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SUMMARY

Intestinal host-microbiota interactions during the first year of life are critical for infant development. Early-life
antibiotic exposures disrupt stereotypical gut microbiota maturation and adversely affect childhood health.
Furthermore, antibiotics increase the abundance of resistant bacteria and enrich the resistome—the com-
pendium of antibiotic resistance genes—within the gut microbiota. Here, we discuss acute and persistent im-
pacts of antibiotic exposure during infancy on pediatric health, the gut microbiome, and, particularly, the re-
sistome. Reviewing our current understanding of antibiotic resistance acquisition and dissemination within
and between microbiomes, we highlight open questions, which are imperative to resolve in the face of rising

bacterial resistance.
INTRODUCTION

During the first weeks of life, neonates are colonized with a
diverse set of bacteria, viruses, fungi, and archaea (Gasparrini
et al.,, 2019; Gibson et al., 2016; Rao et al., 2021; Yassour
et al., 2016). The collection of these microbes and their func-
tions—the microbiome—diversify and mature under environ-
mental selection (Gasparrini et al., 2019; Yassour et al., 2016).
During early life, critical host-microbe interactions at the intesti-
nal interface promote healthy immune and metabolic devel-
opment.

In high-income countries, eighty percent of children receive an-
tibiotics during the first 48 months of life (Aris et al., 2021; Leong
et al., 2020). In low-income and middle-income countries, the
prescription rate is even higher, and children are estimated to
receive an average of 11 antibiotic courses in the first 2 years of
life (Fink et al., 2020). In high-income countries, the majority of
exposures occur in the first year of life (infancy), during which
40%-70% of all infants receive at least one course of antibiotics
(Dawson-Hahn and Rhee, 2019; Slykerman et al., 2017).
Although antibiotics are among the most important medical ad-
vances in the last 100 years and have substantially decreased
global mortality due to infectious disease, their overuse has
accelerated the spread of resistance among bacterial popula-
tions. Moreover, they can also disrupt microbiome structure
and function, often resulting in dysbiotic microbiome states asso-
ciated with adverse health outcomes (Tamburini et al., 2016).

Our growing understanding of the gut microbiome has re-
vealed the collateral damage of antibiotic use on the complex
ecosystem of bacteria colonizing the gastrointestinal tract.

Gheck for
Updates

Compositional and functional changes of the microbiome
following antibiotic exposure result from differences in bacterial
drug sensitivity determined either by the expression of antibiotic
resistance genes (ARGs) or antibiotic concentration-dependent
effects in the gut (Gibson et al., 2016; Maier et al., 2021). The
collection of ARGs—the resistome—is a core characteristic of
the microbiome. Pathogens can acquire ARGs from less patho-
genic members of the microbiota via horizontal gene transfer
(HGT), potentially gaining antibiotic resistance phenotypes of im-
mediate clinical impact. While environment, maternal health,
diet, birth mode, and gestational age can all affect maturation
of the gut microbiome in infancy (Robertson et al., 2019), here
we focus on antibiotic exposure and its impact on the gut micro-
biome and resistome during early life. Antibiotic exposure is a
major determinant of the diversity and composition of the infant
gut resistome (Gasparrini et al., 2019; Gibson et al., 2016). The
effect of antibiotics is impacted both by host-intrinsic and
extrinsic factors including, but not limited to, age, co-morbid-
ities, genetics, and microbiome composition, as well as diet
and environment, and the spectrum, route, duration, and history
of exposure to the antibiotic (Gibson et al., 2016; Maier et al.,
2021; Rooney et al., 2020; Tamburini et al., 2016).

While our knowledge about the dynamics that shape resis-
tome establishment and the effects of antibiotics on the micro-
biome in early life has improved in recent years, critical questions
about the inter-bacterial dynamics that contribute to the spread
of resistance within bacterial communities, the genome-resolved
functional impact of antibiotics in early life, and the clinical con-
sequences of resistance within the microbiome remain unan-
swered. In this review, we summarize knowledge of the impact
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Figure 1. Indications and acute and long-term effects of early-life antibiotic exposure on gut microbiome trajectory and health outcomes in

term and preterm neonates

40-70% of all term infants in high-income countries receive an antibiotic course in the first year of life, typically following community-acquired infection. Exposure
results in a temporary decrease in gut microbiome diversity compared with antibiotic-naive infants. Most preterm infants receive empiric antibiotic therapy in the
NICU, resulting in persistent low diversity microbiomes in the first year of life and sustained colonization with multidrug resistant pathobionts capable of causing
infection. For all infants, antibiotic exposure in infancy is associated with adverse childhood health outcomes. IBD: inflammatory bowel disease. Created with

BioRender.com.

of antibiotics on childhood health outcomes, the infant micro-
biome and resistome, and outline future avenues of research.

ANTIBIOTIC EXPOSURE AND HEALTH OUTCOMES IN
EARLY CHILDHOOD

In early childhood, respiratory, skin, and gastrointestinal infec-
tions are the most common indications for use of antibiotics
(Figure 1), but retrospectively, in 20%-40% of cases prescrip-
tions are found to be inappropriate according to medical guide-
lines corresponding to a patient’s diagnosis (Chua et al., 2019;
Fleming-Dutra et al., 2016; Uda et al., 2019). While most pediatric
antibiotic prescriptions occur in the outpatient setting (Gerber
et al., 2021), exposure is frequent and extensive in neonatal
intensive care units (NICUs), where over 80% of preterm infants
receive antibiotics within 72 h of birth (Flannery et al., 2018).
Although the most common antibiotics administered in NICUs
are narrow spectrum agents, such as ampicillin, gentamicin,
and vancomycin, up to 26% of antibiotic-exposed neonates
receive broader spectrum 3 and 4" generation cephalosporins
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and carbapenems (Prusakov et al., 2021). Empiric antibiotic ther-
apy for suspected infections is the main indication in these cases
(Cantey et al., 2015; Flannery et al., 2018). In the majority of
cases, negative bacterial culture results suggest alternate etiol-
ogies, but neonates often continue to receive antibiotics,
contributing to their overuse (Cantey et al., 2015). Thus, anti-
biotic use is common in infancy regardless of the environment
(Figure 1).

Antibiotic use has declined in NICUs over the last 20 years
(Schulman et al., 2018). Where implemented, antibiotic steward-
ship programs have contributed to a more rapid decline in anti-
biotic prescriptions in the NICU compared with institutions
without such programs (Schulman et al., 2018). More broadly,
these programs have led to declining antibiotic prescriptions in
both inpatient and outpatient pediatric populations in the United
States over the last 10 years, continuing a trend that began in the
2000s (King et al., 2020; Vaz et al., 2014). While these are hopeful
signs that antibiotic overuse can be curtailed (Gerber et al.,
2021), recent epidemiological studies have found sustained
high prescription rates in outpatient settings, rural communities,
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low- and middle-income countries, and in NICUs worldwide
(Abuali et al., 2019; Araujo da Silva et al., 2019; Prusakov
et al., 2021).

