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ABSTRACT Insertion sequences (ISs) are abundant mobile genetic elements on bac-
terial genomes, responsible for mobilization of many genes, including antibiotic re-
sistance genes (ARGs). As ARGs often occur in similar genetic contexts, understand-
ing which ISs tend to be associated with known ARGs could be a first step toward
discovering novel ARGs through predictive or experimental strategies. This could be
valuable, as early identification of ARGs in pathogens could facilitate surveillance,
confinement actions, molecular diagnostics, and drug development. Here, we pres-
ent a comprehensive analysis of the association of specific ISs with known ARGs. A
large collection of bacterial genomes was used to characterize the immediate con-
text of 2,437 known ARGs and 3,768 ISs. While many ARGs were consistently found
close to specific ISs, the contexts around all ISs were more variable. Nevertheless, a
subset of individual ISs, as well as tentative composite transposons, showed signifi-
cant associations with ARGs. These included, e.g., insertion sequences classified as
IS6, Tn3, IS4, and IST that were not only strongly associated with diverse ARGs but
also highly abundant in pathogens. Therefore, we conclude that the context of this
subset of ISs and tentative composite transposons would be particularly valuable to
discover novel ARGs through modeling or empirical approaches. A set of 1,891 met-
agenomes were analyzed to identify environments where those ISs commonly asso-
ciated with ARGs were particularly abundant. The associations found in metag-
enomes were similar to those found in genomes.

IMPORTANCE The emergence and spread of antibiotic resistance genes (ARGs)
among pathogens threaten the prevention and treatment of bacterial infections as
well as our food production chains. Early knowledge about mobile ARGs that are
present in pathogens or that have the potential to become clinically relevant could
help mitigate potential negative consequences. Recently, exploring integron gene
cassettes was shown to be successful for identifying novel mobilized ARGs, some of
which were already circulating in pathogens. Still, only a subset of ARGs is mobilized
by integrons, and the contexts of other mobile genetic elements associated with
ARGs remain unexplored. This includes insertion sequences (ISs) responsible for the
mobilization of many ARGs. Our analyses identified ISs, species, and environments
where ARG-IS relationships are particularly strong. This could be a first step to guide
the discovery of novel ARGs, while also providing insights into mechanisms involved
in the mobilization and transfer of ARGs.

KEYWORDS antibiotic resistance, bacterial genomes, environment, insertion
sequences, metagenomics, resistome

ntibiotic resistance genes (ARGs) gradually accumulate and spread among human
pathogens, eventually contributing to increased morbidity and mortality and to
social costs (1, 2). While mutations in preexisting genes are a common cause of
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antibiotic resistance, horizontal gene transfers are posing an even greater challenge by
being the main mediators of ARGs among versatile bacterial strains and species (3).

Identifying new ARGs before they become widespread can be valuable for many
reasons; awareness of such ARGs may, for example, provide the means for early
confinement actions in order to reduce further spread. By restricting exposure to
antibiotics in the environments that contain such ARGs, we could reduce the selective
forces that maintain ARGs in bacterial communities and subsequently diminish risks for
their further transfer to human pathogens. Knowledge of their sequences and the
phenotypes that they provide may also facilitate improved molecular diagnostics and
thus treatment of bacterial infections. Finally, an understanding of the wider set of
resistance mechanisms that could threaten the use of novel therapeutic agents could
be considered already during the design phase of new drugs.

New ARGs have been identified both through functional screening of bacterial
communities (functional metagenomics) (4, 5) and through modeling, where structural
similarities to other related ARGs are utilized (6-8). A plausible hypothesis is that novel
ARGs to some extent also share other features with known ARGs, including their
probability to occur in association with certain mobile genetic elements. In line with
this hypothesis, we have employed focused amplicon sequencing techniques to ex-
plore gene cassettes accumulated in class 1 integrons from two polluted river sedi-
ments in India (9). This approach not only led to the discovery of a novel sulfonamide
resistance gene (sul4) but also proved the mobile context of sul4, which is an important
factor for determining the associated risk for spread (10, 11). Applying functional
metagenomics on the same gene-cassette amplicons also led to the identification of a
completely new aminoglycoside resistance gene (gar), which until then had passed
unnoticed in clinical isolates (12).

