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ABSTRACT

Early-life antibiotic exposure can profoundly impact the developing preterm gut 
microbiome and resistome, with short- and long-term consequences for health. In a 
large multi-center (n = 28) study of 693 preterm infants, we investigated the effects of 
10 d of prophylactic intravenous azithromycin on the gut microbiome and antibiotic 
resistance genes (ARGs). The AZithromycin ThErapy for Chronic Lung Disease of Pre­
maturity (AZTEC) study was a double blind, randomized, placebo-controlled trial of 
preterm infants (born < 30 weeks of gestation), treated from birth for 10 d with either 
intravenous azithromycin or placebo, and sampled longitudinally for 21 d or discharge. 
Using 16S rRNA gene sequencing, antibiotic susceptibility testing, and quantitative PCR, 
we show azithromycin reduced microbial diversity and the relative abundance of 
health-associated Bifidobacterium and increased relative abundances of pathobionts 
Staphylococcus and Enterobacter/Klebsiella. This early azithromycin treatment increased 
the number of macrolide-resistant genes, including the presence of erm (C), which 
persisted for the duration of the study. Probiotic use (at individual unit discretion) 
increased alpha diversity and Bifidobacterium relative abundance, but did not fully 
mitigate the effects of azithromycin receipt. Combined azithromycin and probiotics 
further increased the enrichment of Enterobacter/Klebsiella and total ARGs, including 
erm(C). These findings highlight the impacts of antibiotic and probiotic use, both 
important in balancing infection control issues and microbiome disruption and anti­
microbial resistance.

Introduction

Chronic lung disease of prematurity (CLD), also known as bronchopulmonary dysplasia (BPD), is one of the 
most prevalent complications of preterm (<37 weeks of gestation) birth. Although the pathogenesis of CLD 
is multifactorial,1 pulmonary Ureaplasma colonization has been implicated in its etiology.2 Consequently, a 
recent double blind, multi-center, randomized, placebo-controlled trial (AZithromycin ThErapy for Chronic 
Lung Disease of Prematurity; AZTEC) sought to clarify the potential of a 10-d course of azithromycin—a 
macrolide antibiotic with efficacy against Ureaplasma and anti-inflammatory properties—on survival without 
physiologically defined moderate or severe CLD at 36 weeks post-menstrual age.3,4 Despite the AZTEC trial 
showing no benefit from prophylactic azithromycin, questions remain regarding the impact of systemic 
azithromycin administration on the developing gut microbiome and emergence of antibiotic resistance genes 
(ARGs) in preterm infants.4
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Playing critical roles in early immune development, protection from pathogens, nutrient absorption and 
metabolism, disruption of the gut microbiome during infancy may have long-lasting health consequences.5 

Antibiotics disrupt microbiome assembly in term and preterm infants by reducing microbial diversity, 
disrupting commensal populations, and increasing the colonization potential of antibiotic-resistant 
pathobionts.6-15 However, specific impacts vary depending on the duration of exposure and the choice of 
antibiotic. Notably, most existing data are based on observational cohorts rather than randomized trials since 
randomized trials of antibiotic use are rare. Previous studies specifically investigating the effects of azithro­
mycin on the gut microbiome and ARGs have largely been restricted to children in low- to middle-income 
countries, with no existing preterm data.16

To the best of our knowledge, this study represents the first interventional trial to document the impact of 
prophylactic azithromycin on microbial communities in preterm infants. Previous large multisite preterm 
microbiome studies have indicated that site17 and probiotic use18 are among the most important factors 
shaping the preterm gut microbiomes. Utilizing 1261 stool samples collected from 693 of 796 recruited 
preterm infants (<30 weeks of gestation) over the first 21 d of life from 28 recruiting sites across the UK, this 
study allows further exploration of the influence of co-variates including site and probiotic use on preterm 
gut microbiome development over the critical first weeks of life. This study aimed to 1) describe the longitu­
dinal development of the gut microbiome during the first 21 d of life in a cohort of preterm infants at risk of 
developing CLD, 2) assess the impact of azithromycin treatment on gut microbiome development and ARGs, 
and 3) explore relationships between microbial features, resistance genes, clinical factors, and health outcomes 
in this vulnerable population.

Materials and methods

Patient cohort and study design

This analysis included 693 preterm (<30 weeks of gestation) infants enrolled in AZTEC (registration number: 
ISRCTN11650227).3 The study protocol was approved by the Wales Research Ethics Committee 2 (ref: 
18/WA/0199). Written consent was obtained before enrollment. The study was conducted in accordance with 
the Declaration of Helsinki and approved by the institutional ethics committee. The primary objective was 
to investigate the effectiveness of a 10-d course of azithromycin (intravenously at 20 mg/kg daily for 3 d, then 
10 mg/kg daily for 7 d) on survival without physiologically defined moderate or severe CLD at 36 weeks 
postmenstrual age, in comparison to placebo (sterile water). Treatment began within 72 hours of birth. 
Inclusion criteria included preterm infants < 30 weeks of gestation that had respiratory support (intubation, 
or noninvasive mechanical ventilation, including continuous positive airway pressure and high-flow nasal 
cannula, or a combination of these) for at least 2 continuous hours during the first 72 hours of life, and presence 
of an indwelling intravenous line for drug administration. Infants were excluded if they had previous exposure 
to another systemic macrolide antibiotic or major congenital abnormalities.

