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Co-occurrence of antibiotic and metal resistance
genes revealed in complete genome collection

Li-Guan Li1, Yu Xia1 and Tong Zhang
Environmental Biotechnology Laboratory, Department of Civil Engineering, The University of Hong Kong,
Hong Kong

The high frequency of antibiotic resistance is a global public health concern. More seriously,
widespread metal pressure in the environment may facilitate the proliferation of antibiotic resistance
via coselection of antibiotic resistance genes (ARGs) and metal resistance genes (MRGs). Given the
lack of comprehensive understanding of the ARG and MRG coselection, in this study both abundance
relationship and genetic linkage between ARGs and MRGs were rigorously investigated by
performing a genomic analysis of a large complete genome collection. Many more ARGs were
enriched in human-associated bacteria compared with those subjected to less anthropogenic
interference. The signatures of ARG and MRG co-occurrence were much more frequent and the
distance linkages between ARGs and MRGs were much more intimate in human pathogens than
those less human-associated bacteria. Moreover, the co-occurrence structures in the habitat
divisions were significantly different, which could be attributed to their distinct gene transfer
potentials. More exogenous ARGs and MRGs on the genomes of human pathogens indicated the
importance of recent resistance acquisition in resistome development of human commensal flora.
Overall, the study emphasizes the potential risk associated with ARG and MRG coselection of both
environmental and medical relevance.
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Introduction

The prevalence and propagation of antibiotic resis-
tance is a serious global public health concern that
has been even aggravated by the increasing inci-
dence of multidrug resistance in clinical pathogens
(Fischbach and Walsh, 2009; Zowawi et al., 2015;
Pamer, 2016). As reported by the WHO (2014), we
are now at the brink of a postantibiotic era where
antibiotic treatment failures will be common in the
coming decades. Much more seriously, frequent
emergence of antibiotic resistance has substantially
extended beyond medical settings (Forsberg et al.,
2012; Wright, 2010). Despite the tremendous efforts
directed toward restricting antibiotic consumption
worldwide, limited success has been achieved
evidenced by the increasing prevalence of antibiotic
resistance (Andersson and Hughes, 2010). It has been
suggested that the evolution and dissemination of
antibiotic resistance is not governed by antibiotics
alone, but is instead shaped by a complex array
of factors (Andersson and Hughes, 2010). Notably,

because common modes of action are shared by
metal and antibiotic resistance, there is growing
concern that metal stress in the environment may
function as a coselection agent in the selection and
spread of antibiotic resistance genes (ARGs) (Baker-
Austin et al., 2006; Seiler and Berendonk, 2012).
Considering the alarming anthropogenic levels of
metal pollution in the environment (Charlesworth
et al., 2011; Chen et al., 2015), it is of particular
concern that metal contamination can exert a long-
standing and widespread coselection pressure for
antibiotic resistance of both environmental and
clinical importance through genetic couplings
(Baker-Austin et al., 2006), for example, coresistance
(close linkage between two or more different resis-
tance genes), cross-resistance (single genetic element
performing both antibiotic and metal resistance) and
coregulation (shared regulatory system to antibiotic
and metal resistance).

Evidences for coselection of ARGs and MRGs
(metal resistance genes) have been reported in a
variety of environments over the past several
decades. At sites characterized by both high anti-
biotic and metal burden, such as soil and water
impacted by agriculture and aquaculture, coselection
has frequently been observed (Ji et al., 2012; Seiler
and Berendonk, 2012; Zhu et al., 2013). Moreover,
the coselection phenomenon has been exemplified
in the bacterial communities inhabiting the human
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body (Davis et al., 2005; Amsaveni et al., 2015).
Another challenge faced by the public for antibiotic
and metal resistance coselection is the cotransfer of
ARGs and MRGs via MGEs (mobile gene elements),
which has been realized in various habitats, such as
human gut (Broaders et al., 2013; Ma et al., 2016),
animal gut and impacted soil (Johnson et al., 2016;
Losada et al., 2016), sediment (Rosewarne et al.,
2010) and sludge (Gaze et al., 2011). However, to our
knowledge, most studies on the coselection are
primarily anecdotal and descriptive. Given the lack
of systemic knowledge regarding genetic association
between ARGs and MRGs, a comprehensive under-
standing is urgently needed.

