exists in similar proportions18,34 and numbers44,46 in
BF and FF infants and dominate the microbiota across
both groups.34,50,51 Conversely, Palmer and col-
leagues2 reported very low levels of bifidobacteria in
all infants with varied dietary patterns; however, these
findings are likely due to the 8F universal primer that
was used in the study having a three base pair mis-
match against B. longum, and that Bifidobacterium
genus in general does not have 100% sequence identity
to the 8F primer sequence.58 Infants harboring similar
relative abundances of Bifidobacterium still exhibit
some variance in diversity,34,39,42 and stability51 of
populations at the species level. For example, B. lon-
gum and B. breve are the dominant species in BF

infants,27,41-43 whereas FF infants also harbor adult-
associated bifidobacterial species, such as B.
adolescentis.24,39,42

While many studies have focused on bifidobacterial
colonization, breastfeeding supports other differences
in microbiota composition. Within the phyla Bacteroi-
detes and Firmicutes, BF infants contain lower levels
of Bacteroides,33,50-53 Atopobium,51,53 Clostridiales,
Lachnospiraceae, and Faecalibacterium than FF.33 Fan
and colleagues26 found that Bifidobacterium, Strepto-
coccus, and Lactobacillus were dominant members in
both feeding groups sampled between 3 and 6 mos;
other dominant genera included Clostridium in BF
infants and Klebsiella and Enterococcus in FF infants.
Bergstrom and coworkers45 reported a positive associ-
ation between breastfeeding duration and levels of
Lactobacillus spp.; however, effects of feeding on Lac-
tobacillus abundance are inconsistent across other
studies. Increased proportions of Lactobacil-
lus,25,26,48,54 as well as greater abundances of L. gas-
seri28,47 in BF compared to FF infants have been
reported, whereas other studies found opposite
results16,52,53 or reported intergroup variability and
instability over time.27,43

A greater prevalence15 and higher proportion24 and
total counts16,46 of C. difficile in FF compared to BF
infants, as well as, significantly more Peptostreptococ-
caceae,31 Akkermansia,15 Veillonella, and Enterococ-
cus28 have been described. Escherichia abundance was
also higher in FF than BF infants28 and decreased at a
slower rate over time.31 Furthermore, other results
have indicated E. coli to be dominant across both
groups50 or present in similar total numbers,51 while
Penders et al.16 found this species significantly
increased in FF infants at 4 wks of age. Bacteroides
abundance has been shown to increase over time in
BF infants; however, the timing of initial colonization
is variable among infants.27 Jost et al.27 also found that
EBF infants who had higher proportions of and were
colonized earlier with Bacteroides also harbored higher
proportions of pathogenic bacteria, such as Klebsiella
and Clostridium.

Few studies have investigated the fecal microbial
composition of mixed-fed (MF) infants – those receiv-
ing both HM and infant formula.29,52 The dietary pat-
terns of MF infants are highly variable within and
across studies, and are often not well described, which
presents an obstacle when trying to draw conclusions
relative to the effect of the proportion of HM and
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formula consumed on microbial composition. At 6
wks of age, MF infants exhibited the largest within
group compositional differences and harbored a
microbiota significantly different than BF but not FF
infants.29 As further shown in Table 1, MF infants
tend to group with FF infants and differ from BF
infants.16,18,47 Conversely, Fallani and associates52

detected, in a much larger sample of infants, signifi-
cantly higher proportions of bifidobacteria in MF
compared to FF infants of the same age. Azad and col-
leagues23 also found breastfeeding exclusivity, at 3
mos, to be associated with fecal microbiota composi-
tion at 3 mos and 1 yr of age, with MF infants exhibit-
ing increased abundances of Bacteroidetes,
Lachnospiraceae, Ruminococcaceae and Verrucomi-
crobia and decreased abundances of Enterobacteria-
ceae and Bifidobacteriaceae at 3 mos compared to
EBF infants. Differences in Bifidobacteriaceae and
Bacteroidetes abundance still remained at 1 yr of age;
Veillonellaceae abundance was also increased in EBF
infants. Mixed feeding is a common dietary pattern in
early life, and these wide-ranging results emphasize
the need for further exploration of the fecal microbiota
of infants receiving both HM and formula. Additional
studies investigating the long-term impacts of early
feeding regimes on GI profiles beyond infancy are also
necessary, as existing evidence has demonstrated that
infants who were fed with HM for at least 50% of feed-
ings during the first 3 mos of life maintained a differ-
ent fecal microbial composition between 12 and 24
mos than those who had received less than 50% of
feedings from HM.54 In future studies, it will be
important to carefully document the relative propor-
tions of HM and formula the MF infant is consuming
in addition to when the formula was introduced to the
infant. For example, the microbiota of an infant who
was mixed-fed from birth would likely differ from an
infant who was exclusively breastfed from birth until 3
mos of age at which time formula was introduced.