Serial stool samples were collected opportunistically from nappies until 21 d of life (DOL). Samples were 
stored in sterile, polystyrene universal containers, and refrigerated immediately upon collection and stored 
at −80 °C at the earliest opportunity. Samples were analyzed from four time points as per trial protocol: 
baseline (within 72 hours of birth; before treatment), and then day 5, day 10, and days 14–21. When a sample 
from the specific day was not available, the closest available sample was used. When duplicate samples were 
collected on the same day, the sample with the highest sequencing reads was chosen. Demographic data were 
collected at baseline and clinical follow-up data were collected at 36 weeks postmenstrual age

16S rRNA gene sequencing and taxonomic profiling

DNA was extracted from all collected stool samples (n = 1797) using ~0.1 g of sample with the DNeasy 
PowerLyzer PowerSoil Kit (QIAGEN). An extended bead-beating step was performed by vortexing the 
samples using a vortex adapter at maximum speed for 20 minutes. DNA was incubated in 70 μL of solution 
C6 for five minutes at room temperature before the final elution to maximize yields, and eluted DNA was 
immediately stored at −80 °C. Two negative controls (containing no biological sample) were extracted with 
every batch of 96 samples (n = 37).
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Sequencing of the V3-V4 region of the 16S rRNA gene was performed using primers 341F 
(CCTACGGGNGGCWGCAG) and 805 R (GACTACHVGGGTATCTAATCC) on the Illumina MiSeq 
platform, generating paired-end reads of 2 × 300 base pairs, by the Integrated Microbiome Resource (Dal­
housie University, Halifax, Canada). The protocol follows the method originally described by Comeau et al.19 

and updated by Comeau and Kwawukume.20 All raw paired-end sequencing data were imported into QIIME 
221 and sequence quality filters were applied with DADA2.22 To account for low base-call quality at terminal 
ends of sequencing reads (25% Phred < Q30), the first 15 and last 40 nucleotides were trimmed from forward 
reads, while the first 10 and last 80 nucleotides were trimmed from reverse reads. Remaining reads with low-
quality base calls were removed. Representative sequences for each amplicon sequence variant (ASV) were 
identified by dereplicating all reads passing quality control. ASVs were clustered based on 97% similarity with 
VSEARCH23 before assigning taxonomy to the SILVA database (v138).24 All samples were rarefied to 1000 
reads using the vegan package version 2.6.4,25 retaining 1261 samples for analysis. Good's Coverage between 
rarefied and unrarefied data which showed 1000 reads captured most of the diversity within these samples 
(raw median 0.9997 (IQR 0.9958–0.9999); rarified median 0.9970 (IQR 0.9950–0.9980)).

Quantitative PCR

Quantitative polymerase chain reaction (qPCR) was performed on 793 samples and targeted six macrolide 
resistance genes, which account for >90% of bacterial macrolide resistance (Supplementary Table 1). 
Macrolide-resistance genes (n = 6) were detected using a published multiplex qPCR assay.26 Briefly, qPCR 
reactions comprised: 5 μL 2× iTaq Universal Probes Supermix (Bio-Rad Laboratories), 0.5 μL (10 μM) each 
forward and reverse primers of the six macrolide-resistance genes, 0.2 μL (10 μM) each of the six hydrolysis 
probes, and molecular-grade water to make up a final volume of 10 μL. All qPCR reactions were performed 
in duplicate on a CFX96 Touch Real-Time PCR detection system (Bio-Rad Laboratories Ltd), using the cycling 
conditions: initial activation and denaturation 95 °C for 5 minutes, followed by 40 cycles of 95 °C for 15
seconds and 60 °C for 30 seconds. A standard curve of 10-fold dilutions (107–102 copy number) of a plasmid 
DNA containing primer and probe target sequences of the six genes (GenScript, USA) was generated for each 
run of the assay.

Antibiotic susceptibility testing of Bifidobacterium strains

Antibiotic susceptibility was investigated for eight Bifidobacterium isolates with seven of eight cultured from 
preterm stool samples: Bifidobacterium breve (PP1, VK68, AM76, JD156), Bifidobacterium infantis (VK53, 
AM7, LB1 (cultured from Labinic probiotic)), and Bifidobacterium bifidum (CS27), alongside two control 
type strains: Escherichia coli (DSM 1103) and Staphylococcus aureus (DSM 2569). Bifidobacterium strains 
were inoculated in De Man–Rogosa–Sharpe (MRS) broth with L-cysteine, and control strains were transferred 
to brain heart infusion (BHI) broth and incubated anaerobically and aerobically at 37 °C, respectively. Min­
imum inhibitory concentrations (MICs) were determined using the Epsilometer test (E-test) method.27 

Optical density (OD600nm) of the cultures was adjusted to obtain a cell count of ~6 × 108 CFU/mL (equivalent 
to 0.8 McFarland standard). Cultures were spread on the surface of Brucella agar supplemented with 5% 
defibrinated sheep's blood (Thermo Scientific™ Oxoid™) in three directions using cotton swabs. E-test strips 
(Biomérieux) for azithromycin, gentamicin, and benzylpenicillin were applied to inoculated plates according 
to the manufacturer's instructions. Plates were incubated at 37 °C for 48 hours for Bifidobacterium strains 
(anaerobically) and 24 hours for control strains (aerobically), before MICs were determined. Reference values 
from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) quality control28 and 
breakpoint tables29 were used to interpret MIC results.