Early-life antibiotic exposure has been associated with a multi-
tude of long-term adverse health outcomes, including childhood
asthma, obesity, inflammatory bowel disease, and impaired
growth (Figure 1; Tamburini et al., 2016). Recent research, how-
ever, has called some of these associations into question. The
lack of association between early-life antibiotics and autism or
hyperactivity disorders and conflicting results for asthma in fa-
milial analyses stand in contrast to significant associations in
case-control designs and implicate common household co-ex-
posures as a potential confounder of previous analyses (Ortquist
etal., 2014; Slob et al., 2020, 2021). Nevertheless, as studies us-
ing genetically identical and environmentally controlled animal
models provide mechanistic support for a direct link between
early-life antibiotics and adverse health outcomes (Livanos
etal., 2016; Lynn et al., 2018, 2021; Schulfer et al., 2019), further
epidemiological research is required to resolve apparent dis-
crepancies in human populations. Though the mechanisms un-
derlying the impacts of antibiotics on many chronic health
sequelae remain elusive, their impacts on the microbiome and
host immune system are likely contributors.

EFFECTS OF ANTIBIOTICS ON THE GUT MICROBIOME
OF HEALTHY INFANTS

At birth, all neonates have a low diversity gut microbiome (Gas-
parrini et al., 2019; Yatsunenko et al., 2012). In the first weeks
of life, infants accrue microbial species, including key anaer-
obic symbionts from the Bifidobacteriaceae, Clostridiaceae,
and Lachnospiraceae families, following individualized trajec-
tories (Gasparrini et al., 2019; Vatanen et al., 2018). The
early-life gut microbiome undergoes distinct developmental
phases, during which weaning is an inflection point that accel-
erates microbiome maturation (Backhed et al., 2015; Roswall
et al.,, 2021). Multiple factors reviewed elsewhere (Derrien
et al,, 2019), including delivery mode, sex, gestational age,
antibiotics, diet, and environment shape the composition and
trajectory of individual infant microbiomes. Antibiotics can
stunt early life gut microbiome maturation, resulting in tran-
siently delayed dynamics and potential regression relative to
age-matched controls (Beller et al., 2021; Bokulich et al.,
2016; Vatanen et al., 2018).

Emerging evidence implicates the first year of life as a critical
window during which cues from the intestinal microbiota
educate the developing infant immune system (Depner et al.,
2020; Henrick et al., 2021; Olin et al., 2018). Infants with gut mi-
crobial dysbiosis in the first 40 days of life exhibited altered pop-
ulations of circulating immune cells and increased T cell activity
at 12 weeks (Olin et al., 2018). Recent work has further shown
that individual microbial taxa, specifically Bifidobacteria, and
their human milk oligosaccharide utilization gene cluster are
key to educating intestinal T helper cell populations and prevent-
ing inflammation during the first months of life (Henrick et al.,
2021). Microbiota disruption during this time can hamper im-
mune development and is associated with adverse childhood
health outcomes (Depner et al., 2020; Olin et al., 2018). Critically,
the impact of antibiotic exposure is largest in the first year of life
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(Vatanen et al., 2018), resulting in attenuated gut microbiome
maturation and diversity (Yassour et al., 2016). While these alter-
ations are generally transient, some may persist long term (Gas-
parrini et al., 2019; Guittar et al., 2019), and the immunological
importance of early life exacerbates the impact of even tempo-
rary perturbations (Olin et al., 2018).

Depletion of vulnerable taxa essential for host immune educa-
tion may be at the core of observed lasting health impacts of
early-life microbiota disruption (Henrick et al., 2021; Olin et al.,
2018). Bifidobacteria and other anaerobic commensals known
to modulate host-microbiota interactions in infancy are particu-
larly vulnerable to antibiotic-induced replacement (Rooney
et al., 2020; Vatanen et al., 2018). Data from animal models
and observational studies suggest that transient early-life anti-
biotic-induced microbiota disruptions may indeed be at the
root of long-term health consequences (Depner et al., 2020; Li-
vanos et al., 2016; Lynn et al., 2018, 2021). Further studies at
the interface of mucosal immunology and the gut microbiome
are critical to identify elusive mechanistic links between transient
gut microbiome disruptions and long-term health.

Recently, strain-resolved metagenomic analysis has suggested
that community-level characterization may not reveal the full
impact of antibiotics on the developing infant gut microbiome.
Healthy, term neonates often accrue multiple strains of the same
species that can differ in encoded functional potential. In contrast,
the antibiotic-exposed infant gut microbiota exhibit less strain di-
versity compared with antibiotic-naive infants (Yassour et al.,
2016). For example, Bacteroides spp. in antibiotic-exposed in-
fants were often dominated by a single strain, unlike antibiotic-
naive infants who harbor multiple strains of the same species, re-
flecting reduced within-species genomic variation and potentially
significant functional effects following antibiotic exposure (Yas-
sour et al., 2016). This effect is strongest for species seeded in a
single colonization event (Yassour et al., 2016). Antibiotics can
cause rapid shifts in the genomic composition of individual spe-
cies that often occur without obvious changes in relative abun-
dance, highlighting that these antibiotic-induced effects are
missed by species-resolved analysis (Roodgar et al., 2021). It
remains to be investigated whether antibiotic-induced strain
depletion persistently impacts within-species genomic diversity,
how taxonomic shifts impact the functional repertoire of keystone
species, and whether strain shifts impact health outcomes.

EFFECTS OF ANTIBIOTICS ON THE GUT MICROBIOME
DURING POSTNATAL HOSPITALIZATION

Infants born prematurely frequently require hospitalization in
NICUs where gut microbiome diversity remains low for months
and often comprises only a few species (Gasparrini et al.,
2019; Gibson et al., 2016; Rao et al., 2021). Antibiotic-resistant
E. coli, Klebsiella spp., Staphylococcus spp., and Enterococcus
spp., which are common etiologic agents of infant bloodstream
infections (BSls) (Carl et al., 2014), dominate the neonatal pre-
term gut microbiome and hospital environment in the first
months of life (Brooks et al., 2017; Gibson et al., 2016; Rao
et al., 2021). The preterm gut microbiome clusters into distinct
community states dominated by one of these genera (Rao
et al., 2021). Staphylococci are the dominant member in the first
7 days of life with high relative and absolute abundance (Rao
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The infant gut resistome, the collection of antibiotic resistance genes (ARGs) encoded by the gut microbiota, is seeded from maternal and environmental sources.
Resistome burden is elevated in early life and compositionally different to infant mothers. Early-life antibiotics open niches for the colonization by pathobionts that
are often multi-drug resistant (MDR) and associated with childhood infections, as well as increase resistome burden and abundance of gut endemic MDR
bacteria. Furthermore, antibiotic resistance is mobilized on plasmids, bacteriophages, or via transposons, integrons, and insertion sequences. These contribute
to the spread of ARGs within gut communities, potentially triggered by antibiotic exposure. Created with BioRender.com.

etal., 2021). This initial stage can be followed by an influx of Kleb-
siella spp. exploiting physiological niches and repressing the
abundance of Staphylococci. Alternatively, if Enterococci are
present, they repress Klebsiella spp. abundance (Rao et al.,
2021). Thus, the dynamics of hospitalized preterm infant gut mi-
crobiomes are characterized by opportunistic, often drug-resis-
tant pathobionts, differing significantly from the dynamics
observed in their non-hospitalized term counterparts (Gasparrini
et al., 2019).