Diet also interacts with other environmental factors
and life events during infancy to affect GI coloniza-
tion. Breastfeeding may compensate for factors shown
to negatively impact the infant’s GI microbiota. For
example, infants delivered by Cesarean section (CS)
had different fecal microbiota depending on if they
had been breast- or formula-fed.47 The BF infants
achieved numbers of B. bifidum comparable to those
of vaginally-delivered (VD) infants earlier than FF or
MF infants. Findings have also shown that infant

feeding likely moderates the effects of intrapartum
antibiotic prophylaxis (IAP) exposure on microbial
colonization (Table 1).23 Regardless of feeding mode,
IAP-exposed infants, delivered by emergency CS, pre-
sented with dybioses at 3 mos. Compared to infants
who were not exposed to IAP, these infants had a
lower abundance of Bacteroidetes and increased abun-
dance of Firmicutes. These differences, between IAP-
exposed and non-exposed, remained at 1 yr, but only
in infants who were not exclusively breastfed at 3 mos.
Results, at 1 yr, were significant when compared with
VD infants not exposed to IAP and of either feeding
type at 3 mos. These findings further support the
notion that breastfeeding may help to reconcile imbal-
ances in an infant’s microbial composition resulting
from adverse life events.

To date, few have described functional changes
accompanying microbial variations between BF and
FF infants. Some investigators have utilized metage-
nomics, an analysis of the microbial genetic material,
in order to identify possible roles in various metabolic
pathways and therefore functions of the microbes in a
community.20 B€ackhed and coworkers24 used Kyoto
Encyclopedia of Genes and Genomes (KEGG) orthol-
ogy (KO) modules to identify functional differences,
according to feeding pattern, in the stool microbiome
of 4 mo-old infants. The FF infant microbiome was
enriched in functions characteristic of a more mature
microbiota (e.g. more similar to that of an adult) such
as bile acid synthesis, methanogenesis, and the phos-
photransferase system, while the fecal microbiome of
BF infants was enriched in KO modules associated
with synthesis of B vitamins and oxidative phosphory-
lation. In addition, virulence factors of the microbiota
of BF and FF infants affect the expression of immunity
and defense genes in the host GI epithelium,30 poten-
tially contributing to programming of the intestinal
immunological tone. More recently, Bokulich and col-
leagues25 showed maturational differences, measured
by age-dependent stages characterized by specific taxa
that serve as markers for the rate of microbiota devel-
opment, in BF and FF infant microbiota. These assess-
ments are of interest to researchers as delayed
development is often linked to physiological perturba-
tions. Over the first 6 mos of life, FF infants matured
at a faster rate, compared to BF infants, as indicated
by a lower abundance of several gene pathways
involved in metabolism; however, between the ages of
12–24 mos, these FF infants exhibited decreased
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microbiota maturation. These findings illustrate the
potential impact of microbial composition to develop-
mentally program host function and should direct the
efforts of future research studies.

While it is clear that HM plays a substantial role in
establishing the fecal microbiota, details regarding the
interactions between HM components and infant
microbes that contribute to compositional and func-
tional differences among infants remain to be deter-
mined. Complex oligosaccharides and bacteria present
in HM may contribute, but do not explain all compo-
sitional differences.