The difficulty in rigorously evaluating the inter-
relationships between ARGs and MRGs using com-
prehensive phenotypic and genotypic analysis has
hindered our ability to systematically interrogate the
coselection. Currently, the increasing number of
genomes from a variety of ecosystems have been
obtained by the advent in high-throughput sequen-
cing (Loman and Pallen, 2015), providing research-
ers an opportunity to extensively analyze specific
genetic associations in which close linkage on
genome can confer great advantage in developing
coselection (Summers, 2002). In this study, by
coupling a large complete genome collection with
the powerful bioinformatics analyses, the genetic
relationships between ARGs and MRGs across
genome categories (phylogenies/pathogenicities/
habitats) were investigated from different perspec-
tives, including the abundance profile of broad-
spectrum different ARGs/MRGs types and high-
resolution evaluation of their genetic linkages. In
this way, we aimed to not only further understand
the impact of genetic events in shaping the ARGs and
MRGs pools in distinct genome categories but also
provide robust evidence of co-occurrence between
ARGs and MRGs on specific genomes, particularly
those that are substantially relevant to humans. To
complement the risk scenario assessment, the under-
lying co-occurrence structures among ecologies and
the cotransfer potential of the two gene types across
environments were further analyzed. We believe that
the results will shed light on the complex relation-
ship between metal and antibiotic resistance, thereby
improving our understanding of the hidden health
risk associated with ARG and MRG co-occurrence.

Materials and methods
Complete genome collection
A total of 5436 complete bacterial genomes covering
a large diversity of bacteria (including 39 phyla)
were downloaded from the NCBI genome database
(ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/bacteria)
in August 2016 in GenBank format, and were
analyzed following the pipeline well developed in
the past 2 years in our group. The taxonomic lineages
of the downloaded genomes were retrieved from the

NCBI taxonomy database. The full list of genomes
used in this study is summarized in Supplementary
Table S1. For each genome, the protein coding
sequences and genetic location information were
extracted from the GenBank files using a self-written
Python script (available at https://github.com/
LiguanLi/ARG_MRG_Cooccurrence). The coding
sequences were used in all downstream searches
and analyses of the resistance genes. The habitat
information of the genomes was curated using the
corresponding metadata available in the IMG data-
base (August 2016) by combing the fields of ‘habitat’,
‘ecology’ and ‘isolation’ (Supplementary Table S2).
The potential pathogenicity of each species in the
genome collection was obtained from the published
database covering all recognized species of human
bacterial pathogens (Woolhouse and Gowtage-
Sequeria, 2005).

ARGs, MRGs and MGEs retrieval
The Structured ARG (SARG) database, including 23
types and 1277 subtypes in a hierarchical structure
(type–subtype–reference sequence), was used to
facilitate the detection and quantification of a
broad-spectrum of different ARGs (online platform
can be accessed through http://smile.hku.hk/SARGs)
(Yang et al., 2016). The MRG database ComMet,
including 23 metal types, integrated three sources:
the highly compact database BacMet (Pal et al.,
2014), the copper resistance protein database
(Li et al., 2014) and the arsenic metabolism protein
database (Cai et al., 2013). ARG and MRG retrieval
was achieved by searching against databases. The
coding sequences of all genomes were subject to a
batch BLASTP search against the SARG database
with an e-value cutoff of 1e− 5. Those hits with
⩾90% similarity and ⩾80% alignment length ratio
were annotated as ARGs (Yang et al., 2013).
A sequence was annotated as an MRG if its BLASTP
search against the ComMet met the criteria of e-value
1e− 5, 80% similarity and 90% hit length (Li et al.,
2014). To retrieve DNA segments capable of moving
inter/intragenomes and keeping heritable stability
afterwards (Frost et al., 2005; Stokes and Gillings,
2011), MGEs were identified by string matches to
one of the following keywords (Forsberg et al., 2014)
in the gene description: transposase, transposon,
conjugative, integrase, integron, recombinase, con-
jugal, mobilization, recombination and plasmid.