Statistical analysis

All statistical analyzes were performed in R software version 4.3.130 on rarefied samples. Unless stated oth­
erwise, all visualizations were produced using the ggplot2 package version 3.4.3.31 P values < 0.05 were deemed 
significant.
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Clinical demographic and outcome data
Data were collected for AZTEC onto CRFs at recruitment and daily. Except for DOL, season of sample collection, 
and probiotic exposure at the time of the sample, all other clinical variables were fixed from birth. Binary 
variables were included only if they were represented by at least 5% within either category at each time point 
(except in the case of probiotic exposure, which did not occur for any infants until the day 5 time point). 
Continuous variables were presented as median (interquartile range; IQR), and included sample DOL, gesta­
tional age at birth (weeks+days) and birth weight (grams). Categorical variables were shown as proportions, 
and included treatment group (azithromycin/placebo), sex (male/female), delivery mode (vaginal/cesarean), 
UK-defined season of sample collection (spring/summer/autumn/winter), cause of preterm birth (classified as 
preterm premature rupture of membranes (PPROM) (yes/no), preterm labor without PPROM (yes/no), 
obstetric medical intervention for fetal reasons (yes/no)), pregnancy plurality (single/multiple), exposure to 
antenatal antibiotics within 5 d of delivery (yes/no), maternal ethnicity (white British/other), site (included 28 
recruiting sites), and infant exposure to probiotics ever (yes/no). Of infants that received probiotics, 84% 
received Labinic (Lactobacillus acidophilus, Bifidobacterium bifidum, and Bifidobacterium infantis), 4% 
received ProPrems (Bifidobacterium infantis, Bifidobacterium lactis, and Streptococcus thermophilus), and 12% 
received Infloran (Lactobacillus acidophilus and Bifidobacterium bifidum). Differences between treatment 
groups were calculated using Fisher's or Chi-Square test (dependent on cell counts) for categorical variables, 
or Wilcoxon rank sum test for continuous variables.

Binary (yes/no) clinical outcomes included mortality at discharge from the neonatal unit, physiologically 
defined moderate or severe CLD at 36 weeks postmenstrual age, nosocomial infections (positive blood culture, 
cerebrospinal fluid culture, or both, or antibiotic treatment for ≥5 d), severe intraventricular hemorrhage 
(IVH, grade III or IV), necrotizing enterocolitis (NEC; Bell stage ≥ II), treatment for retinopathy of prema­
turity (ROP), and treatment for patent ductus arteriosus (PDA). Differences in outcomes between treatment 
groups were calculated using Chi-Square tests. Associations between clinical outcomes and alpha diversity 
were tested by addition of each outcome to mixed-effects linear regression models; fixed effects included those 
in multivariate alpha diversity analyzes: treatment group, sample DOL, mode of delivery, gestational age, 
sampling season, preterm labor with PPROM, antenatal antibiotics, medically indicated preterm birth, and 
infant probiotics. Patient identifier and site were included as random effects. Global p-values for variables 
from the final fitted models were obtained by type II analysis of variance in the car package. Associations with 
taxonomy were tested by addition of each outcome to MaAsLin232 global models; fixed effects included those 
in other MaAsLin2 analyzes: treatment group, sample DOL, mode of delivery, gestational age, sampling 
season, preterm labor with PPROM, medically indicated preterm birth, antenatal antibiotics, and infant 
probiotics, and random effects included patient identifier, site, and twin group.

Technical variables
Four technical variables were investigated to assess their impact on microbiome data: extraction batch (cat­
egorical), sequencing plate (categorical), sequencing run (categorical), and date of sample collection (con­
tinuous; calculated as days from collection of the first study sample). None of the technical variables 
investigated had any significant impact on alpha or beta diversity, so technical variables were not considered 
in any further analyzes (all p-values > 0.05).

Alpha diversity
Alpha diversity based on number of OTUs (richness) and Shannon diversity (richness and evenness) were 
computed using the vegan package.25 Longitudinal alpha diversity was modeled using locally estimated 
scatterplot smoothing (LOESS) regression and plotted with 95% confidence intervals (CIs). Spearman's 
correlation was used to assess alpha diversity relationships amongst related and unrelated infant pairs at 
each time point, with FDR correction.33 Univariable associations with treatment group, clinical variables, 
and technical variables were assessed using Spearman's rank correlation (for continuous variables) or 
Wilcoxon rank sum/Kruskal Wallis (for categorical variables), with FDR correction. Effect sizes were 
calculated for categorical clinical variables using functions wilcox_effsize and kruskal_effsize from the 
rstatix package version 0.7.2.34 Mixed effects linear regression models were fitted for box-cox-transformed 
bacterial richness and Shannon diversity using lme4 package version 1.1.35.535 and MASS package version 
7.3.60.0.1.36 The models were adjusted for factors reported in the literature to be associated with infant 
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microbiomes and those that were significantly associated with alpha or beta diversity at any time point; 
fixed effects included treatment group, sample DOL, mode of delivery, gestational age, sampling season, 
preterm labor with PPROM, antenatal antibiotics, medically indicated preterm birth, and infant probiotics. 
Patient identifier and site were included as random effects. Birth weight was excluded from the models 
due to collinearity with gestational age (Pearson's R > 0.75 at all time points). Variance inflation factor was 
calculated for the models using the car package version 3.1.2,37 with a conservative maximum cut-off of 
<2. Global p-values for variables from the final fitted models were obtained by type II analysis of variance 
in the car package. Post hoc analysis was performed by pairwise comparisons (Tukey's HSD method) from 
the emmeans package version 1.10.0.38

Beta diversity and ordination
Beta diversity was analyzed based on weighted Bray‒Curtis and unweighted Jaccard distance metrics from 
the vegan package25 and compared using Wilcoxon rank-sum tests with FDR correction.33 PERMANOVA 
was performed with 1000 permutations using the “adonis2” function of the vegan package25 with FDR 
correction.33 Significant findings were further assessed for homogeneity of variances using Permutational 
Multivariate Analysis of Dispersion (PERMDISP) via the “betadisper” function in the vegan package. If 
both PERMANOVA and PERMDISP results were significant, the Wd* method39 and subsetting procedures 
were applied. Due to the impact of twins on beta diversity, analyzes were repeated on reduced datasets 
including only one randomly selected twin pair/triplet set, ensuring robustness of significant findings for 
clinical variables.

Ordinations were conducted using Non-metric Multidimensional Scaling (NMDS) by the “metaMDS” 
function of the vegan package.25 Stress values were calculated to assess goodness-of-fit and Shepard plots were 
generated to visually inspect the correspondence between original dissimilarities and distances in the NMDS 
solution. Ordinations were permissible with stress values <0.15.