Human milk microbiota

The microbes in HM are hypothesized to be one of the
contributors to the observed differences in the fecal
microbiota of BF vs. FF infants. In the last two deca-
des, HM, which was once thought to be sterile, has
been shown to be a source of potentially probiotic bac-
teria for the infant.59 Human milk contains bacterial
genera also present in the infant fecal microbiota,
including Staphylococcus, Streptococcus, Lactobacillus,
and Bifidobacterium.60-63 Hunt and coworkers64

described a “core” HM microbiota comprised of nine
OTUs that were present in all three samples collected
from each mother and accounted for roughly half of
the relative abundance of total bacteria in all HM sam-
ples. The remaining 50% consisted of several different
genera, highlighting that each mother has a unique
HM microbiota. These findings were further sup-
ported by a study showing that the HM microbiota
composition was associated with mode of delivery,
stage of lactation, and maternal health status.65 Both
Hunt et al.64 and Cabrera-Rubio et al.65 only detected
few sequences of Bifidobacterium upon analysis of
milk samples. However, other studies have identified
this genus in over 90% of samples taken from moth-
ers61 and have found associations between levels of
bifidobacteria in maternal milk and infant feces,66

which may partly explain the increased levels of Bifi-
dobacterium found in the feces of BF infants.
Although taxonomic differences could be attributed to
primers used for analysis, as mentioned previously,
incomplete cell lysis during DNA isolation, due to the
thick bacterial cell wall, has been recognized to influ-
ence the ability to detect bifidobacteria in samples.
This may be another factor which led to varying
results seen among milk, as well as fecal microbiota,

and has prompted many researchers to include a
bead-beating step to adequately lyse cells.58 Further
studies have also detected identical strains of Lactoba-
cillus, Bifidobacterium, and Staphylococcus in both
HM and infant feces, reaffirming HM as a potential
source of probiotic and commensal bacteria involved
in colonization of the immature infant GI tract.61,67

Culture-independent methods have detected more
than 700 different bacterial species in milk, including
obligate anaerobes and butyrate-producers.59,65 How-
ever, the origin of the HM microbiota remains
unclear. Previously, the bacteria present in HM were
thought to be a result of contamination from the
infant’s oral cavity, the nipple and surrounding breast
skin, as a result of backflow of milk into the mammary
ducts during feeding.64 While it is still hypothesized
that breast skin may contribute a portion of the bacte-
ria found in HM, notable differences found in bacte-
rial phylotypes between HM and the breast skin of the
same mother indicate additional sources for milk bac-
teria.64 The presence of bacterial DNA in HM samples
before breastfeeding initiation and the subsequent
lack of typical neonate oral bacteria in HM after
infants began to feed from the breast support a similar
conclusion.62 Identification of identical strains of bac-
teria in maternal feces, HM, and infant feces from the
same mother-infant pair have led researchers to the
concept of an “enteromammary pathway” through
which bacteria translocate from the maternal GI tract
to the mammary gland via dendritic cells.59,68

Jost et al.59 proposed several possible functions of
the HM microbes. Certain strains of bacteria previ-
ously isolated from HM produce bacteriocins and
others prevent growth of various GI-associated patho-
gens, which could contribute to the decreased preva-
lence of illness and other health problems observed in
BF vs. FF infants.59 Bacterial genera identified in milk
using molecular, but not culture-dependent, methods
suggest that bacterial DNA in HM may correspond to
dead bacteria. While there could be other reasons
explaining this lack of identification with culture-
dependent methods, including sample collection or
culture techniques, this may be a result of the interac-
tion of these bacteria with antimicrobial components
in milk or of an out competition by other bacterial
species.59

Further research on the HM microbiota is needed
to reveal how they interact with other components
found in HM and how these constituents work

GUT MICROBES 153



together to facilitate healthy maturation of the infant
GI microbiota.69,70 Continued investigation of how
the HM microbiota differs between mothers as well as
the effects of transient exposure to certain bacteria,
without colonization, will provide further insight into
the complex and long-lasting functional differences
witnessed between growing infants.70

Human milk oligosaccharides

Differences in the colonization patterns and microbial
composition in BF vs. FF infants are proposed to be
guided by complex sugars present in HM of each
mother, known as human milk oligosaccharides
(HMO). These sugars are the third largest component
of HM and have been identified in over 200 distinct
forms.71 Abundance of HMOs decreases throughout
lactation and maternal genetic differences determine
both the composition and orientations of the 5 mono-
saccharides known to comprise these glycans – L-
fucose, D-glucose, D-galactose, N-acetylglucosamine,
and N-acetylneuraminic acid.71,72 Being resistant to
enzymatic hydrolysis, the HMOs pass intact through
the infant stomach and upper GI tract to the distal
small intestine and colon. HMOs exert prebiotic
effects and inhibit the binding of pathogenic bacteria,
thereby modulating the infant immune system and
shaping the composition of the resident GI
microbes.72,73