Enrichment analysis
After filtering the BLASTP results, both the ARG-
and MRG-like sequences were deduplicated and
categorized into antibiotic and metal types, respec-
tively. The enrichment of the resistance genes across
phylogenies, habitats and pathogenicities was tested
by Fisher’s exact test, with the P-value further
adjusted using the Benjamini–Hochberg correction
for multiple comparisons. Significant enrichment
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was defined as a P-value o0.01 and an odds
ratio 41.

Genetic co-occurrence analysis
To highly resolve the co-occurrence of ARGs and
MRGs on circular genomes, two indexes were
introduced, the average minimum distance and
incidence of encountering (see Supplementary
Methods for a detailed demonstration of the calcula-
tion). Briefly, genomes carrying both ARGs and
MRGs were used for the co-occurrence analysis. On
each genome, the average minimum distance
(MetAmin (bp)) was calculated as the sum of distances
of the closest ARG from each MRG divided by the
number of MRGs (Equation (1) in Supplementary
Methods). To obtain the incidence of encountering,
the number of ARGs within the assigned distance
(200 bp–100 Kbp, by 200 bp step) from every MRG in
each genome was counted, and then the raw counts
were averaged within a given genome category using
Equation (2) in Supplementary Methods. In particu-
lar, to further identify which pathogen species
exhibited high ARG and MRG co-occurrence poten-
tial, a rigorous filtration of total ARG and MRG
numbers ⩾ 3 per genome and genome number ⩾3 per
species was performed before the distance analysis.
To evaluate the diversity of ARG and MRG co-
occurrence, the number of unique ARG subtypes
encountered adjacent to MRGs was recorded along
the given distance (200 bp–100 Kbp) in each genome,
which was used to calculate the Shannon index.
Moreover, the nearest ARG types for all MRG types
were summarized. In addition, the ARG and MRG
cotransfer potential on the genome was analyzed by
the average minimum distance from MGEs in pair,
where the respective sum of distances of the closest
ARG and MRG from each MGE was divided by the
number of MGEs. The nearest ARG and MRG from
each MGE were identified as a type pair ARG:MRG
(e.g., tetracycline:As) in the cotransfer preference
analysis.

Cluster analysis of the genomes using the resistance
gene profile
To compare the underlying structures of the ARG
and MRG co-occurrence profile across the different
genome categories, a count matrix of the closest
ARG–MRG pairs in all ARG–MRG types (e.g.,
bacitracin-Cu) was generated for each genome. The
count table was then used to generate the Bray–
Curtis distance matrix, and a principal coordinate
analysis was performed using the R package ‘vegan’.
Significant clustering was determined using analysis
of similarities with a P-valueo0.001. Random Forest
analysis was performed with the R package ‘ran-
domForest’ to determine the ARG–MRG pairs that
were most likely to discriminate genomes between
the different categories. Principal coordinate analy-
sis plots were plotted along with these most

discriminating ARG–MRG pairs as biplots using the
‘ggplot2’ package. The biplot position was calculated
as the weighted average of the coordinate position of
all genomes along the first two principal coordinate
analysis axes, where the weight is abundance of the
ARG–MRG type in all genomes. The R script for this
analysis is available at https://github.com/LiguanLi/
ARG_MRG_Cooccurrence.

Tetranucleotide signature analyses
Genome-wide tetranucleotide frequency (TNF) sig-
natures were calculated for each complete genome
using self-written function in R. By setting sliding
window of 5 Kbp, TNF patterns were calculated
across the full length of the genome. Based on the
TNF matrix composed by the whole genome and all
windows, deviation of TNF in each window from the
global TNF pattern was obtained by calculating the
Pearson's correlation coefficient (r2) between TNF
counts (in term of log(1+counts)) in each window
with that of the whole genome (Daims et al., 2015).
TNF correlation coefficient of Sliding windows
(fragments) containing ARG were summarized based
on the type of ARG they carried.

