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Antimicrobials are a key group of therapeutic agents. Given the animal/human population density and high antimicrobial consumption 
rate in Southeast Asia, the region is a focal area for monitoring antimicrobial resistance (AMR). Hypothesizing that the gastrointestinal 
tract of healthy individuals in Vietnam is a major source of AMR genes that may be transferred to pathogens, we performed shotgun 
metagenomic sequencing on fecal samples from 42 healthy Vietnamese people (21 children and 21 adults). We compared their microbiome 
profiles by age group and determined the composition of AMR genes. An analysis of the taxonomic profiles in the gut microbiome showed 
a clear differentiation by age, with young children (age <2 years) exhibiting a unique structure in comparison to adults and older children. 
We identified a total of 132 unique AMR genes, with macrolide, lincosamide, and streptogramin class resistance genes (ermB and lnuC) 
and tetracycline resistance genes being almost ubiquitous across the study population. Notably, samples from younger children were signif-
icantly associated with a greater number of AMR genes than other age groups, including key signature genes associated with AMR patho-
gens (eg, blaCTX-M, mphA). Our data suggest that the gut microbiome of those living in Vietnam, particularly young children, is a substantial 
reservoir of AMR genes, which can be transferred to circulating enteric pathogens. Our data support the generation of longitudinal cohort 
studies of those living in urban and rural areas of developing countries to understand the behavior of these AMR reservoirs and their role 
in generating multidrug-resistant and extensively drug-resistant pathogens.
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Antimicrobial resistance (AMR) is an increasing global health 
crisis, which contributes to morbidity and mortality and places 
additional burden on healthcare systems [1, 2]. The emergence 
and spread of AMR bacteria are associated with sustained 
antimicrobial usage, which occurs in human healthcare and 
various agricultural sectors [3]. Multiple strategies have been 
implemented to improve AMR awareness in order to tackle 
the overuse of antimicrobials [4]. However, the implementa-
tion of strict policies regarding antimicrobial usage in low- and 
middle-income countries (LMICs) remains limited [5].

Vietnam is an LMIC in Southeast Asia with high rates of AMR 
pathogens. Unregulated antimicrobial consumption has a major 
impact on AMR [6], and 81.5% of antimicrobials in Vietnam 
are provided without prescription, an issue arising in both in 

urban and rural areas [7]. Additionally, up to a third of patients 
in Vietnamese hospitals are inappropriately prescribed cephalo-
sporins, penicillin, aminoglycosides, and imidazoles [6]. The use/
overuse of antimicrobials in Vietnam has been suggested to main-
tain the circulation of specific AMR genes in the gut microbiome 
of healthy members of the Vietnamese population [8, 9]. Of par-
ticular concern is the usage of specific classes of broad-spec-
trum antimicrobials such as third-generation cephalosporins, 
fluoroquinolones, and macrolides. Over the past 2 decades 
Vietnam has observed increasing AMR in sentinel gram-neg-
ative bacteria associated with both hospital- and community-
acquired infections [10]. One of the best examples has been 
the sequential emergence of resistance to fluoroquinolones and 
third-generation cephalosporins in Shigella sonnei [11]. This 
trend has been facilitated by self-transmissible plasmids car-
rying genes encoding extended-spectrum β-lactamases (ESBLs), 
which can then acquire additional genes encoding resistance to 
macrolides and aminoglycosides, leading to the emergence of 
extensively drug-resistant (XDR) Shigella sonnei [12].

Our previous work suggested that antimicrobial exposure, 
specifically the fluoroquinolones, may facilitate the transfer 
of AMR plasmids from commensal Enterobacteriaceae to 
infecting Shigella during treatment [12]. Therefore, we sug-
gested that gut microbiota in the Vietnamese population may 
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constitute a vast reservoir of AMR genes, which may be trans-
ferred to infecting pathogens via their associated vehicles and 
compound the mounting AMR crisis. This observation is par-
ticularly worrisome given the potential rollout of mass drug 
administration in LMICs using various antimicrobial classes 
(including ciprofloxacin and azithromycin) that are likely to 
favor the sustainment of multiple AMR genes and organisms 
and cause disruption to the microbiome [13].

Given this potential scenario, the paucity of microbiome and 
AMR gene burden data from LMICs is stark. Such data could 
contribute to publicly available resources for clinical and sci-
entific stakeholders. Similar data can be useful in numerous 
instances, such as microbiome-targeted and microbiome-
derived therapeutics for a range of communicable and 
noncommunicable diseases. To date, there are no studies ex-
ploiting shotgun metagenomics to generate a comprehensive 
understanding of the human gut biodiversity and assess the 
composition of the AMR gene reservoir in healthy Vietnamese 
people. Following our previous work and hypothesizing that the 
gut microbiome is a major reservoir of AMR genes in this loca-
tion, we recruited a cohort of Vietnamese adults and children 
to generate a detailed overview of the gut microbiome and anti-
microbial resistome in these individuals.

