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Abstract 

Background: Mass drug administration (MDA) with azithromycin is the primary strategy for global trachoma control 
efforts. Numerous studies have reported secondary effects of MDA with azithromycin, including reductions in child-
hood mortality, diarrhoeal disease and malaria. Most recently, the MORDOR clinical trial demonstrated that MDA led 
to an overall reduction in all-cause childhood mortality in targeted communities. There is however concern about the 
potential of increased antimicrobial resistance in treated communities. This study evaluated the impact of azithro-
mycin MDA on the prevalence of gastrointestinal carriage of macrolide-resistant bacteria in communities within the 
MORDOR Malawi study, additionally profiling changes in the gut microbiome after treatment. For faecal metagenom-
ics, 60 children were sampled prior to treatment and 122 children after four rounds of MDA, half receiving azithromy-
cin and half placebo.

Results: The proportion of bacteria carrying macrolide resistance increased after azithromycin treatment. Diversity 
and global community structure of the gut was minimally impacted by treatment, however abundance of several 
species was altered by treatment. Notably, the putative human enteropathogen Escherichia albertii was more abun-
dant after treatment.

Conclusions: MDA with azithromycin increased carriage of macrolide-resistant bacteria, but had limited impact on 
clinically relevant bacteria. However, increased abundance of enteropathogenic Escherichia species after treatment 
requires further, higher resolution investigation. Future studies should focus on the number of treatments and admin-
istration schedule to ensure clinical benefits continue to outweigh costs in antimicrobial resistance carriage.
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Background
Mass drug administration (MDA) with azithromycin has 
been the cornerstone of trachoma control programs since 
the 1990s and the advent of the SAFE strategy [1]. There 
has been considerable research since into the secondary 
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effects of community-wide azithromycin distribution. 
A study from The Gambia was the first to report ancil-
lary benefits [2]. They found all-cause illness, fever, diar-
rhoea and vomiting were reduced for at least 1-month 
post-treatment compared with topical tetracycline. Sim-
ilarly, a study from Nepal found reductions in impetigo 
and diarrhoea up to 10 days post-treatment [3]. In 2009, 
Porco et  al. reported a 50% reduction in all-cause mor-
tality in children aged 1–9 years in Ethiopia in commu-
nities given azithromycin MDA [4]. This work has been 
expanded upon in studies across sub-Saharan Africa, 
demonstrating decreases in diarrhoea, malaria and all 
infectious mortality [5–11]. Alongside these benefits, 
there has been evidence of negative effects, primarily the 
emergence and increasing prevalence of antimicrobial 
resistance. A study of Aboriginal communities in Aus-
tralia reported short-term reductions in the prevalence of 
nasopharyngeal Streptococcus pneumoniae carriage, but 
significant increases in macrolide-resistance in identified 
isolates [12]. Further studies have supported this increase 
in macrolide-resistant nasopharyngeal S. pneumoniae [3, 
13, 14] as well as in faecal Escherichia coli [15–17], with 
evidence of macrolide and non-macrolide antimicrobial 
resistance in the latter.

Better defining the impact of azithromycin MDA on 
childhood morbidity and mortality was the aim of the 
MORDOR (Macrolides Oraux pour Réduire les Décès 
avec un Oeil sur la Résistance) clinical trial, which ran-
domised 1533 communities across three sub-Saharan 
African countries to four biannual rounds of azithromy-
cin treatment or placebo [18]. Azithromycin treatment 
led to an overall reduction in all-cause childhood mor-
tality in targeted communities of 13.5% at 24-month fol-
low-up, although the effect size varied between countries 
(Malawi; 5.7%, Niger; 18.1%, Tanzania, 3.4%). Secondary 
analyses found the impact of treatment to be most pro-
nounced in the first 3 months post-treatment and in chil-
dren aged 1–5 months [18, 19]. Despite Niger reporting 
the most significant effect on childhood mortality, there 
were no significant differences in the causes of mortality 
between the two study arms in this country [20]. In both 
the treatment and placebo arms, malaria (28%), pneu-
monia (16%) and diarrhoea (14–15%) accounted for the 
majority of verbal autopsy-confirmed deaths. All-cause 
mortality was reduced by 9% after treatment in Malawi, 
while this decrease was not significant, secondary analy-
sis suggested pneumonia and diarrhoea or HIV/AIDS 
mortality were the drivers of this effect [21].