Taxonomy
Taxonomic compositions of stool samples were explored at the phylum and genus level and expressed as 
relative abundances per sample. Longitudinal relative abundance data were modeled using locally estimated 
scatterplot smoothing (LOESS) regression and plotted with 95% CIs. MaAsLin2 models included factors 
previously reported to be associated with infant microbiomes and those that were significantly associated 
with alpha or beta diversity at any time point. Site and twin group were included as random effects when 
relevant within time point models, and patient identifier was additionally included as a random effect in 
the global models. The arcsin square root transformation was performed on relative abundance data and 
default MaAsLin2 parameters were used. All p-values were adjusted for multiple comparisons using FDR 
adjustment (Benjamini–Hochberg procedure) and default q-values of <0.25 were deemed significant. To 
assess the combined impact of treatment group and probiotic exposure, a composite variable integrating 
both factors was created and used in place of the individual variables in the MaAsLin2 time point 
models.

Antibiotic resistance genes
A total of six ARGs associated with macrolide resistance were investigated (Supplementary Table 1). ARGs 
were explored based on the presence or absence of each gene. Relationships between each ARG and relative 
abundances of the top 15 genera and top 4 phyla were compared using Wilcoxon tests followed by FDR 
adjustment.33 Wilcoxon effect size was calculated to assess the strength of relationships using rstatix package.34 

To understand the relationship between DOL and the presence/absence of ARGs, mixed-effects binomial 
logistic regression models with logit link were fit for each ARG using “glmer” function from lme4 package,35 

including patient identifier as a random effect. To observe relationships with total number of ARGS, cumulative 
link mixed models were fit using “clmm” function from package ordinal version 2023.12.4,40 including patient 
identifier as a random effect.
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Table 1. Linear mixed effects models of treatment group and clinical co-variates on alpha 
diversity.

Variable

Richness Shannon diversity

Chisq p value Chisq p value

Treatment group 5.8566 0.0155 14.5159 0.0001
Day of life 26.8549 2.19 × 10−7 85.1997 <2.2 × 10−16

Delivery mode 10.8563 0.001 1.0663 0.3018
Gestational age 0.2501 0.617 0.0018 0.9658
Preterm labor with PPROM 0.7609 0.383 0.0004 0.984
Medically indicated preterm 1.6632 0.1972 0.0032 0.9547
birth
Antenatal antibiotics 1.6550 0.1983 2.6854 0.1013
Infant probiotics 9.1434 0.0025 4.4954 0.034
Season 12.1707 0.0068 8.9663 0.0297

PPROM, preterm premature rupture of membranes.

Results

Cohort samples and characteristics

In total, 1261 stool samples from 693 preterm infants (<30 weeks' gestation) were included in the analysis 
(Supplementary Figure 1A). Low sequencing depth (<1k reads) was more common in samples collected at 
an earlier age, resulting in the proportion of samples passing rarefaction increasing over time (Supplementary 
Figure 1B). Consequently, only a small proportion of infants (4.5%) from the overall cohort were included at 
the baseline time point (Supplementary Figure 1C). Infants contributed a median of 2 samples (IQR: 1–2), 
with only three infants having samples available at all four time points. Demographic information and clinical 
characteristics of the cohort are presented in Supplementary Table 2. Study infants had a median gestational 
age at birth of 27 + 1 weeks (IQR: 25 + 3 to 28 + 5) and birth weight of 903 g (IQR: 720 to 1140).

Overview of temporal gut microbiome development over the first 21 d and associations with clinical 
co-variates

We first sought to perform a descriptive analysis of this large multi-center cohort and elucidate the factors 
driving gut microbiome that could inform confounder selection for subsequent analysis. Bacterial richness 
declined slightly over the first 10 d, before recovering and increasing gradually thereafter, while Shannon 
diversity increased steadily from birth (Supplementary Figure 2A). Related infants (n = 69 pairs of twins and 
n = 6 sets of triplets) displayed significantly increased similarity in microbial composition compared to 
matched unrelated infant pairs at all time points by both Bray‒Curtis and Jaccard distances (all p < 0.05; 
Supplementary Figure 3).

Analysis of alpha diversity showed older DOL, vaginal birth, probiotic exposure, and samples collected 
during summer were associated with increased bacterial richness (p values < 0.05; Table 1). Shannon diversity 
was also higher in older DOL, probiotic-exposed infants, and during the summer season (p-values < 0.05; 
Table 1). Beta diversity was significantly associated with gestational age, birth weight, delivery mode, preterm 
labor with preterm premature rupture of membranes (PPROM), medically indicated preterm birth, antenatal 
antibiotics, infant exposure to probiotics, and site, at various time points (p values < 0.05; Figure 1). Among 
these, recruiting site explained the largest proportion of variance thus was subsequently included in multi­
variate analyzes as a random effect. No significant associations were detected at baseline, likely reflecting lower 
sampling numbers at this time point.

Considering taxonomic relative abundance, later DOL and higher gestational age at birth were significantly 
associated with increased relative abundances of Pseudomonadota and decreased Bacillota phyla, corre­
sponding to increased Enterobacter/Klebsiella and Escherichia/Shigella, and decreased Staphylococcus genera 
(q values < 0.25; Supplementary Figure 2B and 2C; Supplementary Table 3). Later DOL also had higher relative 
abundances of Bifidobacterium and Enterococcus (q values < 0.25). In comparison to those delivered by 
cesarean section, vaginally born infants had higher relative abundances of Pseudomonadota and lower 
Bacillota phyla, as well as increased Escherichia/Shigella and decreased Staphylococcus genera (q values < 0.01; 
Supplementary Table 3).
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Figure 1.  Significance and explained variance of clinical co-variates at given time points. Bubbles represent the amount of 
variance (R2) explained by each variable based on A) Bray-Curtis and B) Jaccard distance matrices. Bubbles are colored according 
to time point (baseline, day 5, day 10, or days 14–21). R2 and p values are from “adonis2”; red boxes indicate FDR-corrected p-
value <  0.05 and orange boxes indicate results trending towards significance (<0.1). PPROM, preterm premature rupture of 
membranes.