In premature infants, increased antibiotic duration, spectrum,
and frequency correlate with decreased overall diversity and
increased abundance of potentially antibiotic-resistant gram-
negative organisms, such as E. coli, Enterobacter spp., and
Klebsiella spp. (Gasparrini et al., 2019; Gibson et al., 2016;
Thanert et al., 2021). The impact of antibiotics on preterm gut mi-
crobiome diversity and richness is, however, not uniform, as
most antibiotic classes exhibit specific inhibition spectra (Maier
et al., 2021). Generally, broader spectrum antibiotics, such as
carbapenems and 3™ generation cephalosporins, decrease in-
testinal species richness more than narrower agents, such as
ampicillin or vancomycin (Gibson et al., 2016). However, the
impact of each antibiotic on each neonate is not uniform, leading
to variability in post-antibiotic microbiome compositions (Gibson
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et al., 2016). Many antibiotics have anti-anaerobic activity (Maier
et al., 2021), preventing anaerobes critical for infant immune ed-
ucation from gaining a foothold in the preterm gut (Rooney et al.,
2020). Each additional day of ampicillin, cefotaxime, tobramycin,
and/or metronidazole exposure in the NICU is associated with a
16% decrease in anaerobic species (Rooney et al., 2020). Taken
together, the specific antibiotic, duration, and patient gut micro-
biota composition interact, resulting in individualized responses
to antibiotic interventions in the NICU. While the acute impact of
antibiotics in the NICU have been studied, there remains, with
few exceptions (Gasparrini et al., 2019), a paucity of long-term
follow up studies investigating health outcomes and lasting mi-
crobiota effects to early-life antibiotic exposures. Such studies
would inform us of risk-benefit assessment of empiric therapies
by pediatricians and potentially impact overall health outcomes
in this vulnerable population.

THE RESISTOME IN EARLY LIFE

Early life reflects a period of elevated resistome burden (Figure 2),
demonstrated by greater relative ARG abundance in the gut mi-
crobiomes of infants relative to those of their adult mothers
(Parnanen et al., 2018; Yassour et al., 2018). At this age, efflux
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pumps often conferring multi-drug resistance (MDR) comprise
the majority of the resistome and —along with aminoglycosides,
bacitracin, beta-lactams, colistin, quinolones, and sulphona-
mide resistance classes—are found at higher relative abundance
compared with their mothers (Li et al., 2021; Parnanen et al.,
2018; Rahman et al., 2018). The elevated ARG burden is most
pronounced in the first weeks after birth and abates throughout
the first year of life, primarily through decreasing abundance of
efflux pumps (Lebeaux et al., 2021).

The expanded early-life resistome is linked to the taxonomic
composition of the gut microbiota (Gasparrini et al., 2019; Gibson
et al., 2016; Lebeaux et al., 2021; Li et al., 2021; Parnanen et al.,
2018; Yassour et al., 2016). Thus, the relative abundance of spe-
cific ARGs often rises rapidly during antibiotic treatment and falls
immediately upon cessation, and such spikes are closely corre-
lated with commensurate changes in the abundance of specific
taxa (Gibson et al., 2016; Yassour et al., 2016). Escherichia coli
is thought to be a main contributor to the increased ARG burden
in infancy, as its abundance strongly correlates with that of anin-
fant’s resistome (Gasparrini et al., 2019; Lebeaux et al., 2021; Li
et al., 2021; Parnanen et al., 2018). Indeed, a recent study has
found that E. coli is the putative bacterial host of 36 of the 50
most abundant ARGs in the infant microbiome (Lebeaux et al.,
2021). When infant gut microbiomes are categorized by either
low or high ARG richness and diversity, E. coli abundance is the
main variable distinguishing the two (Li et al., 2021). 94% of the
total abundance of the 58 most variable ARGs between the two
groups were found on E. coli metagenome-assembled genomes
(MAGs) (Li et al., 2021), substantiating the disproportionate
impact of E. coli on the infant resistome. Notably, a recent
meta-analysis has demonstrated that microbiomes dominated
by Staphylococci can have similarly high relative ARG abun-
dances (Parnanen et al., 2022), highlighting that E. coli is not
the sole correlate of elevated resistome burdens in early life.
Moreover, it is important to note that the relative lack of genomic
investigation of hard-to-culture gut microbiota may cause their
contribution to the early-life resistome to be underestimated.

Determinants of infant gut resistome seeding and development
are understudied (Figure 2). Evidence for intergenerational transfer
of antibiotic-resistant strains, which was reviewed recently (Patan-
gia et al., 2022), remains scarce. There is observational evidence
that antibiotic-resistant bacteria colonizing the maternal vagina,
including extended-spectrum beta-lactamase producing and
MDR E. coli, can be transferred to neonates during vaginal birth
(Patangia et al., 2022). In the first weeks of life, cesarean birth is
associated with an increased resistome burden, specifically en-
riching glycopeptide, phenicol, pleuromutilin, bacitracin, sulfon-
amide, and diaminopyrimidine ARG abundance (Busi et al.,
2021; Lebeaux et al., 2021). However, this association subsides
inthe first year of life (Busiet al., 2021; Lietal., 2021; Sosa-Moreno
et al., 2020), indicating that the impact of cesarean birth may be
related to the altered dynamics of intergenerational microbiota
transfer and the prolonged exposure to the hospital environment
compared with vaginal-born neonates. Intrapartum antibiotic ther-
apy, often suggested as another effector of resistome develop-
ment, has not been shown to impact overall resistome abundance
or composition (Lebeaux et al., 2021; Parnanen et al., 2018).

In early life, infants are fed a diet of breastmilk, formula, or a
combination of the two. During this time, formula feeding has
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been associated with a significantly greater relative resistome
burden (Parnanen et al., 2022). Breastmilk has been found to
contain antibiotic-resistant Bifidobacteria, Lactobacilli, Staphy-
lococci, and Enterococci that can be transferred to infants (Pa-
tangia et al., 2022). In fact, exposure to breastmilk has a sus-
tained effect on the resistome composition throughout infancy
(Rahman et al., 2018; Sosa-Moreno et al., 2020). Consequently,
infant gut resistomes share ARGs with maternal gut and breast-
milk resistomes (Parnanen et al., 2018). However, studies differ
in their assessment of the magnitude to which the maternal mi-
crobiome seeds the infant resistome (Parnanen et al., 2018;
Sosa-Moreno et al., 2020; Yassour et al., 2018), potentially due
to contrasting methodological approaches. Future genome
resolved-studies at the strain level that link ARGs to their bacte-
rial host—for example using Hi-C technology (Kent et al,
2020)—can resolve this open question.