Associations similar to those found between ARGs and class 1 integrons are also
expected between ARGs and the transposable elements (TEs) that are commonly
responsible for the capture and intracellular mobilization of ARGs and other genes
within and between chromosomes and plasmids (13). The prokaryotic TEs, which
include unit transposons and insertion sequences (ISs), are DNA segments that could
autonomously move and facilitate mobilization of adjacent regions, primarily using a
nonreplicative mechanism (13, 14). Unit transposons involve transposase and accesso-
ry/passenger genes surrounded by target site duplications (TSDs) and inverted repeat
(IR) terminal motifs. In contrast, ISs are comparatively small elements typically com-
prised of only one transposase gene that is surrounded by the terminal motifs. Insertion
sequences could also form composite transposons which involve two flanking ISs,
responsible for insertion and excision of large regions of DNA sequences potentially
carrying arrays of ARGs and other genes.

Insertion sequences are classified primarily based on their catalytic domains. There
are four different catalytic nuclease domains, including DD(E/D), HUH, phosphoserine,
and phosphotyrosine site-specific recombinase, each of which could be found in
transposases, invertases, or resolvases (15). The most common transposases in se-
quenced bacterial genomes contain a DDE domain, characterized by three conserved
carboxylate residues (Asp, Asp, and Glu) in its active site, responsible for coordinating
two metal ions needed for DNA catalysis. ISs with a DDE domain are widely present
across bacteria, with substantial variability in the overall protein sequence (16).

The association between ISs and ARGs was recognized earlier (13, 17). Still, however,
a comprehensive analysis of the association between ARGs and ISs is lacking and it is
currently not fully clear which types of known and novel resistance genes are mediated
by the members of this diverse set of mobile genetic elements. The recent and rapid
accumulation of bacterial genomic and metagenomic data in public repositories has
provided new opportunities for determining such associations.

We hypothesize that knowledge of the genetic contexts around ISs and known
ARGs, revealing the details of their association, will enable a better understanding of
the molecular mechanisms driving mobilization and the emergence of resistance genes
in pathogens (18). In this study, our aim was thus to analyze the context of IS elements
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in publicly available sequenced bacterial genomes in order to characterize their asso-
ciations with ARGs. Among the different families of IS elements, we focused on those
that contain DDE domains as they are the most abundant and well-described insertion
sequences. Moreover, the structure of two ISs surrounding the mobilized DNA segment
(i.e., composite transposons) facilitates certain strategies to discover novel ARGs such as
functional screening of PCR amplicons (9). Thereby, genetic contexts surrounded by
pairs of ISs (providing potential binding sites for primers) were annotated and tentative
composite transposons with variable content were described.

RESULTS AND DISCUSSION

Genetic context around ARGs and ISs. Searching for ARGs listed in the ResFinder
database against sequenced genomes in the NCBI Genome database resulted in
877,819 hits (see Fig. S1 in the supplemental material). The most common were
resistance genes, providing resistance to beta-lactam and aminoglycoside antibiotics,
which also had the highest diversity based on the total number of unique genes
encountered. Searching the NCBI nonredundant protein database for matches against
IS domains resulted in 798,396 hits, which were clustered into 61,941 IS variants (at
least 90% protein amino acid identity [see supplemental file 1 at https://figshare.com/
s/4d894dd96ab015c79639]). Data representing the abundance of unique IS variants
and their frequency on sequenced genomes are presented in Fig. S2.

Analysis of the genetic contexts around the ARGs resulted in a detailed view of the
functions of the neighboring genes (Fig. 1, left panel; for more details, see supplemen-
tal file 2 at https://figshare.com/s/8a712bff64fb93851a14). Permutation tests showed
that the abundance of ARGs around themselves was clearly higher than expected by
chance (P<107"°), demonstrating that ARGs often cluster together on bacterial
genomes. These clusters were not made up of genes that are functionally connected,
such as those encoding chromosomal multicomponent efflux pumps, but consisted of
mobile, acquired ARGs where a single gene is sufficient for providing the resistance
phenotype. An exception was, however, the vancomycin resistance genes, where genes
in an operon are functioning together. As these represented only about 1% of the
identified ARGs, their presence does not affect our conclusion, especially considering
that the P value was <10~ '>. Clustering of genes is a selection process that may
provide efficient coregulation (i.e, a common promoter in integrons or operons),
decreases the likelihood of deleterious mutations, and enhances intra- and intercellular
mobility (19).