Azithromycin treatment altered gut bacterial diversity and composition

Having defined the main factors impacting gut microbiome development over the sampling period, we next 
sought to determine the impact of azithromycin. In comparison to placebo, bacterial richness in azithromycin-
treated infants was significantly lower from day 10 time point (Figure 2A), and Shannon diversity was sig­
nificantly lower from day 5 (p values < 0.05; Figure 2B). Bray-Curtis beta-diversity analysis further showed 
overall microbial composition was significantly different between azithromycin and placebo infants at day 10 
and days 14–21 time points (p values < 0.05; Figure 2C).

After adjusting for co-variates, significantly higher Pseudomonadota and lower Actinomycetota relative 
abundances were observed at the 14–21 d time point in azithromycin-treated infants (q values < 0.05; Sup­
plementary Figure 4A and Supplementary Table 4). At the genus level, Bifidobacterium relative abundance 
was consistently lower in azithromycin-treated infants from day 5 (q values < 0.25; Figure 3A, Supplementary 
Table 4 and Supplementary Figure 4B). Bifidobacterium was the third most abundant genus at days 14–21 in 
placebo-treated infants, but sixth most abundant in azithromycin-treated infants. Additionally, azithromycin-
treated infants had lower relative abundance of Enterococcus at days 5 and 10 time points, coupled to higher 
relative abundances of Staphylococcus at days 5 and 10 and Enterobacter/Klebsiella at days 14–21 (q val­
ues < 0.25; Supplementary Figure 4B and Supplementary Table 4). We next explored prevalences of genera 
within each treatment group, finding the proportion of infants with detectable Bifidobacterium increased 
between adjacent time points in placebo-treated infants, but declined after the day 5 time point in 
azithromycin-treated infants, becoming significantly lower by days 14–21 (p-value < 0.001; Figure 3B). The 
prevalence of Clostridium sensu stricto also increased over time in placebo-treated infants, but remained 
relatively low in azithromycin-treated infants, and was significantly lower at days 14–21 in those given azi­
thromycin (p-value < 0.001).
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Figure 2. Alpha and beta diversity of preterm infants treated with azithromycin or placebo at given time points. A) Number 
of OTUs and B) Shannon diversity of preterm infants treated with azithromycin or placebo. Boxes are colored according to 
treatment group and show median (center line) and interquartile ranges (IQR) (box limits); whiskers extend ± 1.5∗IQR from 
box's quartile. Points outside the whiskers represent outliers. P values are from FDR-adjusted Wilcoxon rank-sum tests. C) NMDS 
plots are based on ordination of Bray–Curtis distance matrices. Plots show the mean centroids for each group and centroid 
size is based on the number (n) of samples, with bars representing the ±95% CI. P values (FDR-corrected) on plot faces are from 
“adonis2”.

Bifidobacterium strains exhibited variable susceptibility to azithromycin in vitro

Given the observed reduction in the relative abundance and prevalence of Bifidobacterium, in vitro E-tests 
were conducted to assess the susceptibility of Bifidobacterium strains to azithromycin as well as benzylpeni­
cillin and gentamicin owing to their common use in preterm infants (Table 2). MIC values for azithromycin 
against Bifidobacterium strains ranged from 0.064 to 1.5 μg/mL, with Bifidobacterium breve isolates showing 
the highest sensitivity to azithromycin (median 0.5 μg/mL; IQR 0.23–0.5 μg/mL). While no established 
azithromycin breakpoint values exist for Bifidobacterium or other anaerobic bacteria, one study providing 
general MIC data for azithromycin in Gram-positive anaerobes indicates MIC50 values of 1 μg/mL and 
MIC90 values of 256 μg/mL.41 On this basis, the majority of Bifidobacterium strains tested here, excluding 
Bifidobacterium infantis (VK53; MIC 1.5 μg/mL), had lower resistance and potentially higher susceptibility 
to azithromycin than other Gram-positive anaerobes like Lactobacillus spp. MICs for benzylpenicillin were 
also low, but had a narrower range, with values from 0.064 to 0.38 μg/mL. Gentamicin had the lowest inhib­
itory activity and the broadest MIC range, with values between 32 and 96 μg/mL.

Probiotics influenced the preterm gut microbiome but could not perturb the effects of azithromycin 
treatment

A total of 62% of recruiting sites used probiotics, all of which contained at least one Bifidobacterium species 
(Supplementary Table 2). Exposure to probiotics had the most significant and consistent impact on bacterial 
profiles (Figure 1). Infants receiving probiotics exhibited increased alpha diversity, increased relative abun­
dances of Actinomycetota phylum and Bifidobacterium genus, and decreased relative abundances of Bacillota 
phylum and Escherichia/Shigella genus (q values < 0.25; Supplementary Figure 5). Lactobacillus was present 
in the probiotic formulations used by 96% of probiotic-exposed infants in this study. However, this taxon 
was not detected in the 16S rRNA gene profiles generated using the QIIME2 pipeline. Preliminary analyzes 
using Kraken242 on the same 16S rRNA gene reads identified Lactobacillus at low relative abundance (0.06% 
in azithromycin-treated infants and 0.3% in placebo-treated infants). MaAsLin2 re-analysis using 
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Figure 3. Longitudinal changes in genus-level prevalence in the gut microbiomes of preterm infants treated with azithro­
mycin or placebo. A) Boxplots showing the relative abundance of Bifidobacterium at day 5, day 10, and days 14–21. Boxes are 
colored according to treatment group and show median (centre line) and interquartile ranges (IQR) (box limits); whiskers 
extend ± 1.5∗IQR from box's quartile. Points outside the whiskers represent outliers. Q values (FDR-adjusted p-values) shown 
are from MaAsLin2. B) Heatmaps showing the percentage of patients within each treatment group in which the top 15 genera 
were identified at baseline, day 5, day 10, and days 14–21. Significant differences between groups are from Chi-squared tests 
and are indicated with an asterisk (FDR corrected p values < 0.001).