Results and discussion
Broad-spectrum abundance profile
The genes encoding antibiotic and metal resistance
were identified in a broad spectrum of phylogenies.
Overall, ARGs and MRGs were detected in 48% (2617
genomes in 10 phyla) and 47% (2543 genomes in 15
phyla) of 5436 complete bacterial genomes (Figure 1
and Supplementary Figure S1). Approximately 0.8%
of the genomes under analysis had high abundances
(450 hits per genome) of both ARGs and MRGs, for
example, genomes in genera Escherichia, Klebsiella,
Salmonella and Shigella. Much more striking is
the apparent propagation of resistance genes in
enteric microorganisms, such as Enterobacteriaceae
accounted for 490% of the top 100 genomes that
carried abundant ARGs or MRGs. Another notable
observation is the relatively high correlation (R2⩾0.6)
between the abundances of ARGs and MRGs in
Enterobacteriaceae (Supplementary Figure S2), which
is consistent with the increasingly reported occurrence
of typical ARGs and MRGs in intestinal microbial
communities that have been subject to antibiotic and
metal pressure (Wireman et al., 1997; Davis et al.,
2005; Zhu et al., 2013). Albeit the resistance gene
profile in the large complete genome collection could
provide a comprehensive picture of resistance dis-
semination at the boundary of our current knowledge,
readers should bear in mind the possible biases in the
presented results caused by the uncultivable majority
of environmental microbes that do not have available
genome information and the inevitable uneven dis-
tribution across phylogenies/ecologies in current com-
plete genome collection (Supplementary Figure S3).
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Among the different resistance gene types, an uneven
abundance distribution was revealed (Supplementary
Figure S4). The five most abundant specific ARG types
(excluding multidrug and unclassified ARGs) were beta-
lactam (0.7%), macrolide-lincosamide-streptogramin
(0.5%), bacitracin (0.5%), aminoglycoside (0.4%) and
tetracycline (0.3%). Among the 23 MRG types detected,
Zn, Cu, Ni, Mn and Hg resistance genes accounted for
more than half (60%) of the total MRGs retrieved.
Generally, the resistance genes for commonly consumed
antibiotics and metals are more likely to be present in
high abundance, which also has been demonstrated in
the previous abundance-based surveys (Li et al., 2015;
Pal et al., 2015).

These above lines of evidences indicate that
abundance profiles of certain ARG and MRG types
might correlate with specific microbial communities,
particularly those that are intimately associated with
humans. Owing to substantial periods of evolution
under extensive anthropogenic activities, ‘favorable’
gene dissemination in microorganisms may mark-
edly protect them from detrimental environmental
conditions (Sandegren and Andersson, 2009;
Andersson and Hughes, 2014; Huijbers et al.,
2015). Therefore, the general resistance gene profile
aroused further interest in evaluating the genes that
are enriched in distinct genomes across distinct
phyla (Proteobacteria, Firmicutes, Actinobacteria
and Bacteroidetes), pathogenicities (pathogen and
non-pathogen) and habitats (human, water and soil)
(Supplementary Figure S5). Of the three habitats
under investigation, both resistance gene types more
tended to be enriched in the human and soil habitats.
Across the four major phyla, enrichment was
observed for 18 ARG types. Intriguingly, resistance

genes for the widely consumed beta-lactam and
tetracycline were not enriched in the main phylum
Proteobacteria in this study, implying that the large-
scale and long-term overuse of the antibiotic groups
facilitated the development of resistance genes
across phylogenetic boundaries. Among MRGs, 19
types were all specifically enriched in different
phyla, such as As in Firmicutes and Zn in Proteo-
bacteria. Regarding the pathogenicity status, many
more ARGs were enriched in pathogens compared
with non-pathogens, which corresponded with
the results of a previous HMM (hidden Markov
model)-based ARG analysis (Gibson et al., 2015).
Taken together, these results suggest a high-risk
scenario of widespread antibiotic resistance in
human pathogens.