MATERIALS AND METHODS

Study Population

Forty-two stool samples were collected from 21 adults and 
21 children in Ho Chi Minh City, Vietnam, at a single time 
point. Eligible participants were healthy adults aged ≥18 years 
working at the Oxford University Clinical Research Unit in 
Ho Chi Minh City (OUCRU), and children aged 9–60 months 
with a legal guardian working at OUCRU. The age range was 
broad given the accessibility to the study population and the 
same age group of other ongoing studies. Nine months was 
selected as we recruited children who had been weaned on 
solid food for at least 3 months. Eligibility was restricted to par-
ticipants without any known parasitic, bacterial, or viral gas-
trointestinal infection (screened by Luminex xTag assay), with 
no record of diarrheal episodes for the last 6 months prior to 
enrollment. Participants could not have taken antimicrobials 
in the 3  months prior to recruitment. Additional exclu-
sion criteria included history of a chronic intestinal disease 
(eg, Crohn disease, ulcerative colitis, celiac disease, irritable 
bowel syndrome, stomach ulcers, and colorectal cancer) and 
chronic autoimmune disease or allergies. Informed con-
sent was obtained from all participants or their legal parent/
guardian. Recruitment was coordinated by a sample manager 
who ensured participant and specimen anonymity to other 
study staff. Ethical approval for this study was obtained from 
the Oxford Tropical Research Ethics Committee (OxTREC, 
ID: 505–17). All recruited children (median age, 23  months 
[interquartile range, 9–37 months]) had been weaned onto a 

solid food diet for at least 3 months prior to recruitment. All 
recruited adults (median age, 35 years) were reported to have 
an omnivorous diet.

Stool DNA Extraction and Sequencing

Stool was collected noninvasively using Protocult Collection 
Device (Ability Building Community, Rochester, Minnesota) 
and frozen at –80°C for up to 14 days. Specimens were homogen-
ized in phosphate-buffered saline at 100 mg/mL and DNA was 
extracted using the FastDNA Spin Kit for Soil (MP Biomedicals, 
Solon, Ohio), in accordance with the manufacturer’s instruc-
tions. DNA samples were sequenced at Wellcome Trust Sanger 
Institute (Cambridge, United Kingdom), generating paired end 
reads of 125 bp per sample. Sequence data are publicly available 
in the European Nucleotide Archive with accession numbers 
ERS1865478–ERS1865519.

Microbiome Diversity

Raw sequence reads were screened for human reads, which were 
then filtered out by using Bowtie2 version 2.2.3 [14]. The re-
maining reads were then classified against the uhgg_kraken2-db 
prokaryotic genome database using Kraken2 version 2.08-beta 
[15, 16]. To estimate abundance, Kraken2 output files were used 
to run Bracken version 2.5 at the species and phylum level [17]. 
After samples were rarefied based on the sample with the lowest 
total reads, biodiversity analysis was carried out at species level 
using R version 4.0.2 with vegan version 2.5–6 package [18]. 
Statistical analysis of α-diversity was carried out using pairwise 
Wilcoxon rank-sum test.

AMR Analysis

AMR genes were detected from raw sequence files using SRST2 
version 2 and the ARGANNOT database [19], before being 
quantified and normalized based on gene length and size using 
reads per kilobase per million mapped reads (RPKM) [20]. For 
comparative analysis, the median and range of the total amount 
of ARGs in each age group were calculated and compared by 
using the Wilcoxon rank-sum test. Comparisons between age 
groups for each individual antimicrobial class were measured 
using a 2-tailed Fisher exact test.

RESULTS

Human Gut Biodiversity

Fecal samples were prospectively collected from 21 healthy 
adult and 21 healthy child (<5 years) donors in Ho Chi Minh 
City, Vietnam. Total DNA was extracted from the fecal sam-
ples and subjected to Illumina sequencing, generating an av-
erage of 12.4 million reads per sample. Due to the known 
changes in microbiome composition that occur in children 
after infancy, participants were separated into 3 age groups for 
analysis: 0–23  months (n = 8), 2–5  years (n = 13), and adults 
(n = 21). The relative abundance of the different phyla be-
tween age groups after filtering is shown in Figure 1. Overall, 
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the relative abundance of Bacteroidetes was greater in the adult 
samples than in the child samples. Additionally, adults and older 
children also had a higher abundance of Firmicutes A; in con-
trast, younger children had a high abundance of Proteobacteria 
and Actinobacteria.

