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Abstract

Background

Inappropriate antimicrobial usage is a key driver of antimicrobial resistance (AMR). Low-

and middle-income countries (LMICs) are disproportionately burdened by AMR and young

children are especially vulnerable to infections with AMR-bearing pathogens. The impact of

antibiotics on the microbiome, selection, persistence, and horizontal spread of AMR genes

is insufficiently characterized and understood in children in LMICs. This systematic review

aims to collate and evaluate the available literature describing the impact of antibiotics on

the infant gut microbiome and resistome in LMICs.

Methods and findings

In this systematic review, we searched the online databases MEDLINE (1946 to 28 January

2023), EMBASE (1947 to 28 January 2023), SCOPUS (1945 to 29 January 2023), WHO

Global Index Medicus (searched up to 29 January 2023), and SciELO (searched up to 29

January 2023). A total of 4,369 articles were retrieved across the databases. Duplicates

were removed resulting in 2,748 unique articles. Screening by title and abstract excluded

2,666 articles, 92 articles were assessed based on the full text, and 10 studies met the eligi-

bility criteria that included human studies conducted in LMICs among children below the age

of 2 that reported gut microbiome composition and/or resistome composition (AMR genes)

following antibiotic usage. The included studies were all randomized control trials (RCTs)

and were assessed for risk of bias using the Cochrane risk-of-bias for randomized studies
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tool. Overall, antibiotics reduced gut microbiome diversity and increased antibiotic-specific

resistance gene abundance in antibiotic treatment groups as compared to the placebo. The

most widely tested antibiotic was azithromycin that decreased the diversity of the gut micro-

biome and significantly increased macrolide resistance as early as 5 days posttreatment. A

major limitation of this study was paucity of available studies that cover this subject area.

Specifically, the range of antibiotics assessed did not include the most commonly used anti-

biotics in LMIC populations.

Conclusion

In this study, we observed that antibiotics significantly reduce the diversity and alter the

composition of the infant gut microbiome in LMICs, while concomitantly selecting for resis-

tance genes whose persistence can last for months following treatment. Considerable het-

erogeneity in study methodology, timing and duration of sampling, and sequencing

methodology in currently available research limit insights into antibiotic impacts on the

microbiome and resistome in children in LMICs. More research is urgently needed to fill this

gap in order to better understand whether antibiotic-driven reductions in microbiome diver-

sity and selection of AMR genes place LMIC children at risk for adverse health outcomes,

including infections with AMR-bearing pathogens.

Author summary

Why was this study done?

• Antibiotics can disturb the bacteria in the gut and drive the development of antimicro-

bial resistance (AMR). Children in low- and middle-income (LMIC) settings often

receive (inappropriate) antibiotics and are at risk of antimicrobial-resistant infections

that are harder and costlier to treat.

• Currently, little knowledge exists regarding the risks of antibiotic use in children in

LMIC and the impact of antibiotics on the bacteria in their gut.

• In this review, we aimed to identify studies evaluating the impact of antibiotics in chil-

dren in LMIC to better describe these unintended antibiotic side effects.

What did the researchers do and find?

• We systematically collected studies performed in LMIC in children that reported the

effects of antibiotics on gut bacteria and profiled their antibiotic resistance genes.

• Our search revealed a paucity of published studies focusing on this topic and we identi-

fied only a handful of eligible studies to include in the review. We compared these stud-

ies based on the antibiotic used and differential impacts on gut bacteria, i.e., gut

microbiome profiles and/or resistance genes.

• We observed that among children in LMIC, antibiotics generally reduced the numbers

of bacterial taxa in the gut and increased the number of bacterial taxa with AMR.
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What do these findings mean?

• Our study shows that antibiotic use alters the microbiome composition in the gut and

may adversely impact the health of children in LMIC, e.g., by placing them at risk of

antimicrobial-resistant infections.

• More research is needed to understand how different antibiotics alter the gut micro-

biome and resistome of children in LMIC.

• Antibiotic usage in these populations should be better regulated, in order to prevent

these indirect impacts of antibiotic use and reduce the risk of antimicrobial-resistant

infections.

Introduction

Bacterial antimicrobial resistance (AMR) is an already present and growing threat to global

health and economies [1,2]. Low- to middle-income countries (LMICs) are disproportionately

burdened by AMR [3], with some of the highest attributable mortality rates [4] and the least

resources to control AMR, resulting from limited laboratory capacity, surveillance systems,

and health care infrastructure. The World Health Organization (WHO) has identified AMR as

a critical threat to already strained health systems, food security, and development in LMIC

regions [5].

Human antibiotic consumption is a key driver of AMR, which arises when microbes

become resistant to antimicrobials [6–8]. Antibiotic consumption is rising and distributed

inequitably across geographic scales [9]. Children in LMICs have high frequencies of infectious

disease episodes and a great need for antibiotic access, yet are also the most vulnerable to AMR

and the risks of appropriate and inappropriate antibiotic consumption [10,11]. There is insuf-

ficient knowledge on how antibiotic consumption may place children in LMICs at risk for

adverse health impacts and AMR.