Table 2. Minimum inhibitory concentration values from E-tests, given as μg/Ml.
Strain Azithromycin Benzylpenicillin Gentamicin

Staphylococcus aureus 2 (QC) 0.75 (QC) 1 (QC)
Escherichia coli 3 (N/A) 0.75 (N/A) 1 (QC)
Bifidobacterium breve (VK68) 0.064 0.38 32
Bifidobacterium breve (AM76) 0.5 0.25 64
Bifidobacterium infantis (VK53) 1.5 X 32
Bifidobacterium infantis (AM7) 0.5 0.25 48
Bifidobacterium bifidum (CS27) 0.25 0.064 96

QC, control strain was within the given EUCAST quality control range; N/A, no available EUCAST quality 
control data for control strain; X, result was not clear.
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Kraken2-derived taxonomic profiles did not reveal any statistically significant associations between probiotic 
use and Lactobacillus relative abundance.

Because exposure to probiotics increased alpha diversity and Bifidobacterium relative abundance—two 
factors negatively impacted by azithromycin treatment—we next sought to investigate the extent to which 
azithromycin treatment effects could be mitigated by probiotic use. Four subgroups were created based on 
treatment status and probiotic exposure: (1) azithromycin-treated infants with probiotic exposure 
(AZM+Pro+), (2) azithromycin-treated infants without probiotic exposure (AZM+Pro), (3) placebo-treated 
infants with probiotic exposure (AZM- Pro+), and (4) placebo-treated infants without probiotic exposure 
(AZM- Pro-). The relative abundance of Bifidobacterium was significantly higher in AZM- Pro+infants 
compared to all other subgroups at all time points (q values < 0.25; Figure 4C and Supplementary Table 5). 
Focusing on the differences between probiotic-exposed infants at the days 14–21 time point, compared to 
AZM+Pro+infants, AZM- Pro+infants showed significantly higher alpha diversity (richness p < 0.01; Shan­
non p < 0.05; Figure 4A and B) and Bifidobacterium relative abundance (q value < 0.001; Figure 4C). This 
indicates that probiotics did not prevent the reduced alpha diversity and failed to counteract the reduction 
in Bifidobacterium caused by azithromycin treatment.

Temporal development of preterm macrolide resistance genes and their relationships with gut taxa

We next employed qPCR to assess the presence of macrolide resistance genes (n = 793 stool samples) (Sup­
plementary Table 1). The prevalence of each ARG was significantly positively associated with increasing DOL 
(p-values < 0.05; Figure 5A). msr(A) was the most prevalent and showed the largest increase in odds per unit 
increase in DOL (30%), while mef(A/E) was the least common with the smallest increase in odds (14%). The 
total number of ARGs detected within a sample also demonstrated a significant positive association with DOL 
(estimate = 0.197, SE = 0.016, z = 12.52, p < 0.001).

The presence of ARGs was weakly linked to specific taxa within the microbiome. Each ARG was significantly 
associated with at least one of the most abundant genera, with the greatest number of significant associations 
detected for erm (F) (Figure 5B). Effect sizes were generally small (ranging from < 0.01 to 0.26) for all asso­
ciations except those involving Enterococcus. Increased relative abundance of Enterococcus was positively 
correlated with both erm (F) and erm (B) (effect sizes 0.33 and 0.30, respectively). Notably, when analyzes 
were conducted within treatment groups, the effect sizes for the associations of Enterococcus with both genes 
remained moderate in the azithromycin group, but were small in the placebo group (p values < 0.05).

Impact of azithromycin treatment and probiotics on preterm macrolide resistance genes

After adjusting for DOL, azithromycin treatment was significantly positively associated with the total number 
of ARGs in comparison to infants given placebo (estimate = 0.364, SE = 0.165, z = 2.21, p = 0.028). By the days 
14–21 time point, azithromycin-treated infants showed a trend towards increased prevalence of all macrolide-
resistance genes, with erm(C) being significantly more prevalent in the azithromycin arm (p = 0.019; 
Figure 5C). The increase in erm (C) in azithromycin-treated infants was also observed after accounting for 
DOL in logistic regression models (estimate = 0.571, SE = 0.22, z = 2.596, p = 0.009).

Because of the impact of probiotic exposure on the microbiome, we next investigated whether probiotic 
exposure was related to the presence of ARGs. After adjusting for DOL, probiotic exposure was positively 
associated with the presence of erm (C), as well as with the total number of ARGs (p values < 0.05; Supple­
mentary Table 6). The increased likelihood of detecting erm (C) and the total number of ARGs in probiotic-
exposed infants remained significant in models even after adjusting for azithromycin treatment (p 
values < 0.01). Thus, we next explored both factors within the subgroups combining treatment status and 
probiotic exposure. There was no significant difference in the median number of ARGs (Kruskal‒Wallis p-
values > 0.05), but the proportion of infants with erm(C) was highest in AZM+Pro+infants compared to all 
other groups at the day 10 time point, and compared to AZM- Pro- infants at days 14–21 (Chi-squared p-
values < 0.05; Figure 5D and E).
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Figure 4. Probiotics did not mitigate the effects of azithromycin treatment on the preterm gut microbiome. Boxplots show 
A) the number of OTUs, B) Shannon diversity, and C,D) the relative abundance of C) Bifidobacterium and D) Enterobacter/
Klebsiella in infants treated with azithromycin (with and without probiotics, AZM+Pro+and AZM+Pro-, respectively) or placebo

(Caption on next page)
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(with and without probiotics, AZM- Pro+and AZM- Pro-, respectively) at given time points. Boxes are colored according to 
treatment/probiotic group and show median (center line) and interquartile ranges (IQR) (box limits); whiskers extend ± 1.5∗IQR 
from box's quartile. Points outside the whiskers represent outliers. In A) and B), following a significant Kruskal‒Wallis test, p-
values shown are based on the Dunn test with Holm‒Bonferroni adjustment for multiple comparisons; * indicates p-
value < 0.05, ** indicates p-value < 0.01, *** indicates p-value < 0.001. Q values (FDR-adjusted p-values) in C) are from 
MaAsLin2, after adjusting for confounders.

