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Early nutrition and growth in the initial years of life are important determinants of later
body weight and metabolic health in humans, and the current epidemic of obesity involv-
ing children requires a better understanding of causal and protective mechanisms and
components in infant foods. This review focuses on recent evidence implicating feeding
modes (e.g., breast milk and formula milk) and dietary transitions toward complementary
foods in the progression of microbiota maturation in children. The literature exploring
body weight outcomes of microbiota changes induced by diet in early life is limited.
Representative studies addressing the use of probiotics in pregnant women and infants
are also examined. Methodological and geo-cultural variations make it difficult to avoid
(apparently) controversial findings. Most studies indicate differences in the microbiota of
formula versus breastfed infants, but some do not. Duration of breastfeeding delays the
maturation of the microbiota toward an adult-like profile. However, the effect size of the
early feeding pattern on microbial function was found to be very small, and absent after
the third year of life. There are several interesting mediators whereby milk composition
can affect infants’ microbiota and their optimization is a desirable strategy for prevention.
But prevention of what? Although there are few correlative evaluations relating microbiota
and body weight in early life, studies demonstrating a cause—effect relationship between
diet-induced changes in early microbiota development and subsequent metabolic health
outcomes in humans are still missing.
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INTRODUCTION

Associations between microbiota composition and obesity in humans have been repeatedly con-
firmed, although the cumulating effects of diseases, medications, genetic, and environmental factors
make it difficult to dissect causative from adaptive microbial changes in adults. Life course studies
would help to identify primary and secondary events and critical time windows. The transition from
birth to adulthood results in profound modifications of the microbiota, which is characterized by a
dominance of Firmicutes and Bacteroidetes in adults, as opposed to infants, in whom Actinobacteria
and Firmicutes are dominant, Proteobacteria are more represented, and Bacteroidetes are nearly or
entirely absent, especially in newborns (1, 2). Early nutrition predicts the later obesity risk and drives
microbiota development. Considering the relevance of early life in gut colonization and microbiota
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stabilization, it is plausible to hypothesize that early life dysbiosis
could be prevented or corrected by optimizing nutritional pat-
terns. This minireview summarizes studies examining the longi-
tudinal development of the gut microbiota from infancy to early
childhood in relation to breastfeeding, complementary foods,
probiotic interventions, and the potential link with childhood
obesity.

MICROBIOTA DEVELOPMENT OVER
FEEDING TRANSITIONS

There are few longitudinal studies covering the period from
birth to infancy or early childhood. In a Swedish cohort (3) of 98
mothers undergoing gut microbiota analysis at 2 days of delivery,
and their full-term infants studied in the first week of life, at
4 and 12 months of age, a 72% correspondence in MetaOTUs
in mother-newborn pairs was observed after vaginal delivery,
compared with 41% after C-section, indicative of vertical
transmission. In spontaneously delivered newborns, the gut was
initially colonized by relatively aerobic bacteria (Enterococcus,
Escherichia/Shigella, Streptococcus, and Rothia), followed during
lactation by anaerobic bacteria involved in lactate metabolism
(Bifidobacterium, Lactobacillus, Collinsella, Granulicatella, and
Veillonella), and in complementary feeding period by bacteria
involved in fiber and carbohydrates degradation, and short-
chain fatty acid production (Bacteroides, Bilophila, Roseburia,
Clostridium, and Anaerostipes), resembling maternal microbiota.
Consistently, the repeated characterization of 192 breastfed
infants (4) from 1 week to 6 months of age to primarily addresses
the effects of gestational age and delivery mode, showed a pro-
gressive reduction in genera that are abundant at 1 week toward
genera that become abundant at subsequent ages, including (from
8 weeks) those that are core to enterotypes, such as Prevotella,
Blautia, and Ruminococcus. On a functional level (3), genes for
carbohydrate uptake, vitamin metabolism, and essential amino
acid transport were enriched in newborns microbiome, while
functions involved in lactose transport were most abundant in
4-month-old infants, and those implicated in degradation of
complex sugars, starch, pectin, and in methionine degradation,
lysine biosynthesis, and carbohydrate, leucine, and tryptophan
metabolism, were enriched at 12 months. The subsequent period
of life was examined in 264-311 Danish children (5) studied at
9, 18, and 36 months, showing that microbial composition at
9 months maintains an influence of the preceding milk-based
diet, whereas dramatic changes occur between 9 and 18 months,
followed by fewer adaptations later. This suggested that the period
necessary for microbiome stabilization is longer than previously
claimed. The progression from 9 to 36 months was primarily char-
acterized by a reduction in Bifidobacterium (longum and breve),
Lactobacillus spp., Enterobacteriaceae, Clostridium coccoides,
and by an increase in Bacteroidetes-related species, Clostridium
leptum, Eubacterium hallii, Roseburia spp., and Bifidobacterium
(adolescentis and catenulatum). In addition, the initial establish-
ment of human enterotypes, expressed as Prevotella/Bacteroides
ratio, was observed between 18 and 36 months of age, reflecting
the transition toward an adult-like microbiota, adapting to an
adult-type diet.