Antibiotics, when used appropriately, reduce all-cause mortality and are lifesaving for key

infectious diseases among children in LMICs [12,13]. Yet, they are frequently used inappropri-

ately [14] and have multiple off-target effects in human hosts, with specific, under-character-

ized risks for children in LMIC settings. Antibiotic exposures significantly alter the short- and

long-term maturation of the intestinal microbiome in children [15–17]. How these alterations

differ by antibiotic class and translate into clinical benefits or risks of disease in different popu-

lations is poorly understood. Antibiotic-induced alterations in the microbiota are known to

reduce colonization resistance, increasing susceptibility to specific opportunistic (entero-)

pathogens [18,19], such as Clostridium difficile and Salmonella [20]. Conversely, in LMICs,

mass administration of azithromycin has been shown to significantly reduce childhood mor-

tality, possibly through a reduction in enteropathogenic burden [12,13,21,22]. Antibiotic-

driven alterations of early microbiome colonization in high-income settings have been associ-

ated with risks of multiple childhood diseases later in life, including obesity [23–27], asthma

[28], and diabetes [29–31]. Studies in LMIC children have primarily demonstrated antibiotics’

growth-promoting capacity [32], with lack of reports on the long-term health effects of antibi-

otic microbiome modulation in these regions.

Foremost among the risks of antibiotics in LMICs is their potential to promote AMR

through mutation and selection of bacteria with resistance to antibiotics while increasing the

abundance of bacterial AMR genes (ARGs) (termed the resistome) [33]. Mobile genetic
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elements carrying ARGs can be spread horizontally to bystander bacteria which then acquire

the ability to resist antibiotic treatment [34,35]. Antibiotics likely differ in their ability to drive

the selection, spread, and persistence of AMR genes in the microbiome and in the degree to

which they place children in LMIC communities at risk of infection from pathogens with

AMR. Baseline differences in gut microbiome diversity and composition by geographical

region and ethnicity may also modulate antibiotic effects [36]. There is paucity of information

on the effects of antibiotic use on either the developing child microbiome or resistance gene

carriage in LMIC children where antibiotic misuse is on the rise. This systematic review aims

to address this knowledge gap by reviewing the literature on the impact of antibiotic exposures

on both the faecal bacterial microbiome and resistome composition in children below the age

of 2 from LMICs.

Methods

The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) checklist

and guidelines were used in the design of the review and the protocol was registered with the

International prospective register for systematic reviews (PROSPERO), with ID

CRD42022307691.

Search strategy

The search strategy was designed to include all human studies in infants below the age of 2

from LMICs with a documented use of antibiotics and profiling of the gut microbiome com-

position and/or resistome following antibiotic usage. Study inclusion criteria included the fol-

lowing study types: case-control studies, cohort studies, randomized control trials (RCTs), and

clinical trials. Studies had to characterize the bacterial microbiome using molecular techniques

and AMR at the genotypic level. Exclusion criteria included studies with antibiotic resistance

measured using phenotypic methods and studies performed in animals and studies that looked

at microbiomes other than the gastrointestinal microbiome.

Five electronic databases, MEDLINE (1946 to 28 January 2023), EMBASE (1947 to 28 Janu-

ary 2023), SCOPUS (1945 to 29 January 2023), WHO Global Index Medicus (searched up to

29 January 2023), and SciELO (searched up to 29 January 2023) were used to conduct the liter-

ature searches using the Ovid interface for MEDLINE and EMBASE (see S1 Table). The search

terms used included the following keywords: (developing country OR low-income country OR

middle-income country) AND (infan*OR child*) AND (antibiotic agent OR anti-bacterial*
or antibiotic* or anti-biotic* or antibacterial* OR antimicrob*OR anti-microb*) (gut micro-

biome OR gastrointestinal microbiome OR microbiota) AND (antibiotic resistome OR meta-

genome OR metagenomics OR resistom*).
A secondary search strategy identified studies performed in high-income countries (HICs)

that also met the above search criteria. A recent review published in 2021 evaluated antimicro-

bial impacts on the microbiome and dysbiosis [37]. We used this literature search with our

more stringent inclusion criteria (specifically, articles that report the antibiotics used in the

assessment of the microbiome diversity, studies that use either the metagenomic or 16S RNA

approach). We also used the above search strategy for studies published from 2021 to date,

minus the LMICs search terms (S2 Table).

Data extraction and quality assessment

Study screening was performed by 2 independent assessors and a third assessor was used to

resolve differences in selected studies. The screening was done in Rayyan [38], a free semiauto-

mated web application, first by title and abstract, then by full text. Thereafter, articles that
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made the final inclusion list were extracted and summarized. The table was created by modify-

ing the Cochrane data collection form for RCTs. The primary author carried out the data

extraction independently and extracted the following items: study design employed, the type

and/or class of antibiotics used, length of follow up, and the outcomes assessed: microbiome

composition, resistome profiles, or a combination of both.