To further investigate differences in the microbial composi-
tion, data were compared at the species level. First, a within-
sample composition (α-diversity, Shannon index) analysis was 
performed to compare the overall number of the different tax-
onomic groups in each sample (richness) and how evenly they 
were distributed within the sample (evenness). A  pairwise 
Wilcoxon rank-sum test revealed a significant difference in 
α-diversity between the 2 pediatric groups (0–23 months and 
2–5  years) (P < .0001) and between those aged 0–23  months 
and adults (P < .0001). Conversely, no significant difference 
was observed between the age group 2–5  years and adults 
(Figure 2A). The existent dissimilarity in α-diversity of the gut 
microbiome of those aged 0–23 months, when compared to the 
α-diversity of the other 2 groups (2–5 years and adults), demon-
strated that the composition and abundance of the taxonomic 
groups in those aged 0–23 months differed between the other 
2 groups.

Further analysis comparing species dissimilarity between 
microbial communities (β-diversity) was conducted using 
the Bray–Curtis index (Figure 2B). While diversity in the gut 
microbiome samples from the age group 0–23  months was 
widely dispersed, the remaining 2 groups were less well dis-
persed and exhibited significant overlap, further suggesting 
little difference in bacterial composition between these 2 

groups. Moreover, the microbial diversity in samples from in-
dividuals in the age group 2–5 years had similarities with both 
the other age groups.

Antimicrobial Resistance Gene Carriage

Raw sequence reads were screened for the presence of genes 
conferring AMR, and the relative abundance for each individual 
AMR gene was calculated by RPKM. A heatmap was used to 
represent the relative abundance of each AMR gene (Figure 3). 
In total, 132 AMR genes were identified within the shotgun 
metagenomic sequencing data. Macrolide, lincosamide, and 
streptogramin (MLS) resistance genes, including ermB and 
lnuC, and the tetracycline resistance genes tet-32, tetM, tetO, 
tetQ, and tetW were identified in >95% of the participant sam-
ples. However, among all detected AMR genes, the β-lactamase 
encoding genes exhibited the greatest diversity; 48 unique 
β-lactamase genes were identified. This translated into all 
participants possessing a minimum of 2 unique β-lactamase 
encoding genes.

From the 132 AMR genes detected, half (66/132) were only 
found in 1 or 2 participants. These included a large proportion 
of the 48  β-lactamase encoding genes; more than half (32/48 
[66.67%]) of these were only present in <5% (2 participants) 
of the study population. For resistance to other antimicrobial 
classes, we found that 42.86% (3/7), 54.54% (12/22), 57.14% 
(4/7), 64.70% (11/17), and 72.22% (x/x) 13/18  of trimethoprim, 
aminoglycoside, chloramphenicol, MLS, and tetracycline resist-
ance genes, respectively, were present in >2 participants. Last, 
fluoroquinolone resistance genes were the only class for which 

Individual gut microbiome composition

0–23 months 2–5 years Adult
1.00

0.75

0.50

0

0.25

Pr
op

or
tio

n 
of

 r
ea

ds

Phylum

Bacteroidota
Euryarchaeota
Actinobacteriota
Fusobacteriota
Cyanobacteria
Verrucomicrobiota
Firmicutes
Synergistota
Desulfobacterota_A
Campylobacterota
Patescibacteria
Spirochaetota
Proteobacteria
Firmicutes_I
Firmicutes_C
Firmicutes_B
Firmicutes_A

Figure 1. Gut microbiome composition in fecal samples from healthy Vietnamese participants. Bar chart by individual outlining the composition of the fecal microbiome by 
proportion of sequencing reads (%) at phylum level by age group: 0–23 months, 2–5 years, and adults. Each phylum has a unique color code (see key).
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all 4 of the detected genes (oqxA, oqxB, qnr-S1, and qnrB4) 
were present in at least 10% of the population. Several highly 
relevant genes associated with XDR organisms were identified 
in healthy individuals; these included blaCTX-M β-lactamases, 
mphA/D azithromycin resistance genes, and the aac gentamicin 
resistance genes. Notably, the blaCTX-M genes were only found in 
children, whereas the azithromycin and gentamicin resistance 
genes were found in both adults and children.

An overall comparison of AMR gene abundance revealed 
that infants belonging to the age group 0–23  months pos-
sessed a greater number of AMR genes compared to the other 
2 age groups. The median number of detected AMR genes 
was 31 (range, 21–41) for the age group 0–23  months and 
25 (range, 16–35) for the age group 2–5  years. Adults pos-
sessed a median of 21 (range, 16–39) AMR genes per partic-
ipant. A  Wilcoxon rank-sum test suggested that the samples 
from the age group 0–23 months possessed significantly more 
AMR genes than the other age groups (P < .05). Investigating 
this trend in more detail, we found that fosfomycin resistance 
genes were only present in children the younger age group. 
Additionally, children in the age group 0–23 months more com-
monly possessed 3 or more fluoroquinolone resistance genes.