Findings from studies nested within MORDOR in 
Niger supported previous work that reported increases 
in antimicrobial resistance after azithromycin MDA. 
The proportion of macrolide-resistant nasopharyn-
geal S. pneumoniae isolated was four times greater after 

treatment [22]. Doan et  al. further explored the impact 
of treatment on antimicrobial resistance and gut micro-
biome composition in Nigerien communities through 
metagenomics [23, 24]. They found increased preva-
lence of macrolide resistance after treatment, prevalence 
was approximately seven times greater after both four 
and eight bi-annual treatments. Additionally, after eight 
rounds of treatments, prevalence was also increased for 
other antimicrobial resistance classes, most prominently 
β-lactams. Treatment also had a long-term impact on 
the gut microbiome at 24-month follow-up, reducing 
diversity, as previously reported, and altering abundance 
of specific species [25, 26]. Notably, prevalence of the 
rarely identified human pathogen Campylobacter upsa-
liensis decreased after treatment. However, the majority 
of affected species have little known role in gut health or 
pathogenicity. In contrast, findings from a study nested 
within MORDOR in Malawi which profiled the gut 
microbiome by 16 S rRNA sequencing, found no change 
in diversity after treatment and limited impact on indi-
vidual genera, with only a minor increase in Prevotella 
reported [27].

This study evaluated the impact of azithromycin 
MDA on the prevalence of gastrointestinal carriage of 
macrolide-resistant bacteria in communities within the 
MORDOR Malawi study site, where the observed reduc-
tion in childhood mortality after azithromycin treatment 
was considerably less than in Niger. Additionally, this 
study investigated changes in the gut microbiome after 
treatment.

Methods
Study design and participants
The study design has previously been described [28]. 
Briefly, the randomization unit for the MORDOR trial 
in Malawi was defined as the catchment area of a Health 
Surveillance Assistant (HSA), approximately 1000 total 
population. Communities with population < 200 or 
> 2000 on a pre-baseline census were excluded. Thirty 
communities were randomly selected for follow-up as 
part of studies of child morbidity and antimicrobial 
resistance (Fig.  1). The randomization was stratified to 
produce 6 communities in each of the 5 geographical 
zones of Mangochi District for geographical generalisa-
bility as well as for logistical reasons. Samples collected in 
the Makinjira zone were eligible for the current study of 
antimicrobial resistance determined by whole-genome-
sequencing. Biannual census updates were performed, 
and communities received study drug in the same treat-
ment rounds as the MORDOR mortality trial [18].

Trained local nursing staff explained the procedures 
and study and at the baseline, 12-month and 24-month 
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follow-up visits, 40 children aged 1–59 months per com-
munity were randomly selected for stool sampling.

Intervention
All children aged 1–59 months and weighing ≥ 3.8  kg 
were eligible for treatment at each of 4 biannual mass 
distributions. Azithromycin was administered at a dose 
of 20  mg/kg. Children old enough to stand received 
an approximate dose estimated from their height and 
younger children were weighed. Distribution of the 
drug took place after sample collection was complete 
and was performed by the HSAs and fieldworkers con-
ducting house-to-house visits. Guardians were asked 
to inform the HSA of any adverse events that occurred 
within 7 days of receiving study drug. HSAs subsequently 
informed the study team.

Sample collection
Sample collection took place during the baseline visit 
(May–July 2015) and at 12-month and 24-month visits 
(April–June 2016 and 2017 respectively), approximately 
6 months after the second and fourth treatment rounds 
(Fig.  1). Parents or guardians who provided consent for 
sample collection were provided with a stool sample 
collection kit and were given instruction on how to col-
lect the sample. Samples were returned to the field team 
immediately after collection and were held on wet ice 

until transport to the lab (within 8 h of collection). Once 
at the lab, samples were stored at − 80  °C until further 
processing.