Quality assessment for each included study was performed independently by 2 researchers

(CCL and VH) using the revised Cochrane risk-of-bias 2 (RoB 2) tool for randomized studies

that is a standardized assessment tool to grade study biases at different stages of a clinical trial

based on empirical and theoretical evidence [39]. In the event of disagreements in quality

grading between the 2 assessors, a third independent assessor was used to resolve the disagree-

ments. See S3 Table for the PRISMA checklist.

Outcome measures

The primary outcome measures were differences in mean microbiome diversity and composi-

tion following antibiotic usage in an antibiotic treatment group compared to placebo. The out-

comes were assessed using either 16S ribosomal ribonucleic acid (rRNA) and/or

metagenomics. The 2 methods profile the microbiome at different sequencing depth and 16S

rRNA has been reported to being prone to amplification bias due to the regions chosen as

opposed to metagenomics hence observed differences in the taxa identified by either method.

The review extracted alpha diversity as measured by richness (number of observed taxa at dif-

ferent taxonomic scales such as operational taxonomic units (OTUs) found in a sample), Chao

1, Shannon and/or Simpson indices. OTUs focus on the richness of observed taxa without

regard of the frequencies, the Shannon index measures evenness and richness while the Simp-

son index is more sensitive to species evenness [40]. Extracted beta diversity included pairwise

Bray–Curtis dissimilarities and weighted and unweighted uniFrac distances [41]. Composition

between arms was extracted at different taxonomic scales (phylum, family, genus, and species).

Resistome composition was extracted when assessed by comparing total resistance gene

abundance at baseline and following treatment as well as between placebo and treatment

groups using dissimilarity matrices calculated by the Bray–Curtis [42]. Relative abundance of

antibiotic-specific genes following treatment was also extracted.

Results

The literature search identified 4,369 articles and these were exported to Rayyan. Upon screen-

ing of titles and abstracts, 1,621 duplicate records were removed resulting in 2,748 articles, of

these 2,666 did not meet the inclusion criteria and were removed (Fig 1). Full-text screening of

the remaining 92 studies resulted in exclusion of 82 studies due to 21 being performed in

HICs, 3 not mentioning the type of antibiotic the participants took, 27 involving animal exper-

iments, 19 assessing the wrong outcomes, and 12 having the incorrect population group. This

resulted in the inclusion of 10 studies. Included studies were assessed for bias, illustrated in

Fig 2. All studies had a low risk of bias with the exception of D’Souza and colleagues [15] that

had a high risk of bias due to randomization, as the caregivers were not blinded to treatment

allocation. Due to the low number of the studies, risk of bias assessment results were not used

to exclude studies.

A secondary analysis identified studies evaluating antibiotic impacts on the microbiome

and resistome in HIC. The screening and exclusions identified 2 studies eligible for inclusion

(see S1 Fig). Significant heterogeneity in infant health status, study design, antibiotic indica-

tion, and antibiotic class between studies identified in HIC versus LMIC precluded a
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comparison between HIC and LMIC studies. Data on these studies and their results are

described in S1 Text, S2 Table, and S2 and S3 Figs.

Characteristics of the included studies

Ten studies from LMIC were included in the final analysis, and all ten were RCTs. Characteris-

tics of the studies are outlined in Table 1. The studies represented diverse regions, 1 study was

carried out in South Africa [15], 4 in Niger [43–46], 3 in Burkina Faso [47,48,50], 1 in India

[51], and 1 in Malawi [49]. Two of the studies from Burkina Faso [48,50] were published sepa-

rately but assessed the same patient population. Hence, for this review, the study population

from these 2 studies will be referred to as one. The studies assessed a limited number of antibi-

otics, including cotrimoxazole (CTX, 3 studies), azithromycin (AZI, 9 studies), and amoxicillin

(AMX, 2 studies), with 1 study assessing all 3 antibiotics.

Fig 1. PRISMA flow diagram for the systematic review articles on the influence of infant antibiotic usage on the development of

AMR genes and gut microbiome composition. AMR, antimicrobial resistance.

https://doi.org/10.1371/journal.pmed.1004235.g001
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Gut microbiota analyses were performed using 16S rRNA sequencing (3 studies) and meta-

genomic shotgun sequencing (7 studies), and 5 studies evaluated the presence of resistance

genes using metagenomic sequencing. The comparator for all studies, excluding one, was a

placebo which was an oral suspension of matching color and taste. One study from South

Africa [15] did not use a placebo (Table 1). The difference in AZI dosing, with the widely

reported dose being 20 mg/kg, did not seem to contribute on the observed effects of the antibi-

otic on the gut microbiome. CTX doses, reported at 20 mg trimethoprim/100 mg sulfamethox-

azole of<5 kg or 40 mg trimethoprim/200 mg sulfamethoxazole for 5 to 15 kg [15,48], did not

result in different impacts as both studies reported nonsignificant effects of the antibiotic on

the microbiome.