DISCUSSION

Collectively, AMR surveillance and microbiome characteriza-
tion are practical approaches for establishing a baseline measure 
of AMR genes circulating within a given population in LMICs, 

which can then be used to inform strategies to reduce AMR [21]. 
We have previously found that gram-negative enteric pathogens 
are common in Vietnam and appear to have sustained access 
to a variable reservoir of AMR genes. Therefore, hypothesizing 
that the gastrointestinal microbiota in the human Vietnamese 
population was likely a major reservoir of AMR genes that can 
be transferred to pathogens, we conducted a pilot study which 
sought to assess the composition of the microbiome and AMR 
gene in Vietnamese participants of different age groups.

We found that there was a significant difference in the com-
position of gut microbiome between those aged 0–23 months 
and the other 2 older age groups. This result corroborates pre-
vious findings that identified a lower microbiome diversity in 
children aged <12  months when compared to older children 
and adults [22, 23]. Additionally, the gut microbiome profile in 
children >2  years was more closely related to the adults than 
children aged <2 years. Previous studies have reported the im-
pact of breastfeeding on the gut microbiome in the first years 
of life and changes that occur after weaning [24]. We suggest 
that the weaning process induces a rapid maturation into a 
comparatively stable and adult-like microbiome. Future inves-
tigations with larger cohorts of children aged <24 months with 
more granular data regarding diet and birth route are required 
to identify microbiome trends associated with delivery and die-
tary changes in LMICs.

We additionally observed that AMR genes were present in every 
sample and that the ermB, which is transposon-associated and 
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confers resistance to macrolides, was identified in the entire study 
population [25]. The high detection of this gene in Vietnam is con-
sistent with previous studies that reported the ermB gene to be the 
most abundant erm gene in China, Denmark, and Spain [26]. The 
presence of tetracycline resistance genes such as tetM, tetO, tetQ, 
and tetW in >95% of the study population may be associated with 
the large amount of tetracyclines used in agriculture [27–30].

We detected the presence of fluoroquinolone resistance genes 
in >10% of the samples; this rate of detection may be associ-
ated with the horizontal transfer of plasmid-mediated quin-
olone resistance genes via co-selection from the use of other 
nonfluoroquinolone antimicrobials [31]. This observation is 
of particular concern as fluoroquinolones are broad-spectrum 
antimicrobials that are widely used for a range of infectious 
diseases [32]. Alternative methods, such as Hi-C technology, 
that can link AMR genes with specific organisms may as-
sist in understanding how these genes spread via co-selection 
[33]. Additionally, cephalosporins are a commonly used anti-
microbial class in Vietnam [6] and we detected blaCMY, blaSHV, 
and blaTEM in the fecal samples. More specifically, we identi-
fied blaCTX-M, a group of ESBL genes that have been commonly 
found in a range of enteric pathogens, including Shigella and 
Salmonella [12, 34], in several samples from young children. The 
diversity of AMR genes identified corroborates with a previous 
study conducted in untreated sewage from countries with dif-
ferent economic backgrounds, which concluded that the global 
distribution of AMR genes is not only dependent on the soci-
oeconomic status of each country, but also that Vietnam is one 
of the countries with the most divergent distribution of AMR 
genes [35]. Indeed, our key observation was that children aged 
<2 years had the greatest amount of AMR genes in comparison 
to others. The reason for this is unknown, but we suggest it is 
because this group is the most likely to receive antimicrobials 
when ill and the most likely to be infected with an enteric path-
ogen [36, 37].

This study had several limitations, including the small 
number of samples and minimal metadata collected. Previous 
studies have revealed the impact that the environment, hygiene 
practices and antimicrobial administration have on the share 
of resistance genes in a population, particularly within children 
[38–40]. Although we did not collect this information in our 
pilot study, future research investigating a larger cohort with 
more comprehensive metadata collection will be needed to un-
derstand the impact of the external pressures such as the lived 
environment and antimicrobial usage on the reservoir of AMR 
genes in the gut.

Our work contributes to the overall understanding of the gut 
microbiome and resistome of adults and children in a Southeast 
Asian LMIC. We observed that while tetracycline and erythro-
mycin resistance genes were found to be highly prevalent across 
all age groups in this population, a significant difference in mi-
crobial diversity and the abundance of AMR genes was noted 

between the age groups. Our data highlight the high abundance 
of AMR genes in the gut microbiome of healthy adults and 
children, which may play a role in driving antibiotic resistance 
in enteric pathogens. We need to better understand the mech-
anisms driving microbial diversity and the selective pressure 
maintaining resident AMR genes in people from LMICs. We 
suggest large longitudinal cohort studies of populations living 
in urban and rural areas of LMICs to understand the behavior 
of these AMR reservoirs and their role in creating multidrug-
resistant and XDR pathogens.
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