Metagenomic sequencing
Bacterial DNA was extracted from 182 stool sam-
ples using the QIAamp PowerFecal DNA Kit (Qiagen) 
and eluted in EB Buffer. Concentration and purity of 
the extracts were assessed using a Nanodrop ND8000 
(Thermo Scientific) and a subset of samples were pro-
cessed on a Genomic Screentape using an Agilent 2200 
Tapestation to assess integrity of the extracts. One hun-
dred ng extracted DNA was used to generate whole 
genome libraries using the NEBNext® Ultra™ II FS DNA 
Library Prep Kit for Illumina (New England Biolabs) 
alongside NEBNext® Multiplex Oligos for Illumina® 
(New England Biolabs). The average sizes of the result-
ing libraries were assessed using D1000 Screentapes on 
an Agilent 2200 Tapestation and concentrations were 
assessed using the Qubit™ dsDNA HS Assay Kit. The 
libraries were normalized to 4  nM and pooled into 4 
pools of 37 libraries and 1 pool of 38 libraries. The aver-
age sizes of the pools were assessed using High Sensitivity 
D1000 Screentapes on an Agilent 2200 Tapestation and 
concentrations were assessed using the Qubit™ dsDNA 
HS Assay Kit. Each pool was subsequently sequenced on 

Fig. 1  Study design. Flowchart illustrating the study protocol
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a NextSeq 500 using NextSeq® 500/550 High Output Kit 
v2 (Illumina) in a 150-cycle paired-end configuration.

Metagenomic analysis
Raw reads were filtered, trimmed and error-corrected 
using AfterQC [29]. Filtered reads were assembled into 
contigs using MEGAHIT [30]. Kraken [31] was used for 
taxonomic assignment of assembled contigs against com-
plete bacterial, archaeal, and viral genomes from RefSeq 
[32], as of November 2017. ABRicate (https:// github. 
com/ tseem an/ abric ate) was used to screen assembled 
contigs for antimicrobial resistance genes against the 
ResFinder database, containing 2112 antimicrobial resist-
ance genes from 14 antibiotic classes [33], a minimum 
sequence identity of 75% was used as a cut-off for call-
ing hits [34]. Prevalence of macrolide resistance carriage 
was defined as at least one contig containing a macrolide-
resistance allele for an individual. The proportion of bac-
teria carrying macrolide-resistance alleles was defined as 
the number of contigs containing a macrolide-resistance 
allele divided by the total number of contigs for an indi-
vidual. Alpha diversity (Shannon’s H) and beta diversity 
(Bray-Curtis dissimilarity) were calculated using the R 
package vegan.

Outcome measures
Pre-specified primary outcome measures included the 
prevalence of carriage of macrolide resistance in the 
stool, at 24-month follow-up, as determined by genetic 
determinants. Secondary outcome measures included 
microbial diversity in the intestinal microbiome, at 
24-month follow-up, as measured using next generation 
sequencing.

Statistical analysis
Alpha diversities were compared by linear regression, 
adjusting for age. Beta diversities were compared by PER-
MANOVA with 1000 permutations using the R pack-
age vegan. Species abundance profiles and proportion 
of bacteria carrying antimicrobial resistance genes were 
compared by zero-inflated negative binomial regres-
sion, adjusting for age. Time since last treatment analyses 
were further adjusted for number of treatments received. 

P-values were corrected for multiplicity of testing using 
the Benjamini–Hochberg procedure [35].

Results
Participants
Thirty samples per treatment arm at baseline and 61 
samples per treatment arm at 24-month follow-up were 
randomly selected for metagenomic sequencing (Fig. 1). 
Age and sex were comparable between treatment arms 
(Table  1). As expected, gut microbial diversity, based 
on Shannon’s H, increased with age (p = 0.237 ×  10−9). 
Microbial composition, based on principal coordinates 
analysis (PCoA) of Bray-Curtis dissimilarity, changed 
significantly with age (PERMANOVA; p = 0.020). Sex 
did not significantly impact gut microbial diversity 
(p = 0.754) or composition (PERMANOVA p = 0.170). 
Additionally, at baseline, study arms were equivalent 
in gut microbial diversity (p = 0.596) and composition 
(PERMANOVA p = 0.829). All analyses were adjusted for 
age of participants and multiplicity of testing.