Overall, despite a large number of intervening factors, nutrients
seem to be dominant regulators of gut microbiota development
across the first 3 years of life.

MICROBIOTA DEVELOPMENT AND
BREAST OR FORMULA FEEDING IN
EARLY INFANCY

In the study by Béckhed et al. (3), 70% of infants were exclu-
sively breastfed at the age of 4 months, showing increased
levels of Lactobacillus (johnsonii/gasseri and paracasei/casei), and
Bifidobacterium longum, compared with formula-fed infants, in
whom Clostridium difficile, Granulicatella adiacens, Citrobacter
spp., Enterobacter cloacae, Bilophila wadsworthia, and Bifidobac-
terium adolescentis were more dominant. At a functional level,
formula feeding was associated with enrichment in functions
typical of the adult microbiota, whereas exclusive breastfeeding
was characterized by functions of oxidative phosphorylation and
vitamin B synthesis (3). However, the feeding pattern explained
only 1.3% of the functional variation. In a Finnish study, a higher
number of IgG-secreting cells was observed in 3-month-old
infants undergoing exclusive compared with non-exclusive
breastfeeding (6), suggesting functional immune-related effects.

The above findings on microbiota composition were partly
confirmed or extended by studies in Swedish infants aged 6 days,
3 weeks, 2 and 6 months (1), in Finnish 3, 6, and 12-month-old (6),
in Canadian 4-month-old (2), and in North American 3-month-
old infants (7), showing that formula-fed infants had increased
richness of species, with overrepresentation of C. difficile (1, 7),
whereas breastfed infants had higher relative abundance of
Bacteroides (7) and Bifidobacterium (6), and lower abundance
of Clostridium, Peptostreptococcaceae, and Verrucomicrobiaceae,
including Akkermansia genus (2), Lachnospiraceae incertae sedis,
Streptococcus, Enterococcus, and Veillonella (7). Results from
other studies (4, 7, 8) are partially at variance with these findings.
In a UK cohort (4), infants were stratified in subgroups receiving
breastfeeding until 2, 4, and beyond 4 months (feces at 1, 4, 8,
and 24 weeks), observing no influence of the feeding pattern
on microbiota composition, with the exception of 24-week-old
infants delivered by C-section, in whom the abundance of five
genera was enhanced by breastfeeding protraction beyond
4 months, suggesting that breastfeeding may compensate
for the C-section-dependent deficiency in selected bacteria.
Unexpectedly, Bifidobacterium abundance did not differ in any
groups. Likewise, in a French study (8), absolute bacteria and
Bifidobacterium abundances were measured on feces collected
during 3 subsequent periods in which 11 infants received exclu-
sive breastfeeding (2-11 weeks), mixed feeding (6-21 weeks), and
exclusive formula feeding (7-42 weeks), showing no difference
across them, due to formula-milk integration or breast-milk
exclusion. These two studies do not exclude a long-term impact
of early breastfeeding on microbiota development.

Different methodologies, types of formula used, and cohort
characteristics (e.g., inclusion of preterm infants, differing fre-
quencies of delivery modes, and antibiotic use), depending on the
focus of investigation, might explain some discrepancies between
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studies. Furthermore, the use of relative or absolute bacterial
counts may impact physiological interpretations.