Early-life antibiotic exposure is not necessary for resistome
development. Even antibiotic-naive infants harbor ARGs and
MDR bacterial strains in their gut microbiome in the first months
of life (Gasparrini et al., 2019; Parnanen et al., 2018; Yassour
et al., 2016). This may be a consequence of transgenerational
transmission, colonization from environmental sources, or a sur-
vival-based response of the gut microbiota to antimicrobials pro-
duced by normal gut inhabitants (Parnanen et al., 2018; Yassour
et al., 2016). Notably, ARGs conferring resistance to antibiotics
that are not commonly used in neonatal populations are found
in most infant gut microbiomes. Functional metagenomics iden-
tified ARGs against chloramphenicol and tetracyclines in a
cohort of antibiotic-exposed preterm infants that were never
exposed to these drugs during their NICU stay (Gibson et al.,
2016). A follow-up study also found chloramphenicol ARGs in
the gut microbiome of fully antibiotic-naive infants during the first
2 years of life, as well as resistance against “last line of defense”
drugs colistin and tigecycline in both antibiotic-exposed and
-naive infants (Gasparrini et al., 2019). These observations
have been confirmed inindependent work (Li et al., 2021;
Parnanen et al., 2018), highlighting that the resistome is a core
characteristic of the infant gut microbiome rather than a feature
that arises solely in response to antibiotic selection.

Nevertheless, ARG richness and resistome burden correlate
with cumulative antibiotic exposure in the first weeks of life (Gas-
parrini et al., 2019). Preterm infants who receive multiple courses
of antibiotics during their NICU stay have a significantly higher re-
sistome burden and richness relative to age-matched antibiotic-
naive near-term infants (Gasparrini et al., 2019; Gibson et al.,
2016). Furthermore, their resistome composition is distinct from
that of antibiotic-naive infants (Gasparrini et al., 2019), mostly
driven by changes in abundance of specific taxa in response to
antibiotic exposure. Studies have reported Klebsiella-driven
surges of beta-lactamase genes during penicillin exposure (Yas-
sour et al., 2016), as well as significant increases in ARGs as a
consequence of S. epidermidis and K. pneumoniae blooms
following meropenem and ticarcillin-clavulanate exposure,
respectively (Gibson et al., 2016), indicating that hospitalization
and early-life antibiotics directly alter resistome composition.
Importantly, if not repeatedly prescribed, the effect of antibiotics
on the pediatric resistomeis likely to be transient, as the impact of
even broad spectrum agents given in the first week after birth
subsides by 1 year of life (Reyman et al., 2022).
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MULTIDRUG RESISTANT ORGANISMS IN THE
INFANT GUT

Early-life antibiotic exposure has been linked to persistent gut
colonization by MDR organisms (Figure 2), defined as bacteria
resistant to more than three antibiotic classes (Gasparrini et al.,
2019; Thanert et al., 2021). As highlighted above, these may be
seeded intergenerationally or acquired environmentally (Brooks
et al., 2017; Patangia et al., 2022). In preterm infants, prolonged
hospitalization has been linked to the acquisition of Enterococci
and Enterobacteriaceae strains from the hospital environment
(Brooks et al., 2017), many of which are MDR and can persist
in the gut following hospital discharge (Gasparrini et al., 2019).
Rising antibiotic resistance among neonatal pathogens may
thus further exacerbate the long-term health impact of early life
hospitalization (Flannery et al., 2021). Notably, persistence of
MDR bacteria throughout infancy was similarly observed in at
least one antibiotic-naive term infant (Gasparrini et al., 2019),
suggesting that hospitalization and early-life antibiotics may in-
crease the likelihood of the initial acquisition but are not a prereg-
uisite for MDR strain persistence.

The presence of MDR pathobionts in the gut microbiome is
associated with adverse health outcomes. Intestinal colonization
with Enterococci and Enterobacteriaceae in the NICU and after
discharge is associated with bacterial BSIs (Carl et al., 2014;
Thanert et al., 2021), and similar strains of Enterobacteriaceae
inhabit the gut prior to BSI (Carl et al., 2014). In pediatric short
bowel syndrome, strains of BSl-causing Enterococci and
Enterobacteriaceae can persist in the intestine late into child-
hood (Thanert et al., 2021). During years of colonization, these
strains can cause recurrent BSIs while persisting as minor mem-
bers of the intestinal flora (Thanert et al., 2021). While the unique
intestinal characteristics and repeated antibiotic exposures
accompanying short bowel syndrome likely facilitate pathobiont
persistence, such findings illustrate the risk associated with in-
testinal pathobiont persistence in pediatric populations. Howev-
er, while it can be assumed that MDR in intestinal pathobionts
can have significant impacts on treatment outcomes, studies
investigating the specific impact of MDR pathobionts acquired
in early life on childhood health remain elusive. Therefore,
comprehensive identification of factors governing early-life
acquisition and persistence of MDR organisms are necessary
to decrease the risk of serious adverse health outcomes in in-
fancy and throughout childhood.

MOBILIZATION OF RESISTANCE IN THE INFANT GUT

Mobile genetic elements (MGEs)—including plasmids, transpo-
sons, integrons, and insertion sequences—are responsible for
the spread of ARGs intracellularly and between bacterial cells
in the gut microbiome (Figure 2; Ebmeyer et al., 2021) and may
underlie the sustained increase in abundance of certain ARGs
following early-life antibiotic exposure (Yassour et al., 2016).
Conflicting reports exist as to the extent of maternal contribution
to infant mobilome seeding. Mobilome composition is more
similar between unrelated infants than mother-infant dyads,
and MGE abundance and diversity in infants is increased relative
to their mothers despite significantly reduced taxonomic diver-
sity (Parnanen et al., 2018; Sosa-Moreno et al., 2020), implying
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taxa that are overrepresented in the infant gut disproportionately
harbor MGEs. Indeed, Enterobacteriaceae, the predominating
family and oversized contributor to resistome burden in the first
months of life (Gibson et al., 2016), are also frequent MGEs car-
riers, illustrating the intimate connection between the resistome
and the mobilized genetic content, or “mobilome,” and shared
bacterial hosts (Gasparrini et al., 2019; Gibson et al., 2016; Leb-
eaux et al., 2021; Li et al., 2021; Parnanen et al., 2018).

Spatial association between MGEs and ARGs in the infant gut
is infrequent but can have broad clinical consequences. Func-
tional metagenomic selection of infant stool metagenomes
against 16 clinically relevant antibiotics found that 6.4% of
ARGs were syntenic or located in proximity to an MGE,
commonly a transposase or integrase (Gasparrini et al., 2019).
This observation is supported by reference-based and predictive
computational analysis of 20 infant gut metagenomes that found
that 6%-8% of ARGs are located on plasmids or bacteriophages
(Busietal., 2021). ARG-MGE associations allow for the mobiliza-
tion of resistance that contributes to the rise of drug-resistant in-
fections; however, to date there is a dearth of studies compre-
hensively describing the relationship between specific ARG
and MGE classes within drug-resistant strains in the infant gut
microbiome.