Co-occurrence between ARGs and MRGs
The above observed ARG and MRG abundance
profiles within the genome collection, plus previous
sporadic studies on coresistance in pathogens
(Gillings et al., 2015; Wales and Davies, 2015; Di
Cesare et al., 2016; Johnson et al., 2016) and the
recently reported abundance correlation in clinically
important genera (e.g., Escherichia, Shigella and
Klebsiella) (Pal et al., 2015) kindled our interest in
thoroughly investigating their possible physical
genetic co-occurrence, particularly in human-
associated bacteria. Therefore, two concepts, the
incidence of encountering ARGs along the distance
from MRGs and their average minimum distance
(MetAmin), were used to further evaluate the possible
risk associated with ARG and MRG coselection by
examining their likeliness of co-occurrence on

Figure 1 Presence and absence of ARGs and MRGs in the complete genome collection. The phylogenic lineages on circular tree for each
strain are as follows: domain, phylum, class, order, family, genus and strain. The strain nodes (gray) are highlighted when they carry
resistance genes. Three main phyla (Proteobacteria, Firmicutes and Actinobacteira) are highlighted, of which the main groups carrying
resistance genes are presented as circles with the ARG and MRG abundance profile (log 2 transformed) of each genome.
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genomes. The ARG and MRG co-occurrence profiles
were compared between pathogen and non-pathogen
genomes (Figures 2a and b). Generally, the signatures
of ARG and MRG co-occurrence were significantly
more frequent in pathogen than non-pathogen
genomes (within distance range of 100 Kbp)
(Figure 2a). As the distance from the MRGs
increased, the incidence of ARGs in the pathogen
genomes was always greater than in the non-
pathogen genomes, indicating that MRGs might have
a close relationship with ARG occurrence in patho-
gens. To further strengthen this argument, a much
closer proximity between the ARGs and MRGs in
pathogens was observed in the MetAmin profile
(Figure 2b). To identify which pathogen species
contributed to the above distance relationship, a
profile of the co-occurrence potential in 16 pathogen
species was obtained (Supplementary Figure S6). All
the 16 species exhibited a higher incidence of
encountering ARGs as the distance from MRGs
increased. The trend was particularly evident
in Enterobacter hormaechei, Klebsiella oxytoca,

Klebsiella pneumoniae, Enterobacter cloacae and
Escherichia coli. Additionally, the MetAmin profile
further supported substantial potential of MRGs
driving ARG occurrence among the 16 pathogen
species, as their average MetAmin value was 103 Kbp,
which was much shorter than those of non-pathogen
genomes (380 Kbp). In addition to the pathogenicity,
the ARG and MRG co-occurrence profiles of bacteria
from different habitats were also examined. In accord
with the evidence that humans were regularly
exposed to antibiotic and metal-based compounds
(Guillemot, 1999; Hambley, 2007; Jernberg et al.,
2010), ARG and MRG co-occurrence was remarkable
in genomes derived from the human habitat, whereas
it was much more moderate in both soil and water
habitats (Figures 2c and d).

ARG diversity in close proximity to MRGs
Thus far, diverse ARGs associated with MRGs have
been discovered, for example, coupling of resistance
genes for methicillin with Zn (Cavaco et al., 2010),

Figure 2 ARG and MRG co-occurrence by pathogenicity (a and b) and habitat (c and d). (a and c) Incidence of encountering ARGs along
the distance from MRGs (*P-valueo0.05 determined by Fisher’s exact test, otherwise no significance); (b and d) MetAmin index (*P-value
o0.01 determined by Student’s t-test, otherwise no significance).
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tetracycline with Cu (Amachawadia et al., 2013) and
multiple antibiotics with Hg (McIntosh et al., 2008;
Skurnik et al., 2010; Rodríguez-Blanco et al., 2012).
However, there are still gaps in our knowledge of the
general diversity pattern on a much broader scale,
which was addressed in this study by determining
the number of unique ARG subtypes detected along
the distance from MRGs in different genome cate-
gories (Figure 3). A remarkable higher ARG diversity
was revealed in genomes from pathogen species and
human habitat, suggesting that MRGs co-occurred
with a broader spectrum of ARGs in human-
associated pathogens. As genes with closely related
functions (e.g., functional interaction to confer
resistance to specific antibiotics and metals) tend to
be organized into clusters, which are maintained as
adjacent genetic elements under strong evolutionary
forces (Overbeek et al., 1999; Fang et al., 2008), the
nearest ARGs for all MRG were summarized by type
(Supplementary Figure S7) to reveal ARG–MRG
pairs that tends to be functionally related. The top
five ARG types (excluding multidrug and unclassi-
fied ARGs) most likely to be related with MRGs are
beta-lactam, kasugamycin, bacitracin, aminoglyco-
side, polymyxin and tetracycline. In particular, the
common MRG types had distinct preference for ARG
types as their closest genetic neighbor (Figure 4).