In summary, there is evidence that in the first few months of
life, breastfeeding favors the development of health-promoting
microbes, whereas formulas stimulate growth of disease-related
bacteria, but there are also studies showing marginal or no effects
of such dietary patterns on microbiota. Even when a strong
impact of early diet on microbiota composition was found,
microbial functional properties seemed to be marginally affected
(3), challenging the mechanisms that may link microbiota func-
tions and health.

MICROBIOTA MATURATION AND
DURATION OF BREASTFEEDING

One relevant question to understand mechanisms relating milk-
microbiota interactions with health outcomes is whether the duration
of breastfeeding has long-lasting impact on microbiota development.
In 227 Danish infants (2 cohorts, 9) characterized at 9 and 18 months
of age, duration of exclusive breastfeeding in 9-month olds was
positively correlated with the abundance of bacteria that utilize milk-
derived oligosaccharides or lactate (Bifidobacteria, Veillonellaceae,
and Pasteurellaceae), and negatively associated with the abundance of
species that utilize plant-derived complex carbohydrates and resistant
starch from solid foods, i.e., Lachnospiraceae (Dorea, Coprococcus,
Blautia, Pseudobutyrivibrio, and Roseburia genera), Ruminococcaceae
(Ruminococcus, Anaerotruncus, Oscillibacter, Clostridium IV, and
Butyricicoccus genera), Erysipelotrichaceae, Peptostreptococcaceae, and
Eubacteriaceae.

Interestingly, children fed formula since birth underwent
premature microbiota maturation (3), whereas continued breast-
feeding at 9-12 months delayed this process, with persistence
of high relative levels of Bifidobacterium (spp. and longum),
Lactobacillus, Collinsella, Megasphaera, and Veillonella (5, 9), and
low levels of butyrate-producing taxa, such as Clostridia (leptum
and coccoides), E. hallii, and Roseburia spp., and of Desulfovibrio
spp., Akkermansia muciniphila, and Bacteroidetes species. Coher-
ently, daily breast-milk intake at 9 months was quantitatively cor-
related with microbiota composition (9), and alpha diversity was
lower at increasing durations of exclusive breastfeeding.

In summary, the effects of breastfeeding on microbiota
composition are protracted to the second semester of life but
become limited and vanish at 18 and 36 months of age (5, 9).
Selected differences were abolished already at 12 months of age
(6). Once confirmed, these findings convey fundamental mecha-
nistic insight: if breastfeeding impacts later health through the
microbiota (to be demonstrated), the mediating mechanism in
tissues should be settled during the first year of life, and studying
the microbiota as a function of breastfeeding in later life may not
elucidate that causal link.

MILK COMPONENTS AFFECTING
INFANT’S MICROBIOTA

One potential source of variability and discrepancy between stud-
ies may be the composition of breast milk or formula due to, e.g.,

geo-cultural differences, maternal factors, industrial production,
and distribution. Properties whereby breast milk may influence
child’s microbiota establishment include the vertical transmission
of bacteria, the oligosaccharides-stimulated bacterial growth,
and the exposure to immune modulators. In a UK study (10),
10 mother-infant pairs underwent collection of maternal milk
and feces at 1, 3, 6, and 12 weeks of newborns life. The milk
microbiota showed high diversity and changes in dominant
microbes over time. Intriguingly, milk microbiota composition
accounted for the 70-88% of infant’s microbial abundance,
and identical strains of Bifidobacterium breve and Lactobacillus
plantarum were observed in maternal milk and respective infant
gut. Milk bacteria can originate from maternal skin, neonatal
oral cavity, or maternal gut (enteromammary pathway) and are
influenced by delivery mode (11), with higher bacterial diversity
and richness in response to vaginal compared with C-section
delivery. Considering that samples were collected after 1 month
of breastfeeding, the influence of neonatal oral bacteria is a pos-
sible explanation, since the newborn microbiota (at least in the
gut) is by itself influenced by delivery mode.