Meta-analysis of these studies was considered. However, preliminary analysis of only the

AZI studies showed unacceptably high heterogeneity precluding a legitimate meta-analysis

(S4 Fig, I2 = 84.83%). This heterogeneity could be caused by the considerable differences in

antibiotic class, sampling strategy, analysis workflows, diversity indices (such as Shannon,

Simpsons, and OTU count), reported taxonomic levels, and sequencing methods (16S and

metagenomics) used to characterize the gut microbiome and the resistome between the

studies.

Impact of antibiotic use on the gut microbiome diversity

Nine studies reported the effects of antibiotic use on gut microbiome diversity (Figs 3 and 4).

Antibiotic impact on α-diversity differed depending on antibiotic type, duration of use, and

follow-up time (Fig 4). Different indices were used to measure alpha and beta diversity across

the studies, with some studies reporting on either the Shannon index [48,49], which are shown

Fig 2. The risk of bias results of the 10 included LMICs RCTs using the Risk of Bias 2 (RoB 2) tool. D’Souza and colleagues (2020) [15], Doan and

colleagues (2017) [43], Doan and colleagues (2018) [44], Doan and colleagues (2019) [45], Doan and colleagues (2020) [46], Hinterwirth and colleagues (2020)

[47], Oldenburg and colleagues (2018) [48], Pickering and colleagues (2022) [49], Oldenburg and colleagues (2020) [50], Parker and colleagues (2017) [51].

LMIC, low- and middle-income country; RCT, randomized control trial.

https://doi.org/10.1371/journal.pmed.1004235.g002
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Table 1. Summary characteristics of the included studies.

Author Country Age

(months)

Antibiotic, dose,

frequency of

administration

Genomic

methodology

Sampling

time point

and storage

temp+

Key results Comparator

(n)

Study

type

Sample

size

Microbiome Resistome

Diversity Composition

[15] South

Africa

0–12 * CTX,

<5 kg: 20 mg

trimethoprim/

100 mg

sulfamethoxazole

orally or 5–15 kg:

40 mg

trimethoprim and

200 mg

sulfamethoxazole

once daily for 6

months

Metagenomic

sequencing

Day 0, 4

months, 6

months

−80˚C

No

significant

differences

in α-

diversity

between

treatment

arm and

placebo

No significant

difference in

microbial taxa

between arms

Significant

increase in

resistance

gene α-

diversity and

prevalence at

4 and 6

months in

treatment arm

No CTX

treatment

(29)

RCT 63

[49] Malawi 1–59 AZI,

20 mg/kg

Single dose at

baseline, 6, 12,

and 18 months

Metagenomic

sequencing

Day 0 and

24 months

−80˚C

No

significant

differences

in α-

diversity

between

treatment

arm and

placebo

No significant

difference in

composition of

taxa between

arms

Significant

increase in

macrolide

resistance

genes

following

treatment

Placebo

(61)

RCT 122

[43] Niger 1–60 AZI

20 mg/kg

Single dose at

baseline

16S rRNA

gene

sequencing

Day 0 and

day 5

−80˚C

Significant

reduction

in α-

diversity in

treatment

arm

compared

to placebo

Significant

differences in

composition of

taxa between

arms. enrichment

of gram-positive

anaerobes like

Blautia and

decrease in

Bacteroidetes

n/a Placebo

(40)

RCT 80

[44] Niger 1–60 AZI

20 mg/kg

Single dose at

baseline and 6

months

Metagenomic

sequencing

Day 0 and

12 months

−80˚C

Significant

reduction

in α-

diversity in

treatment

arm

compared

to placebo

Significant

differences in

composition

between arms

n/a Placebo

(150)

RCT 300

[45] Niger 1–60 AZI

20 mg/ kg

Single dose at

baseline, 6, 12,

and 18 months

Metagenomic

sequencing

Day 0 and

24 months

−80˚C

No

significant

reduction

in richness

in

treatment

compared

to placebo

arm

No significant

changes in

composition

between arms

Significant

increase in

macrolide

resistance

genes in

treatment arm

Placebo

(150)

RCT 300

[46] Niger 1–59 AZI

20 mg/kg

Single dose at

baseline, 6, 12, 18,

24, 40, 36, and 42

months

Metagenomic

sequencing

Day 0, 36

months,

and 48

months

−80˚C

n/a n/a Significantly

higher

macrolide

resistance

genes in AZI

arm

Placebo

(555)

RCT 1,073

(Continued)
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in an overview in Fig 3, or a combination of the Shannon and Simpsons indices, whose overall

effects are shown in Fig 4 [43,44,48,51] while taxonomic richness was reported in 2 studies

[15,45].

Two studies [45,49] evaluating microbiome composition 6 months after 4 biannual admin-

istrations of AZI found no significant changes in richness and α-diversity as measured by

Shannon index. Four studies evaluating short courses of CTX, AZI, or AMX, reported a

decrease in microbial α-diversity, using the Shannon index and OTU counts, directly 5 days

posttreatment [43,44,48] and 12 days posttreatment [51]. Only one study (D’Souza) reported

Table 1. (Continued)

Author Country Age

(months)

Antibiotic, dose,

frequency of

administration

Genomic

methodology

Sampling

time point

and storage

temp+

Key results Comparator

(n)

Study

type

Sample

size

Microbiome Resistome

Diversity Composition

[47] Burkina

Faso

6–59 AZI

10 mg/kg dose on

day 1 followed by

5 mg/kg daily for

4 days

5-day course at

baseline

Metagenomic

sequencing.