Figure 5. Longitudinal development of antibiotic resistance genes (ARGs) and their association with azithromycin and 
probiotic treatments. A) Line plots show the proportion of infants with each antibiotic resistance gene (ARG) present at given 
time points. B) Associations between antibiotic resistance genes and the relative abundance of the top 15 bacterial genera. 
Heatmap shows the strength of association (Wilcoxon effect size) for the presence of each ARG with relative abundances of 
the 15 most abundant classified genera. p-values (FDR-corrected) are based on Wilcoxon rank-sum tests; ** indicates p < 0.01, 
* indicates p < 0.05. C) Proportion of infants in each treatment group in which antibiotic resistance genes were detected at 
given time points. Bar plots are colored according to treatment group (azithromycin or placebo). P values (FDR-corrected) are 
from Chi-squared tests; * indicates p < 0.05. D) Boxplots showing the total number of ARGs in treatment/probiotic subgroups 
(infants treated with azithromycin (with and without probiotics, AZM+Pro+and AZM+Pro-, respectively) or placebo (with and 
without probiotics, AZM- Pro+and AZM- Pro-, respectively)) at given time points, colored according to treatment/probiotic 
subgroup. Boxplots show median (center line) and interquartile ranges (IQR) (box limits); whiskers extend ± 1.5∗IQR from 
box's quartile. Points outside the whiskers represent outliers. E) Barplots showing the proportion (%) of infants in which erm 
(C) was detected, separated by treatment/probiotic subgroup and time point. p values (FDR-corrected) in D) are from Chi-
square tests; * indicates p < 0.05, ** indicates p < 0.01. ARG, antibiotic resistance gene.

Association of preterm gut microbiome with clinical outcome data

Finally, we explored whether gut microbiome alterations mediated prevalent clinical outcomes in the cohort. 
Treatment for nosocomial infection, which typically involves antibiotic administration, was the only outcome 
significantly associated with bacterial alpha diversity after adjusting for co-variates, with treated infants having 
significantly lower Shannon diversity (p = 0.014; Supplementary Figure 6A). Treatment for patent ductus 
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arteriosus (PDA) was associated with reduced relative abundances of Pseudomonadota phylum in infants (q 
value = 0.09; Supplementary Figure 6B). Infants who subsequently died before discharge had higher relative 
abundances of Pseudomonadota and Enterobacter/Klebsiella, and lower relative abundances of Bacillota and 
Staphylococcus in stool samples collected during the study period (q values < 0.25; Supplementary Figure 
6C–F).

Discussion

The current study sought to investigate the impact of an interventional randomized controlled trial of systemic 
azithromycin administration on the gut microbiomes and ARGs of 693 preterm infants from 28 neonatal 
intensive care units (NICUs). Azithromycin treatment led to reductions in alpha diversity and shifts in overall 
microbiota composition, characterized by decreased relative abundances of Bifidobacterium and increased 
abundances of pathobionts like Staphylococcus and Enterobacter/Klebsiella. Reduced bacterial richness 
and/or diversity during infancy have been previously linked to adverse health outcomes, including life-
threatening illnesses such as necrotizing enterocolitis (NEC)43,44 and late-onset sepsis (LOS),45 as well as 
increased risks of later-life type 1 diabetes46 and allergic diseases, including asthma, eczema, allergic rhinitis, 
and food allergies.47-51 Although we did not find any significant associations between alpha diversity and 
selected health outcomes at 36 weeks' postmenstrual age in this study, we cannot exclude the possibility of 
long-term impacts.

Given that azithromycin is a broad-spectrum antibiotic, it was not surprising to observe effects beyond its 
intended activity against pulmonary Ureaplasma. Most notably, the reduction in the relative abundance and 
prevalence of Bifidobacterium in response to azithromycin, which was further corroborated by in vitro 
microbiological sensitivity assays. This is in accordance with previous studies in preterm and full-term infants 
that have also shown reduced abundances of Bifidobacterium following antibiotic exposure,6,12,15,18,52 including 
the use of macrolides.53 Bifidobacterium spp. are considered beneficial to infant health,5 largely responsible 
for the breakdown of human milk oligosaccharides (HMOs)54 and production of short-chain fatty acids.55,56 

Given their important roles in training the immune system and gut barrier function,57,58 depletion of Bifido­
bacterium spp. during infancy may lead to increased risks of NEC and later life inflammatory and metabolic 
diseases.58-60 Similarly, the prevalence of Clostridium sensu stricto, also reported to metabolize HMOs and be 
potentially health-associated,61 increased over time in placebo-treated infants, but not in azithromycin-treated 
infants. While we lack species- and strain-level resolution, we did find differential strain sensitivities in 
vitro, supporting previous studies showing that Bifidobacterium species exhibit varying susceptibilities to 
macrolide treatments,62,63 including azithromycin.64