Of particular interest to researchers is the ability of
Bifidobacterium to metabolize HMOs. Certain HMO
show bifidogenic effects in vitro,72,74 selectively stimu-
lating the growth of certain commensal bacteria often
identified in BF infants, such as B. infantis, B. bifidum,
B. breve and B. longum.34,42 Additionally, HMOs also
serve as a carbon source for various species of Bacter-
oides common to the infant GI tract, but do not func-
tion as a substrate for other members of the
Firmicutes phylum or Bifidobacterium species primar-
ily present in adults, such as B. adolescentis and B. ani-
malis; these microbes lack the enzymatic capacity to
break down and consume HMOs.59,72,75 A recent
study published by Wang et al.17 revealed both posi-
tive and negative associations between multiple
HMOs and the relative abundance of bacterial genera,
suggesting that HMO profiles can predict infant fecal
microbial composition. Certain species, namely B.
infantis, exhibit the ability to grow in the presence of a
wide range of HMOs, while other species of

Bifidobacterium and Bacteroides metabolize fewer
structural types.17,72 Moreover, Wang et al.17 hypothe-
size that the inverse relationship detected between
Bifidobacterium and Bacteroides, in their study as well
as by other earlier investigators,27,53 may be due to the
ability of different species to thrive in the presence of
particular HMOs. Therefore, differences in selectivity
for certain HMOs likely contribute to variance among
species of Bifidobacterium and Bacteroides isolated
from feces of BF infants. Lewis et al.76 showed that
bifidobacterial colonization was delayed in infants
consuming HM from non-secretor mothers that is
devoid of a particular type of HMO, 2�-fucosyllactose
(2�FL), further supporting this theory regarding a pos-
sible origin for variations in Bifidobacterium observed
among BF infants. This further leads to the question
of how these HMOs interact with commensal bacteria
residing in HM, and in turn, how this complex net-
work of HM components functions in the n€aive infant
GI tract. Lastly, HMOs have been implicated in upre-
gulating the expression of genes related to carbohy-
drate utilization,77 effects which may continue to be
important later in infancy.26

Weaning, complementary feeding, and introduction
of solids

The impact of the introduction of solids and weaning
has been understudied in regards to their effects on
infant microbiota composition and function. The
transition toward a more adult-like microbiota is
observed during the introduction of solids foods1,2,35;
however, more recent studies suggest that this shift
toward a more mature microbiota is more likely
attributed to the cessation of breastfeeding, rather
than the introduction of complementary foods.24,45

Additional findings demonstrate that pre-weaning
feeding mode remains associated with the post-wean-
ing microbial communities.18,33,55 For example, con-
tinued breastfeeding during the introduction of solid
foods seems to support consistent levels of Lactobacil-
lus spp. and Bifidobacterium spp.24,40,45,47,55 (Table 1).

Thompson et al.33 found that EBF infants and
infants receiving HM and solid foods (EBF C S) clus-
tered closer together than EBF and non-EBF infants.
The addition of solid foods also appeared to have a
more dramatic impact on the fecal microbiota of non-
EBF infants. While there were marked differences
between the EBF and EBF C S groups, the separation

154 E. C. DAVIS ET AL.



between clusters of non-EBF and non-EBF C S groups
was more distinct. The lack of any significant micro-
biota changes accompanying the introduction of com-
plementary foods reported in BF infants by some
groups22,43 further supports the impact of HM with-
drawal. Others have found that infants still receiving
HM at 9 mos harbored lower levels of butyrate-
producing bacteria, C. leptum, C. coccoides, and Rose-
buria, as well as Bacteroidetes45 which have been pre-
viously noted to increase when infants begin to
consume solid foods.1,20 Infants still partially breastfed
at 9 mos, compared to those already weaned, also had
an increased relative abundance of Bifidobacterium
spp. and Lactobacillus spp.45 Furthermore, in the
cohort studied by B€ackhed et al.,24 it was not until
infants stopped breastfeeding that their microbiota
showed the functional capacity to degrade polysac-
charides, which is characteristic of a shift toward a
more adult-like microbiota. Taken together, these
findings have led to the idea that it is the withdrawal
of HM that triggers the compositional maturation of
the infant GI tract, marked by an increase in members
of the Firmicutes and Bacteroidetes phyla, with some
studies noting specific increases in Clostridium, Rose-
buria, Bacteroides, Bilophila, and Anaerostipes in
feces.1,24,33,45,47 Valles et al.,35 who proposed that colo-
nization can be separated into 2 phases, before and
after the introduction of solid foods, still found Bifido-
bacterium and Bacteroides to be dominant in samples
taken before and after all infants had begun to eat
solid foods, which could be due to the fact that 70% of
infants were still being breastfed when the second
sample was taken.