Day 0 and

day 5

−80˚C

n/a Significant

differences in

abundance of 10

genera including

Campylobacter
spp. in AZI arm

n/a Placebo

(30)

RCT 61

[48]** Burkina

Faso

6–59 AZI,

10 mg/kg dose on

day 1 and then 5

mg/kg once daily

for 4 days

AMX

25 mg/kg/d twice

daily doses

or CTX

240 mg once daily

5-day course at

baseline

16S rRNA

gene

sequencing

Day 0 and

day 5

−80˚C

Significant

differences

in α-

diversity

across the

treatment

arms with

diversity

lowest in

AZI arm

and highest

in placebo

arm

n/a Placebo

(29)

RCT 115

[50]** Metagenomic

sequencing

Day 0 and

day 5

−80˚C

n/a n/a Significant

increase in

macrolide

resistance

genes in

azithromycin

arm. Higher

sulfonamide

resistance

genes in all 3

antibiotics

arms

Placebo

(29)

RCT 115

[51] India 6–11 AZI

20 mg/kg

3-day course at

baseline

16S rRNA

gene

sequencing

Day 0 and

day 14

No

information

Reduced

richness in

treatment

arms

compared

to placebo

Reduced relative

abundance of

Proteobacteria
and

Verrucomicrobia
in AZI arm

n/a Placebo

(58)

RCT 114

*These participants were HIV-exposed but uninfected.

** The 2 RCTs that reported the use of 3 antibiotics assessed the same population and each participant was randomized to receive only 1 antibiotic.
+ Refers to long-term sample storage temperature before analysis.

AMX, amoxicillin; AZI, azithromycin; CTX, cotrimoxazole; n/a, not applicable; RCT, randomized controlled trial; rRNA, ribosomal ribonucleic acid.

https://doi.org/10.1371/journal.pmed.1004235.t001
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an increase in α-diversity, which was evaluated at 4 and 6 months of daily CTX usage in HIV-

exposed but uninfected infants but was not significant [15].

Three studies reported on β-diversity [15,43,49]. One found a decrease in intra-group beta

diversity following CTX treatment [15] when compared to the placebo as measured by

Fig 3. Forest plot indicating the effects of antibiotic treatment on alpha diversity as measured by the Shannon’s

index. Doan and colleagues (2017) [43], Doan and colleagues (2018) [44], Oldenburg and colleagues (2018) [48],

Pickering and colleagues (2022) [49], Parker and colleagues (2017) [51].

https://doi.org/10.1371/journal.pmed.1004235.g003

Fig 4. Effects of antibiotic use on alpha diversity and resistome abundance in relation to class of antibiotic, antibiotic duration, and sampling

time. D’Souza (2020) [15], Doan (2017) [43], Doan (2018) [44], Doan (2019) [45], Doan (2020) [46], Hinterwirth (2020) [47], Oldenburg (2018) [48],

Pickering (2022) [49], Oldenburg (2020) [50]. CTX, cotrimoxazole, AZI, azithromycin, AMX, amoxicillin. Reduction in microbiome diversity, (orange

arrow pointing up). No significant change in microbiome diversity, (yellow circle). Increase in resistome abundance, (red arrow pointing up) dosing

time point and duration (blue solid lines).

https://doi.org/10.1371/journal.pmed.1004235.g004

PLOS MEDICINE Systematic review of antibiotic impacts on the infant gut microbiome and resistome in LMIC

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004235 June 27, 2023 10 / 20

https://doi.org/10.1371/journal.pmed.1004235.g003
https://doi.org/10.1371/journal.pmed.1004235.g004
https://doi.org/10.1371/journal.pmed.1004235


pairwise Bray–Curtis dissimilarities indices. The dissimilarity was significantly lower in the

treatment arms compared to the placebo arms. In contrast, 2 studies [43,49] reported no sig-

nificant changes in beta diversity between the treatment and placebo groups at 5 days and 6

months following a single course of AZI.

Changes in microbiome composition following antibiotic administration

Changes in taxonomic composition were assessed at various taxonomic ranks though compa-

rability was limited due to reporting differences between studies (Table 1). Three studies did

not report any significant changes in composition following treatment with CTX [15] and AZI

[45,49]. Four studies reported a significant differences in microbiome taxa composition following
treatment with AZI [43,44,47,51]. The most notable changes were reductions in bacteria from

the Proteobacteria phylum, namely Campylobacter hominis, Campylobacter jejuni and Cam-
pylobacter ureolyticus following a 5-day course of AZI [47]. A study in Malawi reported an

increase in 1 putative Proteobacteria enteropathogen (Escherichia albertii) following AZI

administration [49]. Additionally, AZI treatment resulted in a reduction in Bacteroides [43,52]

and increase in Firmicutes [51].