Antimicrobial resistance profile after treatment
The majority of individuals (180/182) carried at least one 
bacterium carrying macrolide resistance, with no differ-
ence by arm or time (Table 2). Bacteria most frequently 
carrying macrolide resistance were Enterococcus (E. 
cecorum and E. faecium), Bifidobacterium (B. breve, B. 
longum and B. kashiwanohense) and Streptococcus (spe-
cies unknown). No changes in prevalence of carriage of 
macrolide resistance were found in individual species 
over time.

Due to the high baseline prevalence of carriage 
of bacteria with macrolide resistance, we compared 
the proportion of bacteria carrying macrolide resist-
ance. The proportion of bacteria carrying macrolide 

Table 1 Patient demographics

 Variable Baseline 24-month follow-up

Placebo (n = 30) Azithromycin (n = 30) Placebo (n = 61) Azithromycin (n = 61)

Median age in years 
(range)

2.87 (0.74–4.59) 2.88 (0.81–4.91) 2.45 (0.22–5.01) 2.17 (0.29–4.98)

Female (%) 16 (53.33) 12 (40.00) 27 (44.26) 30 (49.18)

Table 2 Prevalence of carriage of macrolide resistance bacteria

Carriage of macrolide resistance was defined as the presence of any bacterium 
carrying any macrolide resistance allele

Time of sampling Placebo (n = 91) Azithromycin (n = 91)

Baseline 29/30 (96.7%) 29/30 (96.7%)

24-month follow-up 61/61 (100.0%) 60/61 (98.4%)

https://github.com/tseeman/abricate
https://github.com/tseeman/abricate
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resistance increased significantly after treatment 
(p = 0.827 ×  10−7) (Fig.  2a). There were no significant 
differences in non-macrolide antimicrobial resistance 
after treatment, although an increase in prevalence of 
bacteria carrying aminoglycoside (p= 0.064) and tri-
methoprim (p = 0.059) resistance was close to signifi-
cance (Fig.  2b). Carriage of macrolide resistance was 
not correlated with either aminoglycoside (Pearson’s 
r = −0.154) or trimethoprim resistance (r = −0.153), 
carriage of resistance to these two non-macrolide anti-
biotics was correlated (r = 0.849).

Most studies on the impact of azithromycin treat-
ment have focused on changes in the days or weeks 
post-treatment. We therefore examined the relationship 
between time since treatment and macrolide resistance 
carriage. 60% of individuals in the azithromycin arm 
received treatment 6-months before sample collection at 
24-month follow-up (37/61), individuals whose last treat-
ment occurred 12-, 18- or 24-months prior to follow-up 
sample collection were combined (24/61). All analyses 
were adjusted for number of treatments received. Greater 
than 0.3% of gut bacteria carrying macrolide-resistance 

Fig. 2  Antimicrobial resistance profile in children receiving either placebo or azithromycin treatment. a The proportion of macrolide-resistant 
bacteria at 24-month follow-up in children receiving either placebo (blue) or azithromycin (red). b Univariate analysis of antibiotic classes with 
increased evidence of resistance (linear regression coefficient > 0) or decreased evidence of resistance (linear regression coefficient < 0) after 
azithromycin treatment. Flat-headed lines indicate the standard error around the coefficient. c The proportion of macrolide-resistant bacteria during 
24-month follow-up in children receiving azithromycin 6 months or 12–24 months previously. P-values were considered significant at < 0.05 and are 
denominated as follows: ***p < 0.001
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alleles was more common in children treated 6-months 
prior to treatment (8/37; 21.6%) compared to 
12–24-months prior (1/24, 4.2%), however there was no 
significant difference in carriage of macrolide-resistance 
alleles between these groups (Fig. 2c).