The introduction of solid foods has been associated
with increases in Bacteroidetes and Firmicutes phyla.
As outlined in Table 1, several changes at the genus
level have been reported, with some common findings
including increases in Atopobium, Clostridium, Akker-
mansia, Bacteroides, and Ruminococcus and decreases
in Escherichia and Staphylococcus.33,35 Thompson
et al.33 also found that all infants, despite pre-weaning
feeding type, had a microbiota dominated by Actino-
bacteria, Firmicutes, and Bacteroidetes, respectively,
after the introduction of solids. However, as previously
described, whether or not the infants had been previ-
ously breastfed or mixed- or formula-fed did appear to
have an impact at the family and genus levels, both dur-
ing complementary feeding and weaning periods. In
EBF infants, introduction of solids was associated with

increases in Eggerthella, Blautia, Neisseria, Peptostrep-
tococcaeceae and Bacteroidetes and led to higher post-
weaning abundances of Lactobacillus and Ruminococ-
caceae.33 Both FF and MF infants experienced signifi-
cant increases in Actinobacteria, specifically
Bifidobacterium, Ruminococcaceae, and Blautia at the
start of complementary feeding and showed greater
abundances of Faecalibacterium, Eubacterium, and
Blautia post-weaning compared to infants who had
been previously exclusively breastfed.33 Fallani et al.18

found similar results, showing that feeding mode at 6
wks was associated with long-term differences in
microbial composition. Those who were breastfed at 6
wks had higher proportions of fecal Bifidobacterium
and lower proportions of Bacteroides and C. coccoides
at 4 wks post-weaning compared to infants receiving
any formula. Those previously formula-fed also had a
greater increase in C. leptum post-weaning than BF
infants.18 Bifidobacterium populations remain rela-
tively consistent throughout the introduction of sol-
ids18,35,40,42; however, some infants experience an
increase in diversity at the species level throughout
complementary feeding and weaning.18,40,42

Beyond compositional shifts, perhaps the most
important outcomes of these dietary modifications are
the functional changes that accompany complemen-
tary feeding and weaning as infants are exposed to
several metabolic substrates for the first time, which
promote microbial growth that was not supported by
HM and/or formula.33 B€ackhed et al.24 noted an
increase in genes involved in carbohydrate and pyru-
vate metabolism at 12 mos, supporting new ways of
obtaining energy from the increasing percentage of
solid foods. Additionally, an increase in short chain
fatty acid (SCFA)-producing species was observed in
accordance with an elevated intake of starch and plant
fibers,1,35 and an increased expression of genes
involved in amino acid metabolism and vitamin bio-
synthesis followed complementary feeding and wean-
ing.1,33 Analysis of 16s sequencing data using
PICRUSt (Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States) to infer met-
abolic effects associated with the fecal microbial com-
munity upon the introduction of solid foods, further
revealed that these changes also differ among infants
receiving HM or formula prior to solid foods.33 An
increase in a variety of genes associated with metabo-
lism pathways, for example, biosynthesis of secondary
metabolites and energy metabolism, was observed in
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the microbiota of EBF infants. In contrast, the intro-
duction of solids coincided with enriched expression
of cellular process pathways, such as genetic informa-
tion processing and immune system diseases, in the
microbiota of MF and FF infants. Overall, infants who
were not exclusively breastfed experienced signifi-
cantly more functional changes after complementary
feeding began.33 These researchers hypothesized that
the consistently changing composition of HM could
explain why functional differences were less dramatic
in BF infants, and that some of the differentially over-
represented genes in non-EBF infants may help to
explain the protective effect of breastfeeding against
certain diseases.33

Prebiotics and probiotics

As noted above, human milk contains microbes and a
diverse complement of oligosaccharides. Infant for-
mulas are sterilized, killing any live microbes. In addi-
tion, bovine milk, the base of most infant formula,
contains only trace amounts of less complex oligosac-
charides.71 Thus, in an attempt to narrow the compo-
sitional gap between human milk and infant formula,
prebiotics and probiotics have been supplemented to
formula and functional outcomes have been assessed.