Impact of antibiotics on antimicrobial resistance genes

Five studies assessed ARG abundance following CTX, AZI, and AMX therapy. One study [15],

in which CTX was administered daily to HIV-exposed infants for 6 months, reported signifi-

cantly higher total resistance gene prevalence and diversity in the treatment group as com-

pared to placebo group at 4 and 6 months of treatment. CTX treatment had a significantly

lower dissimilarity compared to the placebo when assessed using the Bray–Curtis dissimilari-

ties. Three studies [45,46,49] evaluated the impact of repeated short courses of AZI treatment

on long-term resistance gene prevalence. They all reported a significant increase in macrolide

resistance gene abundance 6 months after 2 years of biannual AZI administration [45,49] as

well as an increase in resistance determinants to several non-macrolide antibiotics, specifically

beta-lactams, following 4 years of biannual AZI administration [46]. One study compared

5-day courses of AZI, AMX, and CTX treatment [50] and assessed the prevalence of resistance

genes 5 days posttreatment. AZI and CTX treatment significantly increased macrolide and sul-

fonamide resistance determinants, respectively, compared to placebo. AMX also increased

resistance gene richness significantly following treatment (Table 2).

Antibiotic class-specific impacts on microbiome and resistome

composition

To understand if impact on microbiome diversity and composition differed by antibiotic class

in infants from LMIC, we assessed the differences in alpha diversity, composition, and resis-

tome between treatment and control arms by specific antibiotic class.

Azithromycin. The majority of included studies from LMIC evaluated the impact of the

broad-spectrum macrolide, AZI, on the microbiome. These studies were carried out in Malawi

[49], Niger [43–45], Burkina Faso [48,50], and India [51]. Antibiotic dosing schedules and

fecal sampling time points differed significantly across the studies. Generally, treatment with

AZI reduced alpha diversity of the gut microbiota compared to the placebo arm. Of note was

an increase in potential enteropathogens following AZI treatment in children in Malawi [49].

AZI administration increased macrolide resistance gene abundance across all studies, with

fecal samples twice as likely to have macrolide resistance determinants 5 days post-antibiotics

(compared to the placebo) [50] and macrolide resistance remaining significantly increased

(compared to placebo) as long as 6 months following treatment [45,49]. Forty-eight months of
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biannual AZI administration concomitantly increased non-macrolide resistance determinants,

including a greater abundance of beta-lactam-resistance determinants, a commonly used anti-

biotic class in LMIC settings [46].

Cotrimoxazole. CTX, a sulfonamide, has broad antimicrobial activity targeting both

gram-negative and gram-positive microorganisms. Three highly heterogenous studies evalu-

ated CTX: 1 in South Africa [15] and 2 in Burkina Faso that used the same study population to

assess the impacts of CTX on gut microbiome composition [48] and resistome [50]. Study

populations differed significantly, with HIV-exposed children studied in South Africa and

healthy infants in Burkina Faso. Antibiotic exposure was also different, with daily administra-

tion for 6 months in South Africa versus one 5-day course in Burkina Faso. Sampling time

frame also contrasted between the 2 studies, with the South African study conducting analyses

while the patients were still taking the medication at 4 and 6 months and the Burkina Faso

study conducting the analysis 5 days post treatment cessation.

Independent of treatment duration (5 days versus 6 months) and time of sampling (5 days

post therapy or during long-term therapy), CTX significantly increased total resistance genes

abundance and trimethoprim and sulfonamide-specific resistance genes.

Amoxicillin. AMX, a broad spectrum beta-lactam, was investigated in 1 study population

in Burkina Faso for its short-term (5 days posttreatment) impact on the microbiome [48] and

gut resistome following a twice daily 5-day treatment course [50]. AMX did not have a signifi-

cant impact on the microbiome composition compared to the placebo. In the short term, the

same 5-day course significantly increased mean resistance gene richness compared to placebo

and beta-lactam resistance was highest in the AMX group compared to the CTX and AZI anti-

biotics arms, albeit nonsignificantly.

Table 2. Effects of antibiotics on the AMR gene abundance.

Antibiotic

(Class)

Time from exposure to analysis Findings References

CTX

(sulfonamide)

Antibiotic exposure was throughout the 6 months

period, analysis at day 0, month 4, and month 6

Significant increase in total resistance gene α-diversity from baseline to 4 months

p = 0.035 and baseline to 6 months p = 0.046.

[15]

Five days of antibiotic exposure, analysis 5 days

from treatment cessation

Significant increase in sulfonamide and trimethoprim resistance genes in

treatment arm. Cotrimoxazole samples were more than 3 times likely to have

trimethoprim resistance (RR, 3.29; 95% CI, 1.08–9.95; p = 0.04) compared to

placebo.

[50]

AZI

(macrolide)

One day of antibiotic exposure every 6 months,

analysis 6 months after the fourth dose

Significant increase in macrolide resistance gene expression in treatment arm at

24 months (p< 0.001) compared to placebo. Prevalence of macrolide gene

expression in treatment arm was 16.7% (95% CI: 9.3–24.7).