Though tetracyclines are rarely prescribed during infancy,
tetracycline resistance genes are frequently transferred inter-
generationally and are potentially mobilizable (Sosa-Moreno
et al., 2020). Tetracycline resistance genes, including tetX, are
the most commonly shared ARG class between related
mother-infant dyads (Sosa-Moreno et al., 2020; Yassour et al.,
2018) and co-localize with MGEs in the infant gut microbiome
(Gasparrini et al., 2019; Parnanen et al., 2018), highlighting their
elevated potential for vertical and horizontal transfer. Inter-spe-
cies transfer in the gut microbiome has been reported for multi-
ple resistance classes (Busi et al., 2021) and may be triggered by
antibiotic selection (Kent et al., 2020). Transfer of ARGs in human
microbiomes may in fact follow a predictable framework gov-
erned by the presence of key functions, including toxin-antitoxin
and restriction modification systems (Zhou et al., 2021). Recent
research has shown frequent ARG transfer in the gut microbiome
of adults (Kent et al., 2020), though similar analyses in pediatric
cohorts have yet to be performed. Given its enrichment of
ARGs, MGEs, and pathobionts, the infant gut microbiome is a
potential hotspot for the inter-species spread of antibiotic resis-
tance, highlighting the need for and clinical importance of further
investigation.

FUTURE DIRECTIONS

In the face of surging resistance, even against antibiotics of last-
resort in pathogenic bacteria inhabiting the infant gut (Gasparrini
etal., 2019), there is an urgent need to further our understanding
of the early-life resistome. Here, we highlight aspects of resis-
tome research with immediate clinical importance in pediatric
populations.

Seminal research leveraging the power of high-throughput
metagenomic sequencing coupled to large human cohorts has
significantly advanced our understanding of the factors that
govern microbiome assembly in infancy. Comparably, less is
known about the resistome in early life. While multiple factors
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impact resistome seeding and composition in early life, including
gestational age, birth mode, breastmilk, environment, and anti-
biotic exposures (Brooks et al., 2017; Gasparrini et al., 2019;
Lebeaux et al., 2021; Li et al., 2021; Parnanen et al., 2018; Patan-
giaetal., 2022), less is known about how they affect seeding and
persistence of high-risk MDR pathogens in the pediatric gut
(Gasparrini et al., 2019). Recent work has found that E. coli is
the largest contributor to the gut resistome in healthy infants
(Lebeaux et al., 2021; Li et al., 2021) but lacked investigation of
its initial sourcing or persistence of specific drug-resistant strains
through infancy. Strain-resolved studies identifying sources as
well as factors impacting persistence of high-risk MDR patho-
gens throughout childhood could enable development of novel
interference strategies aimed at mitigating the risk associated
with MDR pathogen gut colonization. Microbiota-humanized an-
imal models may serve as a promising avenue to interrogate the
impact of strain-resolved inter-bacterial interactions on resis-
tome seeding and ARG spread in the gut microbiome.

The risk of individual ARGs for human health is closely tied to
the pathogenic potential of its bacterial host, as well as its poten-
tial to facilitate resistance against antibiotics commonly used in
empiric therapy. Therefore, we propose the need for compre-
hensive assessment of the risk associated with the presence
and host-association of ARGs within the infant gut microbiome.
Assigning risk scores based on frequency of observed treatment
failures to host-ARG pairings could identify associations of high
clinical relevance in diverse pediatric populations. Further,
coupling this risk to predictions of ARG dissemination across
bacterial species within patient-hospital transmission networks
would allow the development of strategies limiting the clinical
impact of high-risk ARGs. Recent work has highlighted
CRISPR-Cas9-based targeted genome editing using diverse de-
livery systems as a potentially revolutionary approach to micro-
biome manipulation (Lam et al., 2021). This system can facilitate
strain-specific depletions and genomic deletions in vivo and thus
has great potential for the targeted depletion of both MDR strains
as well as high-risk ARGs and MGEs from the infant microbiome.
Similarly, dietary interventions or fecal microbiota transplants
could be used to alleviate infants of high resistome burdens
and persistent low diversity microbiome states.

Finally, recent technological advances have opened new hori-
zons in the field of rapid bacterial diagnostics. A groundbreaking
work used the MinlON sequencing platform for analysis of fecal
metagenomic DNA from preterm infants, identifying intestinal
carriage of pathogens and their resistance profile in near real-
time (Leggett et al., 2019). This technology has the potential to
inform treatment decisions specifically in the context of hospital-
ized preterm infants at risk of hospital-acquisition of MDR path-
ogens (Brooks et al., 2017; Gibson et al., 2016). Together these
studies and technological advances have the potential to revolu-
tionize our understanding of the early life microbiome and resis-
tome, as well as its clinical importance, and equip us with tools to
protect infant health in the face of rising resistance.

ACKNOWLEDGMENTS

The authors thank Anna Thanert for editorial feedback and discussions of the
content of this review.

Funding: This work was supported in part by awards to GD from the Eunice
Kennedy Shriver National Institute of Child Health and Human Development

¢? CellPress

(NICHD; grant RO1HD092414) and the National Institute of Allergy and Infec-
tious Diseases (NIAID; grant RO1AI155893) of the National Institutes of Health
(NIH). S.S.S. is supported by the Cellular & Molecular Biology Training Grant
(grant T32GMO007067; Pl Heather True-Krob) from the National Institute of
General Medical Sciences (NIGMS) of the NIH. D.J.S. is supported by National
Institute of Allergy and Infectious Diseases KO8 Al1593834, Physician Scientist
Fellowship grant 2021081 from the Doris Duke Charitable Foundation, and a
Thrasher Research Fund Early Career Award. The content is solely the respon-
sibility of the authors and does not necessarily represent the official views of
the funding agencies.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

Abuali, M., Zivot, A., Guerguis, S., Valladares, E., Aleem, S., Gonzalez-Salazar,
F., Rouchou, B., Mottola, N., Braitman, L., and Paoletti, A. (2019). Outpatient
antibiotic prescribing patterns in pediatric academic and community prac-
tices. Am. J. Infect. Control 47, 1151-1153.

Araujo da Silva, A.R., Jaszkowski, E., Schober, T., von Both, U., Meyer-Buehn,
M., Marques, A.F., Farkas, B., de Abreu, B.S., di Biase, C.B., Takahashi, J.M.,
et al. (2019). Patterns of antimicrobial consumption in neonatal and pediatric
intensive care units in Germany and Brazil. Eur. J. Clin. Microbiol. Infect. Dis.
39, 249-255.

Aris, I.M., Lin, P.-1.D., Rifas-Shiman, S.L., Bailey, L.C., Boone-Heinonen, J.,
Eneli, I.U., Solomonides, A.E., Janicke, D.M., Toh, S., Forrest, C.B., and Block,
J.P. (2021). Association of early antibiotic exposure with childhood body mass
index trajectory milestones. JAMA Netw. Open 4, e2116581.

Backhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P.,
Li, Y., Xia, Y., Xie, H., Zhong, H., et al. (2015). Dynamics and stabilization of the
human gut microbiome during the first year of life. Cell Host Microbe 17,
690-708.

Beller, L., Deboutte, W., Falony, G., Vieira-Silva, S., Tito, R.Y., Valles-Colomer,
M., Rymenans, L., Jansen, D., Van Espen, L., Papadaki, M., et al. (2021). Suc-
cessional stages in infant gut microbiota maturation. mBio 72, e0185721.

Bokulich, N.A., Chung, J., Battaglia, T., Henderson, N., Jay, M., Li, H., Lieber,
A.D., Wu, F., Perez-Perez, G.l., Chen, Y., et al. (2016). Antibiotics, birth mode,
and diet shape microbiome maturation during early life. Sci. Transl. Med. 8,
343ra82.