Prebiotics

The prebiotic concept was introduced by Glenn Gib-
son and Marcel Roberfroid, who defined a prebiotic as
‘a non-digestible food ingredient that beneficially
affects the host by selectively stimulating the growth
and/or activity of one or a limited number of bacteria
in the colon and thus improves host health’.78 Since
then, the definition has been refined several times.79-82

Most recently, Bindels and colleagues83 proposed a
new definition for prebiotics as ‘a nondigestible com-
pound that, through its metabolization by microor-
ganisms in the gut, modulates composition and/or
activity of the gut microbiota, thus conferring a benefi-
cial physiological effect on the host’. Most previous
definitions required the prebiotic to be selective for
stimulation of growth and/or activities of health-
promoting bacteria, while the new definition removed
the selectivity criterion and places more emphasis on
the causal link between the microbial metabolism of
the compound, the resulting modulation of the GI
microbe and the beneficial physiology effects.83

Several in vitro studies have shown that HMOs
serve as the primary substrate for the growth of Bifido-
bacterium and other bacteria.84,85 Furthermore, we17

and others86,87 have demonstrated correlations
between several bacterial genera present in BF infant
feces, with the HMO in their mother’s milk17 or pres-
ent in the infant feces.86,87 Until recently, HMOs have
not been commercially available in large quantities;
therefore, other prebiotics that share some of the func-
tional attributes of HMOs are currently supplemented
to infant formula.

The most studied prebiotic addition to infant formula
is a 9:1 mixture of short-chain galactooligosaccharides
(scGOS) and long-chain fructooligosaccharides (lcFOS).
Investigators have identified significant clinical impacts
of these prebiotics on the immune and metabolic devel-
opment of infants. Infants who consume formula sup-
plemented with this mixture have a lower fecal pH and
exhibit a fecal SCFA profile and stool characteristics
comparable to that of BF infants. Findings have also
shown that infants exposed to scGOS and lcFOS to
require fewer doses of antibiotics and have a decreased
incidence of infection likely due to an increased coloni-
zation resistance to enteric pathogens.88-90 The other
prebiotics added to infant formula individually or in
combination include, GOS, FOS, oligofructose and inu-
lin, polydextrose (PDX), lactulose (LOS) and acidic oli-
gosaccharides (AOS) (Table 2). Prebiotics are resistant
to gastric acidity and enzymatic hydrolysis in the upper
gastrointestinal tract and enter the colon intact, where
they are metabolized by colonic microbiota.78 Short-
chain prebiotics, such as FOS and GOS, are mainly fer-
mented in the ascending colon, while longer-chain pre-
biotics, like PDX and inulin, are fermented along the
entire colon.114

Clinical studies show that prebiotics modulate the
composition of the infant fecal microbiota (Table 2,
88,90). Most studies showed that supplementation of
prebiotics to infant formula increased the numbers of
beneficial bacteria, mainly Bifidobacterium and some-
times Lactobacillus (Table 2, 88,90). Some studies also
demonstrated a decrease in the levels of opportunistic
pathogens, such as Escherichia coli, Enterococcus and
clostridia with prebiotic supplementation.92,97,103 As
‘selectivity’ was previously considered as a key charac-
teristic of prebiotics, many studies focused on docu-
menting changes in the abundance of specific groups/
species of bacteria, such as Bifidobacterium and Lacto-
bacillus, using traditional plate counting or by
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molecular methods, such as real-time quantitative
PCR and fluorescence in situ hybridization.91-94,96,99

Fewer studies have assessed changes in overall fecal
microbial communities by next-generation sequencing
or microarray approaches.95 With the new prebiotic
definition,83 in the future, research should shift from a
focus on selective microbial group/species toward eco-
logical and functional characteristics of the GI micro-
biota and on defining the mechanisms whereby any
health benefits of prebiotics are achieved.