Changes in the gut microbiome after treatment
To further explore changes in the gastrointestinal flora, 
we determined the impact of treatment on gut microbi-
ome composition. In the azithromycin arm, gut micro-
bial diversity was unchanged after treatment (p = 0.454) 
(Fig.  3a). Treatment did not impact global gut micro-
bial composition (PERMANOVA p = 0.598) (Fig.  3b). 

Univariate analyses identified thirty differentially abun-
dant species after azithromycin treatment, fifteen 
reduced and fifteen increased (Fig. 3c, Additional file 1: 
Table S1). The greatest reductions were found in Lacto-
bacillus crispatus, Klebsiella variicola, Desulfovibrio piger 
and the archaeon Methanosphaera stadtmanae. The larg-
est increases were in Candidatus saccharibacteria and 
Escherichia albertii. Additionally, seven Acinetobacter 
species were increased after treatment, including A. bau-
manni, A. johnsonii, A. pitii and A. soli.

We additionally examined the relationship between 
time since treatment and changes in the gut microbiome. 
Alpha diversity was not different between those treated 

Fig. 3  Gut microbial diversity, composition and specific bacteria in children receiving either placebo or azithromycin treatment. a Alpha diversity, 
determined by Shannon’s H, at 24-month follow-up in children receiving either placebo (blue) or azithromycin (red). b Principal coordinates analysis 
(PCoA) of Bray-Curtis dissimilarity between children by treatment arm. Axes labels indicate the plotted component and percentage variance 
explained. c Univariate analysis of bacterial species with increased abundance (linear regression coefficient > 0) or decreased abundance (linear 
regression coefficient < 0) after azithromycin treatment
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6-months prior or 12–24-months prior to sample collec-
tion (p = 0.114). Beta diversity showed clustering of indi-
viduals treated 6-months prior (Fig. 4a), although this did 
not reach significance (p = 0.056). This was supported by 
significantly reduced abundance of thirteen bacterial spe-
cies in those treated 6-months prior compared to those 
treated 12–24-months prior (Fig.  4b, Additional file  1: 
Table S2), including Klebsiella pneumoniae (p = 0.0002) 
and Haemophilus influenzae (p = 0.0003).

To determine the impact of treatment on known causes 
of diarrhoea, we further investigated differences in abun-
dance of pathogenic bacteria identified by the Global 
Enteric Multicenter Study (GEMS) of diarrhoeal disease 
in infants and young children in developing countries 
[36]. No genera or species was significantly different in 
children who received treatment (Table 3) although there 
was a trend towards increased abundance in treated chil-
dren for 4/5 pathogens. One of the pathogenic bacteria, 
Vibrio cholerae, was not identified in this study. Com-
bined abundance of pathogenic bacteria was also not sig-
nificantly different in children who received treatment, 
although the trend was again towards increased abun-
dance in treated children.

Discussion
This study utilised metagenomic sequencing to exam-
ine the impact of azithromycin treatment on carriage of 
macrolide-resistance bacteria in the gut. Additionally, 
this study investigated changes in the gut microbiome 

after treatment. There was significant evidence for 
increased macrolide resistance after treatment. Gut 
microbial diversity and global community composi-
tion was not impacted by treatment, in agreement with 
16S rRNA profiling of a separate longitudinal cohort of 
children enrolled within MORDOR in Malawi. How-
ever, individual species were differentially abundant after 
treatment, including the putative human enteropathogen 
Escherichia albertii.

Fig. 4  Gut microbial composition and antibiotic-resistance profile in children who received azithromycin 6-months or 12–24-months 
previously. a Principal coordinates analysis (PCoA) of Bray-Curtis dissimilarity between children by time since last azithromycin treatment (12–24 
months = green, 6 months = orange). Axes labels indicate the plotted component and percentage variance explained. b Univariate analysis of 
antibiotic classes with increased evidence of resistance (linear regression coefficient > 0) or decreased evidence of resistance (linear regression 
coefficient < 0) in children who received azithromycin 6 months previously compared to 1–24 months previously