[45]

One day of antibiotic exposure every 6 months,

analysis 6 months after the fourth dose

Significant increase in macrolide resistance genes in treatment arm at 24 months

(p < 0.001 ) compared to placebo.

[49]

One day of antibiotic exposure every 6 months,

analysis 6 months after the eighth dose

Significant increase in macrolide resistance genes in treatment arm at 48 months.

Macrolide resistance determinants 7.5 times higher in treatment arm compared

to placebo (95% CI, 3.8–23.1) at 48 months. Increases in multiple non-macrolide

resistance genes at 36 months, including beta-lactam resistance determinants by

2.1 times (95% CI, 1.3–4.0).

[46]

Five days of antibiotic exposure, analysis 5 days

from treatment cessation

Significant increase in macrolide and sulfonamide resistance genes in treatment

arm. Treatment arm had twice as much macrolide resistance (RR, 2.61; 95% CI

1.55–4.42; p< 0.001) compared to the placebo.

[50]

AMX

(beta-lactam)

Five days of antibiotic exposure, analysis 5 days

from treatment cessation

Significant increase in sulfonamide resistance genes in treatment arm. (RR 15.3,

95% CI 1.80–129.1; p< 0.001) Mean resistance gene richness was significantly

higher in treatment arm compared to placebo (42.6 vs. 23.9, p = 0.02).

[50]

CTX, Cotrimoxazole, AZI, Azithromycin, AMX, Amoxicillin, RR, risk ratio, CI, Confidence interval.

https://doi.org/10.1371/journal.pmed.1004235.t002
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Discussion

To our knowledge, this systematic review, which synthesizes the impacts of antibiotic use on

both gut microbiome composition and resistance genes in infants, is the first to focus on

infants in LMIC settings. The review found that antibiotics variably impacted microbiome

diversity and composition, with effects likely mediated by antibiotic class, duration of adminis-

tration, and follow-up time. Multiple studies included in the review also showed that antibiotic

administration, namely AZI, can shift taxonomic composition of the microbiome, particularly

by reducing enteropathogen burden. Finally, antibiotic administration expands both the total

and antibiotic class-specific resistome. Even short antibiotic exposures are able to increase

AMR genes for months. The magnitude and persistence of these change is likely dictated by

duration of antibiotic exposure and class.

The range of antibiotics in the included studies was limited, assessing only AZI, CTX, and

AMX (1 study), with AZI being the most widely reported antibiotic. While AZI is not the most

commonly used antibiotic in the treatment of childhood infectious syndromes, its capacity to

reduce childhood mortality through prophylactic mass administration in high-risk pediatric

populations [45], does make it relevant for study in LMIC. No studies conducted in LMICs

were found evaluating some of the most commonly used antibiotics of childhood with capacity

for anaerobic depletion such as clindamycin and metronidazole.

Antibiotic duration was also found to be a key determinant of the impact on microbiome

structure. Even short courses of antibiotics like AZI were able to immediately reduce micro-

biota diversity [51] with persistent reductions in richness of the microbiota for up to 6 months

following administration [44]. A short course of CTX diminished alpha diversity indexes [48],

whereas chronic use increased diversity indexes over time [15]. AZI demonstrated a consistent

and persistent alteration in taxonomic composition in line with experimental data in adults

[53,54].

The review also showed that antibiotic administration can alter the taxonomic composition

of the microbiome in LMIC children. A key question is whether antibiotics reduce overall

pathogen burden and risk of infections or render children more susceptible to infections—

possibly through depletion of the commensal microbiota and loss of colonization resistance.

Mouse studies have suggested that early life exposures to antibiotics increase susceptibility to

bacterial enteropathogens in adulthood [55]. In the few pediatric studies where enteropatho-

gens were considered, antibiotics tended to reduce enteropathogenic burden in the micro-

biome. Targeted enteropathoge AZI administration reduced Campylobacter spp. relative

abundance in Niger and Burkina Faso [45,47] and reduced Proteobacteria with pathogenic

potential in India [51]. One study showed an increase in the relative abundance of 1 putative

enteropathogen (E. albertii) in Malawi [49]. These results suggest that 16S and metagenomic

analyses may be insufficient to identify clinically-relevant enteropathogens, and complemen-

tary targeted enteropathogen testing may be required to characterize antibiotic impacts on

enteropathogen burden. In contrast, antibiotic studies in adults have shown increases in enter-

opathogens post-antibiotics, primarily C. difficile [56] and vancomycin-resistant enterococci

[57], underscoring the complexity of these positive and negative associations with antimicro-

bial use across age spectra.