Specifically, with the exception of multidrug and the
unclassified ARGs, Zn was more likely to co-occur
with beta-lactam, bacitracin and polymyxin, Cu with
beta-lactam, kasugamycin and bacitracin and As
with beta-lactam, bacitracin and fosfomycin.

ARG and MRG co-occurrence structures differ based on
habitats
Although genomes in different ecologies had distinct
ARGs and MRGs co-occurrence profiles, the acquisi-
tion and spread of the coupled resistance genes
could still cross the ecological boundaries at notice-
able rates because of intense gene transfers and
anthropogenic disturbances. Additionally, it has
long been established that the ARGs harbored in
environmental compartments alone could act as a
potential reservoir for transfer to human pathogens
(Martinez, 2008; Forsberg et al., 2012; Perry and
Wright, 2013), which might also be true for the
coupled closest ARG–MRG pairs (the nearest ARG
for each MRG, hereafter referred to as ARG–MRG)
owing to their physical genetic linkages. Therefore,
by examining ARG–MRG coupling profile, we were
prompted to ascertain whether there is a significant
genome grouping pattern by ecologies.

Figure 3 Representations of ARG diversity along the distance from the MRGs by pathogenicity and habitat. (a and c) The number of
unique ARG subtypes along the distance from MRGs. (b and d) Shannon diversity scores of the ARG subtypes along the distance from
the MRGs.
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A significant genome cluster by habitats was observed
(P-value o0.001, ANOISM; Supplementary Figure S8),
suggesting that although interhabitat resistance gene
transfer has frequently been detected (Martinez et al.,
2015), these events have not homogenized the ARG–
MRG coupling pattern among human, soil and water
habitats. Instead, other ecological features among
habitats might have a more substantial effect in shaping
the resistome. For example, bacterial phylogeny has
been evaluated as the primary determinant for the soil
resistome (Forsberg et al., 2014). And, much more
frequent horizontal gene transfer, even among distant
phylogenies, happened within similar environment
than between different ecotypes (Beiko et al., 2005;
Soucy et al., 2015). In contrast, a non-significant
clustering between pathogens and non-pathogens was
observed, suggesting that the dissemination of MRG-
associated ARG was frequent enough to blur the
resistome boundaries between pathogens and non-
pathogens. In accordance with previous conclusion,
under widespread antibiotic pressure, acquiring favor-
able genes, such as ARGs, from those non-pathogenic
bacteria has markedly accelerated adaptation in patho-
gens (Perry and Wright, 2013).

Next, we sought to determine whether there were
core coupling types across genomes. However, there
was no single ARG–MRG pair that was shared among
all the genomes, highlighting the extreme diversity of
ARG–MRG association. There are 14 coupling types
that were shared across 425% genomes, most of
which were couples between multidrug/unclassified
ARGs and the MRG types of Cu, Zn, Ni, Cr and Fe.
The ARG–MRG pairs that were most likely to
discriminate between habitats were determined
using the supervised learning technique—Random
Forest (Knights et al., 2011). The results reveal that
the significant genome cluster in habitats was mainly
driven by the coupling occurrence between ARG

types of bacitracin/multidrug and MRG types of Cu/
Fe/As/Cr/Te/Mn/Sb/Al. Additionally, bacitracin-Cu
and bacitracin-Cr were more frequently detected in
soil and water rather than in the human-associated
habitat.