Brooks, B., Olm, M.R., Firek, B.A., Baker, R., Thomas, B.C., Morowitz, M.J.,
and Banfield, J.F. (2017). Strain-resolved analysis of hospital rooms and in-
fants reveals overlap between the human and room microbiome. Nat. Com-
mun. 87, 1-7.

Busi, S.B., de Nies, L., Habier, J., Wampach, L., Fritz, J.V., Heintz-Buschart,
A., May, P., Halder, R., de Beaufort, C., and Wilmes, P. (2021). Persistence
of birth mode-dependent effects on gut microbiome composition, immune
system stimulation and antimicrobial resistance during the first year of life.
ISME Commun. 7, 1-12.

Cantey, J.B., Wozniak, P.S., and Sanchez, P.J. (2015). Prospective surveil-
lance of antibiotic use in the neonatal intensive care unit: results from the
SCOUT study. Pediatr. Infect. Dis. J. 34, 267-272.

Carl, M.A., Ndao, I.M., Springman, A.C., Manning, S.D., Johnson, J.R., John-
ston, B.D., Burnham, C.A., Weinstock, E.S., Weinstock, G.M., Wylie, T.N.,
et al. (2014). Sepsis from the gut: the enteric habitat of bacteria that cause
late-onset neonatal bloodstream infections. Clin. Infect. Dis. 58, 1211-1218.

Chua, K.P., Fischer, M.A., and Linder, J.A. (2019). Appropriateness of outpa-
tient antibiotic prescribing among privately insured US patients: ICD-10-CM
based cross sectional study. BMJ 364, k5092.

Dawson-Hahn, E.E., and Rhee, K.E. (2019). The association between antibi-
otics in the first year of life and child growth trajectory. BMC Pediatr. 19, 28.

Depner, M., Taft, D.H., Kirjavainen, P.V., Kalanetra, K.M., Karvonen, A.M., Pe-
schel, S., Schmausser-Hechfellner, E., Roduit, C., Frei, R., Lauener, R., et al.
(2020). Maturation of the gut microbiome during the first year of life contributes
to the protective farm effect on childhood asthma. Nat. Med. 26, 1766-1775.

Cell Host & Microbe 30, May 11, 2022 681



http://refhub.elsevier.com/S1931-3128(22)00143-3/sref1
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref1
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref1
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref1
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref2
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref2
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref2
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref2
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref2
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref3
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref3
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref3
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref3
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref4
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref4
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref4
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref4
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref4
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref5
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref5
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref5
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref6
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref6
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref6
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref6
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref7
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref7
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref7
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref7
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref8
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref8
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref8
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref8
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref8
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref9
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref9
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref9
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref10
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref10
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref10
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref10
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref11
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref11
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref11
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref12
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref12
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref13
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref13
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref13
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref13

¢? CellPress

Derrien, M., Alvarez, A.S., and de Vos, W.M. (2019). The gut microbiota in the
first decade of life. Trends Microbiol. 27, 997-1010.

Ebmeyer, S., Kristiansson, E., and Larsson, D.G.J. (2021). A framework for
identifying the recent origins of mobile antibiotic resistance genes. Commun.
Biol. 41, 1-10.

Fink, G., D’Acremont, V., Leslie, H.H., and Cohen, J. (2020). Antibiotic expo-
sure among children younger than 5 years in low-income and middle-income
countries: a cross-sectional study of nationally representative facility-based
and household-based surveys. Lancet Infect. Dis. 20, 179-187.

Flannery, D.D., Chiotos, K., Gerber, J.S., and Puopolo, K.M. (2021). Neonatal
multidrug-resistant gram-negative infection: epidemiology, mechanisms of
resistance, and management. Pediatr. Res. 97, 380-391.

Flannery, D.D., Ross, R.K., Mukhopadhyay, S., Tribble, A.C., Puopolo, K.M.,
and Gerber, J.S. (2018). Temporal trends and center variation in early antibiotic
use Among premature infants. JAMA Netw. Open 7, e180164.

Fleming-Dutra, K.E., Hersh, A.L., Shapiro, D.J., Bartoces, M., Enns, E.A., File,
T.M., Finkelstein, J.A., Gerber, J.S., Hyun, D.Y., Linder, J.A., et al. (2016). Prev-
alence of inappropriate antibiotic prescriptions Among US ambulatory care
visits, 2010-2011. JAMA 375, 1864-1873.

Gasparrini, A.J., Wang, B., Sun, X., Kennedy, E.A., Hernandez-Leyva, A,
Ndao, I.M., Tarr, P.I., Warner, B.B., and Dantas, G. (2019). Persistent metage-
nomic signatures of early-life hospitalization and antibiotic treatment in the in-
fant gut microbiota and resistome. Nat. Microbiol. 4, 2285-2297.

Gerber, J.S., Jackson, M.A., Tamma, P.D., and Zaoutis, T.E.; AAP Committee
on Infectious Diseases and Pediatric Infectious Diseases Society (2021). Policy
statement: antibiotic stewardship in pediatrics. J. Pediatric Infect. Dis. Soc. 10,
641-649.

Gibson, M.K., Wang, B., Ahmadi, S., Burnham, C.A., Tarr, P.l., Warner, B.B.,
and Dantas, G. (2016). Developmental dynamics of the preterm infant gut mi-
crobiota and antibiotic resistome. Nat. Microbiol. 7, 16024.

Guittar, J., Shade, A., and Litchman, E. (2019). Trait-based community assem-
bly and succession of the infant gut microbiome. Nat. Commun. 70, 1-11.

Henrick, B.M., Rodriguez, L., Lakshmikanth, T., Pou, C., Henckel, E., Arzoo-
mand, A., Olin, A., Wang, J., Mikes, J., Tan, Z., et al. (2021). Bifidobacteria-
mediated immune system imprinting early in life. Cell 184, 3884-3898.e11.

Kent, A.G., Vill, A.C., Shi, Q., Satlin, M.J., and Brito, I.L. (2020). Widespread
transfer of mobile antibiotic resistance genes within individual gut micro-
biomes revealed through bacterial Hi-C. Nat. Commun. 77, 1-9.

King, L.M., Bartoces, M., Fleming-Dutra, K.E., Roberts, R.M., and Hicks, L.A.
(2020). Changes in US outpatient antibiotic prescriptions from 2011-2016.
Clin. Infect. Dis. 70, 370-377.

Lam, K.N., Spanogiannopoulos, P., Soto-Perez, P., Alexander, M., Nalley,
M.J., Bisanz, J.E., Nayak, R.R., Weakley, A.M., Yu, F.B., and Turnbaugh,
P.J. (2021). Phage-delivered CRISPR-Cas9 for strain-specific depletion and
genomic deletions in the gut microbiome. Cell Rep. 37, 109930.