The azithromycin-induced reduction in commensal Bifidobacterium may have promoted the expansion 
of pathobionts by compromising key defensive mechanisms, including competitive exclusion, production of 
antimicrobial substances like acids and bacteriocins, and immune modulation,65 or via unknown interspecies 
interaction mechanisms.66 This is particularly concerning in vulnerable preterm infants, who are frequently 
colonized by environmental microbes and exposed to opportunistic pathogens in NICUs.67 The Staphylo­
coccus and Enterobacter/Klebsiella genera contain members of the ESKAPE group, a family of pathogens 
frequently implicated in nosocomial infections and known for their multidrug resistance and subsequent 
severe health outcomes.68 Indeed, our analysis identified significant positive associations between the relative 
abundances of both Staphylococcus and Enterobacter/Klebsiella and pre-discharge mortality. Higher Klebsiella 
has also been associated with development of NEC.69

In addition to its impact on the preterm gut microbiome, azithromycin treatment increased the total 
number of macrolide-resistant genes, particularly erm(C). Our findings align with a systematic review report­
ing azithromycin treatment consistently increased macrolide resistance gene abundance in children under 2 
y.16 Our study extends these findings by confirming this effect specifically in preterm infants, a population 
already at heightened risk of antibiotic resistance due to both their immaturity and complex clinical man­
agement necessitating relatively high antibiotic use. erm (C) was not linked to a specific genus, suggesting 
that erm (C) was broadly distributed across multiple genera or partially carried on mobile genetic 
elements.70

The effects of azithromycin were still evident at DOL 14–21, following cessation of the treatment on DOL 
10. As we did not observe recovery of the gut microbiome or ARGs during the study period, the long-term 
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persistence of azithromycin's effects remains uncertain. Previous research suggests that antibiotic exposure 
can lead to persistent alterations lasting for at least several months.8,53,71-73 Given the prolonged azithromycin 
exposure in our study (10 d), the potential for sustained effects may be even greater, as supported by previous 
studies showing prolonged reduced microbial diversity and Bifidobacterium in infants exposed to antibiotics 
for ≥5 d.10,15

Overall patterns were similar to those observed in previous studies of preterm infants, especially that site 
and probiotic use were key factors shaping the gut microbiome.17,18 Notably, site and probiotic variables are 
not independent, since most units who use probiotics offer them to “all” preterm infants, and those who do 
not use generally never use them. There is also a propensity for cross-colonization of probiotics within 
NICUs.74 In accordance with our findings, other studies have shown probiotics administered to preterm 
infants increase the relative abundance of Bifidobacterium spp., including those not contained in the product, 
as well as reduce the abundance of pathobionts.18,75-78 We also confirmed previous findings that probiotics 
do not fully restore the relative abundance of Bifidobacterium or completely reverse microbial alterations 
when administered to infants during or after antibiotic courses,75,76,79,80 likely due to antibiotic-mediated 
disruption of probiotic colonization.

We found probiotics in combination with azithromycin may potentiate the expansion of Enterobacter/
Klebsiella and increase the frequency of erm(C) resistance gene and the total number of macrolide-resistant 
genes, beyond what is observed with azithromycin alone. Although we did not see a direct association between 
Bifidobacterium and erm (C), there is evidence that some probiotic products contain ARGs,81,82though the 
specific presence of erm (C) has not been reported.63 Similar to our study, Yuu et al. 80found that preterm 
infants receiving both antibiotics and probiotics had the highest percentages of ARGs compared to either 
treatment alone.80 This contrasts with several studies reporting reduced abundance and/or diversity of ARGs 
in preterm infants receiving probiotics.77,83-86 These conflicting findings between studies may reflect the lack 
of power in the cohorts when stratifying into groups and highlight the need for further research into these 
interactions, their impact on microbial community dynamics, and their potential role in driving AMR.

To the best of our knowledge, the current study represents the largest multi-site (n = 28 NICUs) study of 
gut microbiome in preterm infants and the most extensive analysis of infants in the first three weeks. Not­
withstanding, there are several limitations. Because this study focused on early time windows, the longer-
term impacts on microbiome development could not be explored. Related, owing to the low microbial biomass 
following birth, despite applying a low rarefaction threshold of 1000 reads, most baseline samples had insuf­
ficient sequencing depth to be included in the analysis. Furthermore, some variables such as feeding infor­
mation, medication, and caffeine were not routinely collected; however, they are expected to be comparable 
across sites (i.e., all units used donor human milk and caffeine use is routine in the UK). Probiotics were 
associated with the gut microbiome, but most probiotic infants (84%) received Labinic, precluding analysis 
stratified by formulation to determine potential strain-specific microbiome effects. Furthermore, the V3–V4 
16S rRNA gene sequencing approach may have limited sensitivity for low-abundance Lactobacillus taxa, 
potentially explaining challenges in identifying these taxa. Relatedly, given the lack of natural Bifidobacterium 
in the sampling period, we are unable to disentangle whether azithromycin directly suppresses this genus or 
interferes with probiotic-driven engraftment. Further, probiotic administration was not randomized, mean­
ing these findings should be regarded as observational. Lastly, for analyzes relating microbiome features to 
clinical outcomes, microbiome measurements were derived from stool samples collected during the first 21 
d of life. Because some clinical outcomes could occur during or after this sampling period, these analyzes 
should be interpreted as exploratory associations and not as evidence of a temporal or causal relationship.

In summary, this study provides valuable insights that could inform future research and guide clinical 
decision-making. Given the detrimental effects of azithromycin on both microbial communities and ARGs, 
our findings suggest that this antibiotic may not be an optimal choice for preterm infants. The results empha­
size the need for caution when using antibiotics in vulnerable populations and prompt further consideration 
of the impact of combining probiotics and antibiotics, as their joint effects on microbial community dynamics 
and ARGs remain unclear. It also emphasize the importance of exploring alternative antimicrobial strategies, 
such as bacteriocins or postbiotics. The site-specific impacts on gut microbiome development further empha­
size the potential challenges in generalizing findings across NICUs. Further research is needed to better 
understand the ecological impacts of microbiome-altering drugs and their long-term consequences in vul­
nerable populations.
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