Transfer potential of ARGs and MRGs
In addition to the co-occurrence of ARGs and MRGs,
another concern for the two types of resistance genes
is their cotransfer via collecting and recombining
multiple extant resistance genes on mobile vehicles,
thereby dramatically increasing their dissemination
across environmental compartments. In fact, ARGs/
MRGs have long been reported to reside on MGEs,
including genes with resistance to almost all anti-
biotic families that are embedded in gene cassettes on
integrons (Gaze et al., 2011; Gillings et al., 2015;
Wales and Davies, 2015; Di Cesare et al., 2016;
Johnson et al., 2016), and multiple resistance genes
for commonly consumed antibiotics and metals that
are located on plasmids (Carattoli, 2009; Zhang et al.,
2011; Popowska and Krawczyk-Balska, 2013; Wales
and Davies, 2015; Johnson et al., 2016). However,
there is a lack of general information regarding the
cotransfer potential of ARGs and MRGs in different
populations, particularly those that are seriously
impacted by human activities. Therefore, the mobility
of both ARGs and MRGs within the genomes of
different habitats and pathogenicities was investi-
gated in this study in terms of the nearest distance
from MGEs (Figure 5a). The distances of both the
nearest ARGs and MRGs from the MGEs were much
closer in bacteria from pathogen species and human
habitat, reflecting the previous reported substantial
capacity to develop resistance genes on MGEs in
human pathogens (Perry and Wright, 2013; Gillings
et al., 2015; Wales and Davies, 2015). Indeed,
equipped on the proper transfer machinery, the

Figure 4 Preference of MRG for the closest ARG across the complete genomes (excluding multidrug and unclassified ARGs): composition
of the nearest ARG from nine common MRG types.
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efficient vehicles in gene shuffling, resistance gene
dissemination can markedly be enhanced, benefiting
the bacterial communities under environmental stress
(Martinez et al., 2015; Soucy et al., 2015). Character-
ized by long exposure to selective pressure from
antimicrobial and non-antimicrobial agents in human
habitat, massive genetic exchanges have conferred
efficient defense system to specific bacterial lineages
(Jernberg et al., 2010; Juhas, 2015). In contrast to
single fixed occurrence, the high cotransfer potential
of both ARGs and MRGs could theoretically provide a

greater ecological fitness, thus allowing the bacteria to
adapt to environmental stress (Summers, 2002).
Recognition of genetically linked transmissible resis-
tance in human pathogens highlights the challenges
of controlling resistome expansion in sites with
human health importance, as antibiotic resistance
can also be enriched through cotransfer with resis-
tance genes for ubiquitous metal pressure.

In further analyses, the cotransfer machineries
of both resistance gene types were investigated
based on their transfer preference by transposons,

Figure 5 ARG and MRG cotransfer potential. (a) Boxplot of the average distance of both the nearest ARG and MRG from each MGE in
each genome across the different categories. (*P-valueo0.01 determined by Student’s t-test, otherwise no significance). (b) Cotransfer
preference of the three MGE types (transposon, integron and plasmid) for the nearest ARG and MRG pair across all complete genomes (top
10 in color).
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integrons and plasmids (Figure 5b). Generally, a
wide spectrum of ARG and MRG pairs might be
cotransferred by any of the mobile machineries
investigated in this study. These pairs include
bacitracin and Cu/Zn/Al/Fe/Cr/As/Hg/Te, aminogly-
coside and Ni/Fe/Zn, tetracycline and Zn/Fe, and
beta-lactam and As/Zn/Hg. Although no obvious
preference for transposons, the normal constituent
of most bacterial genomes (Kleckner, 1981), was
observed, integrons were much more likely to
transfer pairs such as bacitracin and Cu/Zn, whereas
plasmids were preferable to carry bacitracin and Cu/
Zn and beta-lactam and Hg. It is of particular concern
that the ARG and MRG pairs that were once carried
by MGE types with high mobility potential, such as
class 1 integrons or broad-host-range plasmids, can

readily move across species or even phylum bound-
aries (Klumper et al., 2015), thereby increasing the
probability of spreading the resistance gene pairs to
very diverse bacteria.

The above remarkable resistance mobility aroused
our interest in further identifying the exogenous-
originated resistance genes across the genome col-
lection, especially those from human pathogens. As
naturally occurring antibiotic resistance in bacteria
have been evolved and selected under various
offensive environmental conditions before the era
of modern antibiotics, ARGs have been part of well-
inherited genomic information (Allen et al., 2010).
By comparing TNF signature to genome-wide TNF
pattern, it is not surprising to find that 460% of
ARG/MRG-carrying fragments (single ARG or both

Figure 6 TNF correlation between a resistance gene carrying fragment and its global genome sequence in pathogen and non-pathogen
groups. (a and b) TNF correlation profile of fragments with ARGs and (c) TNF correlation profile of fragments with both ARGs and MRGs.