Table 3 Impact of treatment on known bacterial causes of 
diarrhoea

The GEMS study specifically identified enteroaggregative (EAEC), 
enteropathogenic (EPEC) and enterotoxigenic (ETEC) E. coli strains as primary 
causes of diarrhoea. More than 90% of E. coli reads here could not be classified 
at the strain-level; approximately 300,000 E. coli reads could be classified to 
the strain level and were analysed further. All three pathogens showed a 
trend towards increased abundance in treated children, significantly for EPEC 
(p = 0.0001, EAEC; p = 0.2970, ETEC; p = 0.8835)
a β = regression coefficient
b SE = standard error
c the only non-typhoid Salmonella identified was S. enterica

Bacteria Ba SEb Adjusted p-value

Aeromonas − 0.077 0.162 0.9668

Campylobacter jejuni 0.717 0.289 0.2271

Escherichia coli 1.047 0.391 0.1599

Non-typhoid Salmonellac 0.255 0.186 0.7767

Shigella 0.114 0.599 0.9910

Any pathogen 1.001 0.334 0.0845
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Macrolide resistance increased after four biannual 
rounds of azithromycin treatment. Individuals with the 
highest proportion of bacteria carrying macrolide resist-
ance had mostly been treated 6-months prior to sampling 
as opposed to 12–24-month prior, however there was no 
significant impact of time-since treatment on macrolide 
resistance. A study of children aged < 5  years in rural 
Tanzania surveyed macrolide resistance in faecal E. coli 
following community-wide distribution of azithromycin 
for trachoma control found that post-treatment increase 
in macrolide resistance waned over time [16]. The pro-
portion of macrolide-resistant isolates increased sharply 
in the first month following MDA (16.3% to 61.2%) but 
had declined significantly by 6  months (31.3%). Studies 
of perturbation of the gut microbiome following azithro-
mycin treatment consistently find detectable changes 
within a few days and these can last up to 6 months [37, 
38], however, longer-lasting impact varies between stud-
ies [39, 40]. Future work should ideally include sampling 
within days of treatment and follow-up beyond 2  years 
to determine the immediate and enduring impact of 
azithromycin on faecal carriage and emergence of mac-
rolide resistance.

Prevalence of carriage of at least one macrolide 
resistant bacterium was higher in this study conducted 
in Malawian villages compared to those from Niger. At 
baseline in Niger, the majority of villages had no evi-
dence of macrolide resistance, assessed by metagenom-
ics, in either arm [23]. By contrast, 58/60 individuals 
(across both arms) sampled at baseline in Malawi had 
evidence of macrolide resistance. There is preliminary 
data from Tanzania suggesting availability of azithro-
mycin at local pharmacies can impact community-level 
prevalence of antimicrobial resistance [41]. These Tan-
zanian communities had received 4 consecutive years of 
MDA and were revisited 4 years after cessation. At this 
time, there was a trend towards increased prevalence of 
macrolide-resistant faecal E. coli and nasopharyngeal S. 
pneumoniae in hamlets where azithromycin was locally 
available. Despite the differences in baseline preva-
lence of carriage of macrolide resistant bacteria, the 
impact of treatment was relatively consistent between 
Malawi and Niger. Both reported a small reduction in 
gut microbial diversity after treatment and increased 
evidence of macrolide resistance, although the latter 
was determined at the village-level rather than indi-
vidual-level. However, it is possible that higher base-
line levels of resistance to macrolides in Malawi were a 
factor in the significantly reduced impact of treatment 
on childhood mortality compared with Niger. This 
hypothesis could be further evaluated by determining 
pre-treatment prevalence of macrolide resistance in the 
Tanzanian communities enrolled in MORDOR, where 

the lowest impact of treatment was reported [18] and 
assessment of antibiotic availability in rural Malawi.