Breast milk is rich in oligosaccharides. Oligosaccharides are
present in formulas, explaining some of the above controversies
(7, 12), although the relative prevalence of these sugars is different
(13). In a study relating milk oligosaccharides and microbiota of
3-month-old infants (7), 141 oligosaccharides were identified
in breast milk. The authors found that each oligosaccharide
predicted multiple microbial changes, and each of the affected
microbial abundances was predicted by different oligosaccha-
rides. Gut Bifidobacterium, Bacteroides, Enterococcus, Veillonella,
and Rothia were impacted. Corroborating a cause—effect relation-
ship, infants receiving oligosaccharides-supplemented formula
(14) showed a fecal Bifidobacteria abundances and composition
similar to breastfed infants, exceeding those observed in formula-
fed infants.

Breast milk is a source of secretory-IgA, leading to antigen-
specific gut immune protection. Mice studies (15) indicated
that an early gut exposure to maternal secretory IgA modulates
microbiota composition and prevents translocation of aerobic
bacteria from the neonatal gut into draining lymph nodes. The
effect was persistent and greater in adults, in which the expression
of genes implicated in inflammatory diseases by intestinal epithe-
lial cells was also modified. Moreover, maternal secretory IgAs
were shown to be protective against colonic damage caused by
an epithelial-disrupting agent. These findings reveal mechanisms
through which breastfeeding and secretory IgA may protect intes-
tinal health. A Finnish study (6) reported positive associations
between levels of soluble cluster of differentiation 14 (sCD14) in
maternal colostrum and circulating immunoglobulin-secreting
cells in 3 (IgG cells) and 12-month-old offspring (IgA and IgM
cells), supporting the role of breast milk sCD14 in influencing
infants’ immune intestinal and humoral responses.

In summary, the characterization of milk-related effects on
the microbiota may hold important preventive implications,
considering that both breast milk and formula compositions
can be theoretically manipulated. Identifying the desirable
health-related microbial profile in infants would make it pos-
sible to design interventions that optimize milk quality. To this
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end, much effort is required to prove cause-effect relationships
between early-life bacteria and later health outcomes.

BREASTFEEDING-MICROBIOTA
INTERACTION AS CAUSE OF OBESITY

Longer duration of breastfeeding is dose-dependently associ-
ated with a decrease in later overweight risk (16). Consistently,
duration of breast-milk consumption was negatively associated
with the overall energy intake (5, 17), and breastfed infants were
leaner than formula-fed children at 9 and 18 months in Danish
cohorts (5, 18). Breast milk promoted Bifidobacteria development
in that study and might underlie these findings. Indeed, low
Bifidobacterium and high Staphylococcus aureus abundances at 6
and 12 months of age predicted weight and obesity in 7-year-old
Spanish children (19). Considering that the effects of breastfeed-
ing versus formula feeding on microbiota are not lasting beyond
1-3 years (5, 6, 9), it is possible that weight differences emerged
earlier, as weight gain during the first 6 months of life is particu-
larly predictive of later obesity, or that later-developing bacteria,
colonizing the gut during complementary feeding, may have
contributed to aggravate childhood obesity, as discussed below.

COMPLEMENTARY FEEDING:
INTERACTION WITH THE MICROBIOTA
AND OBESITY

Longitudinal studies covering the transition of microbiota from
lactation toward solid food and adult-like diets are limited. A
thorough 7-day food questionnaire was collected in the Danish
cohorts, suggesting that the progression of infant diet toward
family foods, enriched in meat, milk, cheese, and animal fats
was associated with a reduction in Bifidobacteriaceae and
Enterococcaceae, in favor of Lachnospiraceae and Sutterellaceae
abundances (9). However, these cohorts did not address micro-
biota composition before the ninth month of age, and longer
observation periods are required to expand the above knowledge.

There is no clear association between the timing of comple-
mentary food introduction and childhood overweight or obesity,
but some evidence suggests that its introduction at 4 months or
earlier, compared with 4-6 months or longer, may increase the
risk of childhood overweight (20, 21). Coherently, age at intro-
duction of complementary foods did not correlate with microbial
abundances or alpha diversity at 9 months (9). The composition,
rather timing of complementary foods has been more clearly
related to later obesity risk (22). In particular, high intakes of
energy and dairy protein in infancy could be associated with
an increase in body weight and fatness. Consistently, correlative
results indicated that changes in the microbiota induced by the
progression from early infant to family foods are mostly driven
by protein and fiber dietary contents (9). However, the microbial
categories that changed due to family food (Bifidobacteriaceae,
Enterococcaceae, Lachnospiraceae, and Sutterellaceae), did not
correspond to bacteria that were predictive of weight gain. Indeed,
the increase in body mass index between 9 and 36 months (5)

was predicted by positive changes in Firmicutes, C. leptum, and
E. hallii, i.e., butyrate-producing groups contributing to energy
harvest, and negative changes in Methanobrevibacter smithii and
Enterobacteriaceae. Interestingly, these bacteria are the same
predicted by breastfeeding duration in earlier life phases, and not
by complementary diet characteristics.