Co-occurrence of antibiotic and metal resistance genes
L-G Li et al

659

The ISME Journal



ARG and MRG could be allocated on the fragment)
were endemic components within the genome
(correlation coefficient ⩾ 0.5). More interestingly,
compared with non-pathogen genomes, human
pathogens contained more ARG/MRG-carrying frag-
ments with divergent TNF signature from genome-
wide TNF pattern (correlation coefficient o0.5)
(Figure 6), suggesting the frequent incidence of
exogenous acquisition of ARG/MRGs in human
pathogens. Further categorization of those ARG-
carrying exogenous fragments in pathogen genomes
showed that they were mainly (65%) composed by
the genes conferring resistance against aminoglyco-
side, beta-lactam, tetracycline and vancomycin.
Unsurprisingly, long history exposure to the anti-
biotics of aminoglycoside, beta-lactam and tetracy-
cline has shaped flexible gene transfer system in
pathogens to tackle with selective pressure imposed
by these common antibiotics (Davies and Davies,
2010). The phenomenon with particular concern is
that the resistance genes for vancomycin, the last
resort medicine to defend against infections caused
by Gram-positive bacteria, was also found to be
exogenous in human pathogen, suggesting a recent
acquisition of these genes likely from environmental
sources. This frequent horizontal gene transfer
incidence among community, together with pre-
viously observed high abundance of ARGs against
vancomycin in human feces samples (Li et al., 2015),
implied rapid adaptation towards newly introduced
antibiotics of human pathogens under current infec-
tious treatment. In addition, majority of these
exogenous ARG-carrying fragments (68%) from
clinically important pathogen species of Escherichia
coli, Shigella flexneri, Acinetobacter baumannii and
Enterococcus faecium, suggesting gene transfer, has
had crucial role in adaptation to antibiotic stress in
these pathogen species (Dijkshoorn et al., 2007;
Stokes and Gillings, 2011; Didelot et al., 2016).
Overall, both genetic linkage and composition-based
analysis revealed surprisingly high extent and
relevance of horizontal gene transfer events to
resistome development in human-associated bac-
teria, especially human pathogens.

In future studies, the resistance phenotypes of
bacteria should be extensively investigated to pro-
vide an actual reference for the coselection potential
in genotype. Moreover, the affiliated genes within
the neighborhood of the co-occurring ARGs and
MRGs should also be taken into account to under-
stand other genetic factors that are responsible for
antibiotic and metal resistance coselection. In addi-
tion to metals, there are increasing evidences of the
ability of other non-antibiotic agents (e.g., detergents
and disinfectants) to select ARGs (Gaze et al., 2011;
Wellington et al., 2013; Forbes et al., 2016; Hartmann
et al., 2016). One example of particular concern is
the promoter role of quaternary ammonium com-
pound (widely used detergent and disinfectant) in
antibiotic resistance coselection through either gene
cluster on integrons (Gaze et al., 2011) or the

overexpression of common efflux pumps (Tezel
and Pavlostathis, 2015). Therefore, identifying all
potential coselection agents and their roles in
antibiotic resistance dissemination in human-
associated environment is necessary, which will
contribute to risk assessment of antibiotic resistance
under current clinical/environmental management.

Conclusions

Overall, by integrating powerful genomic analyses
with a large complete genome collection, the ARG
and MRG co-occurrence was investigated from
multiple aspects. The results provide insight into
the ARG and MRG co-occurrence profile in distinct
genome categories, where the intimate genetic
linkage of the two resistance types and their high
cotransfer potential were observed in genomes from
pathogen species and human habitat. Our results
also revealed the importance of horizontal gene
transfer in shaping resistome of human commensal
flora, especially clinically important pathogens, and
highlighted its profound health impact on modern
antibiotic usage.
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