In agreement with findings from Niger, we detected 
no significant changes in prevalence of resistance to 
non-macrolide antibiotics after four rounds of treat-
ment [23]. However, after a further two rounds of 
treatment in Nigerien communities [24], resistance 
to several classes of non-macrolide antibiotics was 
increased, this was maintained after two additional 
treatment rounds for β-lactams. Prevalence of resist-
ance to aminoglycosides and trimethoprim was signif-
icantly greater after six rounds of treatment in Niger; 
resistance to these two antibiotic classes was non-sig-
nificantly increased after four rounds of treatment in 
our study. The most common explanation for this effect 
is multi-drug resistant bacteria, driven by shared mech-
anisms of resistance or genetic linkage, however, car-
riage of aminoglycoside and trimethoprim resistance 
was independent of macrolide resistance in this study. 
It is possible that increases in off-target antibiotic 
resistance in the gut microbiome of children from stud-
ied Malawian communities would reach significance 
with further rounds of treatment, as reported in Niger.

Five of six bacteria highlighted as common causes 
of diarrheal disease by the Global Enteric Multicenter 
Study (GEMS) of infants and young children in devel-
oping countries were detectable in this study [36]. 
While none were significantly impacted by treatment, 
combined abundance of these diarrhoeal pathogens 
was higher after treatment, although this did not reach 
significance. Focusing on pathogenic E. coli strains 
demonstrated a significant increase in abundance 
of enteropathogenic E. coli (EPEC) after treatment. 
Strain-level results should be treated with caution as 
the majority of reads were not classifiable beyond spe-
cies-level. A similar increase was observed in Escheri-
chia albertii, a close relative of E. coli [42]. Recent data 
suggests many gastrointestinal infections classified 
as E. coli infections may be the related E. albertii [43, 
44]. E. albertii possesses many of the virulence factors 
found in EPEC and multi-drug resistant isolates have 
been recovered from clinical samples [45, 46]. Impor-
tantly, there was no evidence of macrolide resistance in 
EPEC or E. albertii sequences at 24-month follow-up 
in either arm of the study; it is likely that abundance of 
this pathogen increased as an effect of treatment rather 
than it being resistant. For example, it is possible that 
higher azithromycin susceptibility of other pathogens 
such as Campylobacter, Salmonella and Shigella may 
indirectly lead to increased abundance of EPEC and E. 
albertii [47]. Targeted higher-resolution sequencing of 
Escherichia to accurately differentiate species and iden-
tify strains of E. coli would be of value.
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In this study, the abundance of several Acinetobacter 
species increased after treatment, which can be partly 
explained by their intrinsic resistance to macrolides [48]. 
Despite this, the prevalence of the opportunistic patho-
gens A. baumanni, A. johnsonii, A. pitii and A. soli is 
concerning. A. baumanni infections are often hospital-
acquired with the majority of community-acquired infec-
tions presenting in individuals with underlying health 
conditions [49, 50]. High mortality rates and rapid emer-
gence of antimicrobial resistance suggest this species 
requires consideration as a serious human pathogen. This 
was highlighted in this study by evidence of two mac-
rolide-efflux genes (mphE and msrE) in an A. baumanni 
isolate from a child in the azithromycin treatment arm. 
Further studies are required to elucidate the impact of 
these species and whether detection in the gut has any 
clinical relevance.

The findings presented here are limited to a single geo-
graphical zone in the Mangochi district of Malawi, which 
may limit extrapolation to wider populations. Further to 
this, participation in faecal sampling was incomplete as 
approximately 70% of enrolled children provided sam-
ples. Given the observed individual-level heterogeneity 
in this study, it is possible more complete sampling of 
enrolled children would have led to different outcomes. 
However, the overlap with results from Niger suggest 
these effects may be consistent across study sites. Addi-
tionally, very few of the individuals sampled herein were 
aged 1–5 months, the group which saw the greatest 
reduction in mortality after treatment. It is possible that 
treatment may have a different impact on the gut micro-
biome in these younger children.

Conclusions
In summary, this study found significant changes in the 
antimicrobial resistance profile and gut microbiome 
after four biannual rounds of azithromycin. Carriage of 
macrolide resistance was increased by treatment. Abun-
dance of the putative human enteropathogen E. albertii 
was increased after treatment, as well as several oppor-
tunistic Acinetobacter pathogens. Given that multiple 
treatments enhanced the beneficial effects of azithromy-
cin treatment, consideration should be given to the num-
ber of treatments and administration schedule to ensure 
benefits continue to outweigh costs in antimicrobial 
resistance.
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