Lebeaux, R.M., Coker, M.O., Dade, E.F., Palys, T.J., Morrison, H.G., Ross,
B.D., Baker, E.R., Karagas, M.R., Madan, J.C., and Hoen, A.G. (2021). The in-
fant gut resistome is associated with E. coli and early-life exposures. BMC Mi-
crobiol. 217, 201.

Leggett, R.M., Alcon-Giner, C., Heavens, D., Caim, S., Brook, T.C., Kujawska,
M., Martin, S., Peel, N., Acford-Palmer, H., Hoyles, L., et al. (2019). Rapid
MinION profiling of preterm microbiota and antimicrobial-resistant pathogens.
Nat. Microbiol. 53, 430-442.

Leong, K.S.W., MclLay, J., Derraik, J.G.B., Gibb, S., Shackleton, N., Taylor,
R.W., Glover, M., Audas, R., Taylor, B., Milne, B.J., and Cutfield, W.S.
(2020). Associations of prenatal and childhood antibiotic exposure with obesity
at age 4 years. JAMA Netw. Open 3, e1919681.

Li, X., Stokholm, J., Brejnrod, A., Vestergaard, G.A., Russel, J., Trivedi, U.,
Thorsen, J., Gupta, S., Hjelmse, M.H., Shah, S.A., et al. (2021). The infant
gut resistome associates with E. coli, environmental exposures, gut micro-
biome maturity, and asthma-associated bacterial composition. Cell Host
Microbe 29, 975-987.e4.

Livanos, A.E., Greiner, T.U., Vangay, P., Pathmasiri, W., Stewart, D.,
McRitchie, S., Li, H., Chung, J., Sohn, J., Kim, S., et al. (2016). Antibiotic-medi-

682 Cell Host & Microbe 30, May 11, 2022

Cell Host & Microbe

Review

ated gut microbiome perturbation accelerates development of type 1 diabetes
in mice. Nat. Microbiol. 7, 16140.

Lynn, M.A., Eden, G., Ryan, F.J., Bensalem, J., Wang, X., Blake, S.J., Choo,
J.M., Chern, Y.T., Sribnaia, A., James, J., et al. (2021). The composition of
the gut microbiota following early-life antibiotic exposure affects host health
and longevity in later life. Cell Rep. 36, 109564.

Lynn, M.A., Tumes, D.J., Choo, J.M., Sribnaia, A., Blake, S.J., Leong, L.E.X.,
Young, G.P., Marshall, H.S., Wesselingh, S.L., Rogers, G.B., and Lynn, D.J.
(2018). Early-life antibiotic-driven dysbiosis leads to dysregulated vaccine im-
mune responses in mice. Cell Host Microbe 23, 653-660.e5.

Maier, L., Goemans, C.V., Wirbel, J., Kuhn, M., Eberl, C., Pruteanu, M., Mdiller,
P., Garcia-Santamarina, S., Cacace, E., Zhang, B., et al. (2021). Unravelling the
collateral damage of antibiotics on gut bacteria. Nature 599, 120-124.

Olin, A., Henckel, E., Chen, Y., Lakshmikanth, T., Pou, C., Mikes, J., Gustafs-
son, A., Bernhardsson, A.K., Zhang, C., Bohlin, K., and Brodin, P. (2018). Ste-
reotypic immune system development in newborn children. Cell 174, 1277-
1292.e14.

Ortqvist, A.K., Lundholm, C., Kieler, H., Ludvigsson, J.F., Fall, T., Ye, W., and
Almgqyist, C. (2014). Antibiotics in fetal and early life and subsequent childhood
asthma: nationwide population based study with sibling analysis. BMJ
349, g6979.

Parnanen, K., Karkman, A., Hultman, J., Lyra, C., Bengtsson-Palme, J., Lars-
son, D.G.J., Rautava, S., Isolauri, E., Salminen, S., Kumar, H., et al. (2018).
Maternal gut and breast milk microbiota affect infant gut antibiotic resistome
and mobile genetic elements. Nat. Commun. 97, 1-11.

Parnanen, K.M.M., Hultman, J., Markkanen, M., Satokari, R., Rautava, S., La-
mendella, R., Wright, J., McLimans, C.J., Kelleher, S.L., and Virta, M.P. (2022).
Early-life formula feeding is associated with infant gut microbiota alterations
and an increased antibiotic resistance load. Am. J. Clin. Nutr. 775, 407-421.

Patangia, D.V., Ryan, C.A., Dempsey, E., Stanton, C., and Ross, R.P. (2022).
Vertical transfer of antibiotics and antibiotic resistant strains across the
mother/baby axis. Trends Microbiol. 30, 47-56.

Prusakov, P., Goff, D.A., Wozniak, P.S., Cassim, A., Scipion, C.E.A., Urzla, S.,
Ronchi, A., Zeng, L., Ladipo-Ajayi, O., Aviles-Otero, N., et al. (2021). A global
point prevalence survey of antimicrobial use in neonatal intensive care units:
the no-more-antibiotics and resistance (NO-MAS-R) study. EClinicalmedicine
32, 100727.

Rahman, S.F., OIm, M.R., Morowitz, M.J., and Banfield, J.F. (2018). Machine
learning leveraging genomes from metagenomes identifies influential anti-
biotic resistance genes in the infant gut microbiome. mSystems 3, e00117-
e00123.

Rao, C., Coyte, K.Z., Bainter, W., Geha, R.S., Martin, C.R., and Rakoff-Na-
houm, S. (2021). Multi-kingdom ecological drivers of microbiota assembly in
preterm infants. Nature 597, 633-638.

Reyman, M., Van Houten, M.A., Watson, R.L., Ling, M., Chu, J.N., Arp, K., De
Waal, W.J., Schiering, I., Plétz, F.B., Willems, R.J.L., et al. (2022). Effects of
early-life antibiotics on the developing infant gut microbiome and resistome:
a randomized trial. Nat. Commun. 73, 1-12.

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

Roodgar, M., Good, B.H., Garud, N.R., Martis, S., Avula, M., Zhou, W., Lancas-
ter, S.M., Lee, H., Babveyh, A., Nesamoney, S., et al. (2021). Longitudinal
linked-read sequencing reveals ecological and evolutionary responses of a hu-
man gut microbiome during antibiotic treatment. Genome Res. 37, 1433-1446.

Rooney, A.M., Timberlake, K., Brown, K.A., Bansal, S., Tomlinson, C., Lee,
K.S., Science, M., and Coburn, B. (2020). Each additional day of antibiotics
is associated with lower gut anaerobes in neonatal intensive care unit patients.
Clin. Infect. Dis. 70, 2553-2560.

Roswall, J., Olsson, L.M., Kovatcheva-Datchary, P., Nilsson, S., Tremaroli, V.,
Simon, M.C., Kiilerich, P., Akrami, R., Kramer, M., Uhlén, M., et al. (2021).
Developmental trajectory of the healthy human gut microbiota during the first
5 years of life. Cell Host Microbe 29, 765-776.€3.