Short-chain fatty acids (SCFAs), the fermentation
products of anaerobic bacteria, are commonly used to
reflect the metabolic activity of the intestinal micro-
biota. While the role of SCFAs in the development of
the infant GI tract are still being investigated, they are
known to be absorbed as a source of metabolizable
energy while also exerting anti-inflammatory effects on
the colonic epithelium and contributing to defense
against gut-associated pathogens. Additionally, SCFAs
are involved in enteroendocrine hormone regulation
and may be involved in de novo lipid synthesis.90 The
fecal SCFA profile represents events that occur in the
colon and is closely related to the composition of intes-
tinal microbiota.93 For example, a positive correlation
has been reported between the abundance of Bifidobac-
terium and fecal acetate level; while high propionate
and butyrate content in the infant feces may imply the
presence of a more complex microbiota, as propionate
and butyrate, among others, are produced by the mem-
bers of Bacteroides and Clostridium.93 Several studies
have investigated the effect of prebiotics on infant fecal
SCFA content (Table 2). In a randomized, double blind,
placebo-controlled study, infants who were fed formula
with added scGOS/lcFOS (8 g/L) for 6 wks had an
increase in proportion of acetate and a decrease in pro-
portion of propionate compared to infants fed control
formula, which represented a fermentation profile simi-
lar to that of BF infants.115 Similarly, a higher propor-
tion of acetate and lower proportions of propionate and
butyrate were observed in infants fed formula contain-
ing GOS (4.4 g/L) for 2 mos compared with infants fed
control formula.93 Thus, supplementation of certain
prebiotics to infant formula could modulate the fecal
SCFA content to a level as humanmilk does.

The SCFAs are the principal luminal anions in
humans and an increase in their concentrations
reduces luminal pH, resulting in more acidic stools,
which in turn leads to a mild laxative effect with
increased stool frequency and softness.116,117 BF

infants generally have lower fecal pH and softer and
more frequent stools compared to FF infants91,92,118;
therefore, several clinical studies have evaluated the
influence of prebiotics on stool characteristics of
infants (Table 2). Infants fed formula supplemented
with GOS (2.4 or 4.4 g/L) had lower fecal pH, as seen
in BF infants, in comparison with infants fed non-sup-
plemented formula.91,93 Similar patterns were also
observed when inulin, LOS, AOS, scGOS/lcFOS or
scFOS/lcFOS/AOS was administrated to FF
infants.107,108,112,113 The effect of prebiotics on stool
frequency and consistency has been evaluated in a sys-
tematic review.117 Four randomized controlled trials
reported that the stool frequency of infants fed prebi-
otics was similar to that of BF infants and was higher
than that of infants fed control formula.117 In addi-
tion, six studies assessed the stool consistency after
prebiotic supplementation, and all reported that the
stools were softer in infants consuming prebiotics.117

Taken together, the addition of prebiotics to infant
formula could decrease stool pH and increase stool
frequency and softness, making the stool characteris-
tics of FF infants resemble those of BF infants.

Probiotics

Probiotics are “live microorganisms which, when con-
sumed in adequate amounts, confer a health benefit
on the host.”119 Most studies conducted with probiot-
ics in pediatrics were carried out with strains of Bifido-
bacterium and Lactobacillus isolated from the human
GI tract or dairy products (Table 3). A few studies
used bacteria isolated from HM.138,139 Several reasons
have been used to support probiotic use in infant for-
mula. Human milk, as previously described, contains
a variety of potential probiotic bacteria, such as Bifido-
bacterium, Lactobacillus and Streptococcus, and these
bacteria serve as a source of continuous inoculum to
the BF infant GI tract, which may partly contribute to
differences in the fecal microbial composition between
BF and FF infants.62,64 Furthermore, administration of
specific probiotic bacteria has been shown to improve
infant health, including shortening the duration of
rotavirus diarrhea,140 preventing of antibiotic-associ-
ated diarrhea,141 reducing the incidence of eczema in
high-risk children142 and decreasing the risk of necro-
tizing enterocolitis in very low birth weight infants.143

Thus, supplementation of probiotics to infant formula
has been promoted as an approach to improve infant
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health and to mimic the probiotic property of human
milk. Although the mechanisms by which the probi-
otic strains exert their positive impact on infant health
are unclear, it could be related to their direct interac-
tion with the host or indirect through their modula-
tion of the GI microbiota.