PROBIOTICS AND MICROBIOTA
DEVELOPMENT

Few interventions have been conducted to examine the effects of
probiotics on infant’s microbiota or immunity development. A
recent double-blind, randomized, placebo-controlled study (23)
was conducted in 106 newborns assigned to standard whey-based
formula, containing 10°® colony-forming units/g of Bifidobacteria
(bifidum, breve, and longum), or to control formula (placebo) in
a 12-month intervention, followed by 24 months of follow-up to
examine microbiome-metabolome outcomes. The conclusion
was that supplementation of Bifidobacteria to infant diet can
modulate the occurrence of specific bacteria, i.e., Bacteroides and
Blautia spp. and metabolites during early life, with no detectable
long-term effects. In a 4-week double-blind, placebo-controlled
trial (6), 96 mothers were randomized to receive placebo or 10
colony-forming units of Lactobacillus rhamnosus GG before
delivery. The treatment was protracted in respective infants until
6 months of age, with follow-up visits at 3, 6, and 12 months. The
study, mostly oriented to immune-related aspects, demonstrated
a significant interaction between probiotics and breastfeeding
in relation to the amounts of immunoglobulin-secreting cells
observed in infants’ circulation and suggested that Lactobacilli
may potentiate the beneficial effects of maternal milk on the
offspring’s immunity. Similarly, in a randomized, double-blind,
placebo-controlled trial, an oral synbiotic preparation (L. plan-
tarum plus fructooligosaccharide) administered for 7 days to
4,556 rural Indian newborns following breastfeeding, showed
efficacy on neonatal sepsis prevention, suggesting that host—
probiotic interactions enhance local gastrointestinal mucosal
and systemic host immunity (24).

CONCLUSION

Factors affecting early microbiota are numerous and heteroge-
neous between studies, depending on their focus. They include
delivery mode, gestational age, geographical variations in dietary
habits, and antibiotic use. Due to their potentially compensatory
orsynergisticinteraction in modulating microbiota development,
it is difficult and not necessarily plausible to statistically correct
for them. Geographical provenance of cohorts was underlined
in this review, since cultural heterogeneity is a potentially
important source of actual heterogeneity. Different methods
are used to quantify microbial abundance either in relative or
absolute terms, which are not of interchangeable interpretation.
One reflects the balance between species, in which potentially
favorable may overrule the effects of unfavorable bacteria and
vice versa; the other informs on the independent load of given
taxa. The comparison between sequencing techniques goes
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beyond the scope of this review. The common use of data filter-
ing, and exclusion of large portions of less abundant or frequent
taxa, not always clearly justified, may obscure the value of
physiologically relevant species and be source of interpretative
heterogeneity between studies.

Notwithstanding the above, a majority of reports support a
role of early dietary patterns to regulate microbiota composition.
Continued breastfeeding appears to delay the transition toward an
adult-like microbiota, whereas formula feeding or shorter breast-
feeding accelerate this process. It seems important to account for
different species of the same genus (e.g., Bifidobacterium), which
dominate in different life periods. Some controversies remain on
the relevance of breastfeeding versus formula feeding, since not
all studies could identify a difference in microbiota, especially
in very young infants. Complementary food protein and fiber
contents, but not age at introduction, were related to microbiota
characteristics. There is convincing evidence that milk composi-
tion represents an important modulator of infants’ microbiota
and intestinal health, and optimization of this interaction is a
promising preventive perspective. Some studies have been car-
ried out using pre- or probiotics to influence the development of
infants’ microbiota, but their clinical benefits and safety remain
to be clearly established.
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