Schulfer, A.F., Schluter, J., Zhang, Y., Brown, Q., Pathmasiri, W., McRitchie,
S., Sumner, S., Li, H., Xavier, J.B., and Blaser, M.J. (2019). The impact of


http://refhub.elsevier.com/S1931-3128(22)00143-3/sref14
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref14
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref15
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref15
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref15
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref16
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref16
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref16
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref16
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref17
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref17
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref17
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref18
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref18
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref18
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref19
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref19
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref19
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref19
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref20
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref20
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref20
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref20
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref21
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref21
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref21
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref21
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref22
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref22
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref22
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref23
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref23
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref24
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref24
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref24
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref25
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref25
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref25
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref26
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref26
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref26
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref27
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref27
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref27
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref27
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref28
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref28
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref28
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref28
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref29
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref29
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref29
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref29
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref30
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref30
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref30
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref30
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref31
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref31
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref31
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref31
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref31
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref32
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref32
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref32
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref32
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref33
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref33
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref33
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref33
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref34
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref34
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref34
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref34
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref35
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref35
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref35
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref35
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref36
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref36
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref36
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref36
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref37
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref37
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref37
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref37
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref38
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref38
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref38
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref38
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref38
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref38
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref39
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref39
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref39
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref39
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref39
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref39
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref40
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref40
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref40
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref41
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref41
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref41
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref41
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref41
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref42
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref42
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref42
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref42
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref43
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref43
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref43
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref44
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref44
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref44
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref44
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref45
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref45
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref45
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref46
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref46
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref46
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref46
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref47
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref47
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref47
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref47
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref48
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref48
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref48
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref48
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref48
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref49
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref49

Cell Host & Microbe

early-life sub-therapeutic antibiotic treatment (STAT) on excessive weight is
robust despite transfer of intestinal microbes. ISME J. 73, 1280-1292.

Schulman, J., Profit, J., Lee, H.C., Duefas, G., Bennett, M.V., Parucha, J., Joc-
son, M.A.L., and Gould, J.B. (2018). Variations in neonatal antibiotic use. Pe-
diatrics 7142, 30177514.

Slob, E.M.A., Brew, B.K., Vijverberg, S.J.H., Dijs, T., van Beijsterveldt, C.E.M.,
Koppelman, G.H., Bartels, M., Dolan, C.V., Larsson, H., Lundstrém, S., et al.
(2021). Early-life antibiotic use and risk of attention-deficit hyperactivity disor-
der and autism spectrum disorder: results of a discordant twin study. Int. J.
Epidemiol. 50, 475-484.

Slob, E.M.A., Brew, B.K., Vijverberg, S.J.H., Kats, C.J.A.R., Longo, C., Pijnen-
burg, M.W., van Beijsterveldt, T.C.E.M., Dolan, C.V., Bartels, M., Magnusson,
P., etal. (2020). Early-life antibiotic use and risk of asthma and eczema: results
of a discordant twin study. Eur. Respir. J. 55, 1902021.

Slykerman, R.F., Thompson, J., Waldie, K.E., Murphy, R., Wall, C., and Mitch-
ell, E.A. (2017). Antibiotics in the first year of life and subsequent neurocogni-
tive outcomes. Acta Paediatr. 106, 87-94.

Sosa-Moreno, A., Comstock, S.S., Sugino, K.Y., Ma, T.F., Paneth, N., Davis,
Y., Olivero, R., Schein, R., Maurer, J., and Zhang, L. (2020). Perinatal risk fac-
tors for fecal antibiotic resistance gene patterns in pregnant women and their
infants. PLoS One 15, e0234751.

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

Thanert, R., Thanert, A., Ou, J., Bajinting, A., Burnham, C.-A.D., Engelstad,
H.J., Tecos, M.E., Ndao, I.M., Hall-Moore, C.M., Rouggly-Nickless, C., et al.
(2021). Antibiotic-driven intestinal dysbiosis in pediatric short bowel syndrome
is associated with persistently altered microbiome functions and gut-derived
bloodstream infections. Gut Microbes 13, 1940792.

¢? CellPress

Uda, K., Okubo, Y., Kinoshita, N., Morisaki, N., Kasai, M., Horikoshi, Y., and
Miyairi, I. (2019). Nationwide survey of indications for oral antimicrobial
prescription for pediatric patients from 2013 to 2016 in Japan. J. Infect.
Chemother. 25, 758-763.

Vatanen, T., Franzosa, E.A., Schwager, R., Tripathi, S., Arthur, T.D., Vehik, K.,
Lernmark, A., Hagopian, W.A., Rewers, M.J., She, J.-X., et al. (2018). The
human gut microbiome in early-onset type 1 diabetes from the TEDDY study.
Nature 562, 589-594.

Vaz, L.E., Kleinman, K.P., Raebel, M.A., Nordin, J.D., Lakoma, M.D., Dutta-
Linn, M.M., and Finkelstein, J.A. (2014). Recent trends in outpatient antibiotic
use in children. Pediatrics 7133, 375-385.

Yassour, M., Jason, E., Hogstrom, L.J., Arthur, T.D., Tripathi, S., Siljander, H.,
Selvenius, J., Oikarinen, S., Hyoty, H., Virtanen, S.M., et al. (2018). Strain-level
analysis of mother-to-child bacterial transmission during the first few months
of life. Cell Host Microbe 24, 146-154.e4.

Yassour, M., Vatanen, T., Siljiander, H., Hamalainen, A.M., Harkénen, T.,
Ryhanen, S.J., Franzosa, E.A., Vlamakis, H., Huttenhower, C., Gevers, D.,
et al. (2016). Natural history of the infant gut microbiome and impact of anti-
biotic treatment on bacterial strain diversity and stability. Sci. Transl. Med. 8,
343ra81.

Yatsunenko, T., Rey, F.E., Manary, M.J., Trehan, I., Dominguez-Bello, M.G.,
Contreras, M., Magris, M., Hidalgo, G., Baldassano, R.N., Anokhin, A.P.,
et al. (2012). Human gut microbiome viewed across age and geography.
Nature 486, 222-227.

Zhou, H., Beltran, J.F., and Brito, I.L. (2021). Functions predict horizontal gene
transfer and the emergence of antibiotic resistance. Sci. Adv. 7, eabj5056.

Cell Host & Microbe 30, May 11, 2022 683



http://refhub.elsevier.com/S1931-3128(22)00143-3/sref49
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref49
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref50
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref50
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref50
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref51
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref51
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref51
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref51
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref51
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref52
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref52
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref52
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref52
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref53
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref53
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref53
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref54
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref54
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref54
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref54
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref55
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref55
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref56
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref57
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref57
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref57
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref57
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref58
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref58
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref58
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref58
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref59
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref59
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref59
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref60
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref60
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref60
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref60
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref61
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref62
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref62
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref62
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref62
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref63
http://refhub.elsevier.com/S1931-3128(22)00143-3/sref63

	The resistance within: Antibiotic disruption of the gut microbiome and resistome dynamics in infancy
	Acknowledgments
	Declaration of interests
	References