Clinical evidence has shown that administration of
probiotics to pregnant women and nursing mothers
can influence the establishment and composition of
infant fecal microbiota (Table 3). Supplementation
of L. rhamnosus GG to mothers of infants at high risk
of allergy during late pregnancy has been shown to
increase the prevalence of B. longum group in their
infants at 3 mos of age.135 A Finnish study investigated
the effect of probiotic administration (L. rhamnosus
LPR C B. longum BL999) to mothers for the 2 mos
prior to and 2 mos after delivery. At 6 mos of age, BF
infants whose mothers who received the probiotic
treatment had higher percentages of Lactobacillus-
Enterococcus and lower levels of Bifidobacterium com-
pared to infants whose mothers received a placebo
control.122

Probiotics have also been administrated directly to
infants; however, their effects on intestinal microbiota
are contradictory (Table 3). For example, Mohan and
coworkers133 evaluated supplementation for modify-
ing the GI microbiota of preterm infants. They found
that the numbers of Bifidobacterium were higher and
the counts of Enterobacteriaceae and Clostridium spp.
were lower in B. lactis Bb12 group than in the placebo
group after 21 days of feeding. In a randomized dou-
ble-blind placebo-controlled intervention, administra-
tion of L. acidophilus NCFM or B. lactis Bi-07 to
infants with atopic dermatitis for 8 wks did not affect
the composition and diversity of the main bacterial
populations in feces.123 Similarly, no effect on the
overall microbiota composition was observed when L.
reuteri DSM 17938 was administrated to BF colicky
infants.130 These inconsistent results may relate to dif-
ferences in probiotic strain used, daily doses adminis-
tered, timing and duration of administration, and the
methods applied for microbiota analysis. In addition,
environmental factors that influence the development
of infant microbiota might also affect the outcomes.
A recent study monitored the effect of probiotic inter-
vention on the microbiota colonization of infants with
different delivery mode. In this study, infants deliv-
ered by CS or VD received (within 72h of birth) either
control formula or the same formula containing L.

reuteri DSM 17938 for 6 mos and the fecal microbiota
was analyzed at 2 wks- and 4 mos of age. They
reported administration of L. reuteri DSM 17938 did
not modify the overall microbial composition of VD
infants; however, it increased proportion of Actino-
bacteria and decreased the relative abundance of
unclassified Enterobacteriaceae of CD infants, making
the microbiota of the CS infants more similar to the
composition of VD infants.127 The results suggest
when a study is designed to describe the impact of the
probiotic intervention on the infant microbiota, not
only daily doses and timing and duration of adminis-
tration need to be considered; factors that affect the
microbial colonization in early life, such as delivery
mode, infant diet and age, should also be controlled.

Conclusions and future directions

The infant GI microbiota undergoes rapid and pro-
found changes during the first year of life. During this
process, diet plays a predominant role over other envi-
ronmental factors in shaping the microbial composi-
tion. While this review has outlined significant
advances in our understanding of the role of early
nutrition in the development of infant GI microbiota,
large gaps in our understanding of the specific factors
regulating this process still exist. For example, infor-
mation about the effects of mixed feeding on the com-
position and function of infant microbiota is scarce.
Our knowledge of how feeding mode, weaning, and
solid foods, as well as the timing of dietary shifts,
influence the functional capacities of infant GI micro-
biota and host programming is also limited. As
reviewed by Chu and colleagues in this supplement,144

maternal nutrition during pregnancy and lactation
has the potential to effect the composition and func-
tion of the microbiota of the offspring. Although com-
pelling, much of the evidence is derived from animal
models, thus, additional studies in humans and poten-
tial intervention trials are needed to assess whether
maternal nutritional status and diet lead to changes in
infant microbial colonization.

Looking forward, longitudinal studies are necessary
to investigate how nutrition (breast-, mixed-, and for-
mula-feeding, solid foods) interacts with other early
life events (route of delivery, antibiotics, daycare, pets,
etc) to impact microbial composition and function
and subsequent effects on health outcomes during and
beyond infancy. Given that infant microbiota
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composition differs based on geography, sampling
from a large cohort of infants located in various sites
around the globe in which detailed records of dietary
intake and other environmental factors are collected is
needed to provide a more complete understanding of
the development of the microbiota in infants who are
breast- vs. formula-fed.

Studies are also needed to further elucidate how
human milk components other than HMOs, such as
cytokines, macronutrients, and antimicrobial peptides,
may work individually or synergistically to support
specific GI microbial profiles as well as the potential
for pre- and probiotics in human milk or added to for-
mula to preferentially modulate the infant GI tract to a
desired composition. Future intervention studies
should aim for consistent timing, duration, and dose
amounts of any supplemental ingredients (pre or pro-
biotics), which is instrumental in isolating the effects
of different feeding regimes on GI microbial coloniza-
tion during early life.
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