Finally, our systematic review found that antibiotics drove total and antibiotic class-specific

increases in AMR gene determinants in all included studies. A second key question is to what

degree antibiotic usage places a child at risk for infections with antimicrobial resistant patho-

gens, with AMR gene carriage being a surrogate endpoint in this pathway. AZI consistently

increased macrolide resistance that persisted up to 6 months following administration. Longer

biannual use notably also increased resistance determinants to non-macrolide antibiotics. In

PLOS MEDICINE Systematic review of antibiotic impacts on the infant gut microbiome and resistome in LMIC

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004235 June 27, 2023 13 / 20

https://doi.org/10.1371/journal.pmed.1004235


parallel, CTX increased total resistance gene diversity, sulfonamide and trimethoprim resis-

tance determinates. Children in LMICs are subject to multiple rounds of appropriate and inap-

propriate antibiotics, and therefore, these studies are likely a gross underestimation of the

impact of antibiotics across a child’s early life [11,58].

A remaining question, that this systematic review did not address, is how antibiotic-

induced reductions in diversity and disruption of the microbiome may impact the biologic

functions of the infant microbiome and how these alterations translate into health and illness

outcomes for infants in LMICs. The microbiome plays multiple roles in hosts, including

immune maturation, immune regulation, and host metabolism [59]. Antibiotic-induced losses

in diversity may result in reduction of organisms that play key roles in these biologic functions,

potentially altering infants’ immunity to exogenous pathogens, alongside nutrition and growth

outcomes. Mouse studies have shown that antibiotic administration in early life increases sub-

sequent risk of atopic disease—such as asthma and adiposity [60,61]. Similarly, unknown is

how alterations in AMR gene abundance translate into a child’s short- and long-term risk of

infection from an AMR-bearing pathogen. Although metagenomic sequencing can identify

changes in AMR genes, it is difficult to deduce from which bacteria those genes are derived. A

key limitation of genomic resistome analyses is therefore bacterial host assignment and

whether increases in genomic AMR genes translate to clinically relevant phenotypic resistance.

Research is urgently needed to understand how antibiotics may impact the functional micro-

biome diversity [62], phenotypic resistance in enteropathogens, and risk of disease, in order to

better inform antibiotic prescribing practices and health policy around AMR and population-

level antibiotic administration.

Limitations of this systematic review were the paucity of studies identified and included,

the limited number of countries studies were performed in, and the lack of diversity in antibi-

otic classes. The available data was dominated by 2 large clinical trials in Africa, MORDOR

[63] and ARMCA [64]. Other included studies were highly heterogeneous with differing anti-

biotic dosing schemes and testing time points even within antibiotic class. Thus, both the gen-

eralizability and comparability of results is constrained and precluded pooling data and

permitting a meta-analysis. While most individual studies detected significant impacts of anti-

microbial usage on microbiome composition and resistome, a few studies did not report any

significant treatment effects [15,45,49]. This may have been due to a true lack of effect, timing

of sampling, or insufficient sample size. Lastly, few studies included long-term sampling, limit-

ing the understanding of how long antibiotic-induced alterations in the microbiome and resis-

tome persist and the resilience of the pediatric LMIC microbiome following antibiotic

challenge.

Notable strength of this review is that it provides a comprehensive overview and needed

synthesis of the available data on antibiotic usage and microbiome in pediatric LMIC popula-

tions with high incidences of antibiotic use. This review thereby maps the current state of

knowledge, highlighting available data alongside persistent research gaps that can guide both

policy and research agendas. The included studies clearly show that antibiotic administration

results in large-scale alterations of the microbiome and resistome with enough evidence to

alert policy makers to the adverse and indirect impacts of (mass) antibiotic administration. In

parallel, the review highlights key future research needs, namely moving from how alterations

in the microbiome and resistome translate to tangible health benefits or risks for pediatric pop-

ulations, including risk of bacterial infections with AMR.

Our systematic review also provides a mapping to move this field forward. It can be used to

address the urgent need for a harmonized methodology to permit comparison of the impacts

of antibiotic administration across antibiotic class, geographic setting, and time. Future studies

should focus on pediatric populations in LMIC and evaluate commonly used pediatric
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antibiotics, incorporating sampling at the start, during, and following antibiotic administra-

tion, including long-term follow-up. Studies should be adequately powered and strive to

employ metagenomic sequencing techniques with sufficient sequencing depth to describe

genus and species level antibiotic perturbations alongside alterations in the resistome and

functional metagenome. Harmonized annotation pipelines and uniform outcome measures

will permit comparability across studies. When possible, sequencing should be combined with

bacterial culture to permit host annotation for key resistance genes and host enteropathogens.

Open-source data repositories will permit researchers to then re-analyze data across studies,

permitting policy makers and clinicians to draw actionable conclusions from this research.

In summary, antibiotics in children in LMIC disrupt the diversity and taxonomy of the gut

microbiome and drive long-term expansion of ARG determinants. There is a paucity of

research describing the impacts of class-specific antibiotics on microbiome diversity and ARG

development in infants in LMIC. Given the vulnerability of children in LMIC to infections,

the frequency of antibiotic consumption in their early lives, and the growing global threat of

infections with AMR, harmonized research initiatives are urgently needed to understand how

antibiotic perturbations on the microbiome translate into health benefits or risk of disease.
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