Gene functions around the ISs are presented in Fig. 1 (right panel; for more details,
see supplemental file 3 at https://figshare.com/s/dbc1a9063d98d4195cb0). We found
that the ARGs (red bars) were not as abundant around ISs as they were around other
ARGs (Fig. 1, left panel). This is not surprising since ISs may insert themselves in many
different regions of bacterial genomes, which might result in, in addition to mobilizing
ARGs, many other adaptive functionalities, including modulating metabolism and
virulence (17).

The relative frequencies of TEs (ISs and other transposases, indicated in blue shading
in Fig. 1) around ARGs were higher on plasmids and ICEs (i.e., integrative conjugative
elements) than in chromosomes. This is aligned with the role of TEs in capturing and
relocating ARGs within bacterial genomes, including the plasmids and ICEs that act as
important transmission vectors for ARGs (20).

Insertion sequences showed diverse association patterns in bacteria that are abun-
dant in different environments (Fig. 2). In Fig. 2, we have chosen to present bacterial
genera that live under quite different conditions. Members of the genus Microcystis are
often responsible for freshwater blooms and belong to the phylum Cyanobacteria (21).
They thrive mostly in environments that presumably have low antibiotic selection
pressure. As Fig. 2 shows, ISs on sequenced Microcystis genomes have no apparent
associations with acquired ARGs but are surrounded by transposable elements and
probably other genes more critical for the niches they occupy. Members of the genus
Mycobacterium are Gram-positive bacteria, some of which are pathogenic and could
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FIG 1 Relative frequencies of putative functions of the open reading frames (ORFs) within 10 ORF distance (see Materials and Methods and Fig. 7)
from ARGs (left panel) and IS variants (right panel), in chromosomes and in plasmids and ICE sets, which are grouped by classes of antibiotics and
IS domains, respectively. Increasing the ORF distance will inflate the “other” category, probably reflecting an increase in genes not functionally
associated with the transposon. We selected an ORF distance of 10, which is roughly where we observed that the inflation of the “other” categories
began more clearly.

cause tuberculosis in humans and cattle. Some mycobacteria are hence more likely to
be exposed to antibiotics than Microcystis, but they are known to be less dependent on
acquired ARGs due to a variety of intrinsic and mutation-based resistance determinants
(22). Indeed, we found that ISs in mycobacteria had a much lower level of association
with acquired ARGs, but the ISs were mostly surrounded by virulence factors, trans-
posable elements, and genes with other functions. In contrast, members of the genus
Klebsiella have stronger associations of ISs with ARGs. This genus includes important
nosocomial pathogens that regularly face strong antibiotic selective pressure and that
engage frequently in horizontal gene transfer (23). It is likely that persistent exposure
to antibiotics has apparently selected for ARGs and/or enhanced association of ISs with
ARGs on their genomes.

Association of ISs with ARGs. Next, we assessed the pairwise association between
ISs and ARGs (see Materials and Methods and supplemental file 4 at https://figshare
.com/s/d963080d06e9c5c8a573). All associations were analyzed using a permutation
test to differentiate between the statistically significant associations and those that
could be explained purely based on chance. The significant associations (P < 0.001) of
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FIG 2 The relative frequencies of putative functions of the ORFs around IS domains in three groups of bacteria are presented.
The antibiotic selection pressure in the environment that the bacteria inhabit and the extent of horizontal gene transfer that
they engage in appear to be linked to the association of IS variants with ARGs and virulence factors. Only chromosomal ORFs
within 10 ORF distance away from each IS were considered in the analyses. As a comparison, the average relative frequencies
of the contents within 10 ORF distance of 10,000 randomly selected genes on the chromosomes of the included genomes are
presented for each group.

ISs and ARGs are presented in Fig. 3 (for more details, see supplemental file 5 at
https://figshare.com/s/cdcdf8533ba1864a34d6).

Insertion sequences with many significant associations with ARGs are represented in
the upper right section of Fig. 3. These include members of the 1S6/26 domain (IS15DIV,
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FIG 3 Distribution of ISs that are significantly associated with different types of ARGs within 10 ORF distance (see
Materials and Methods). Different colors show various IS domains, and the size of the circles represents the

presence of their associations with ARGs in different bacterial genera.
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IS715DI, IS15DII, and 1S6700), the Tn3 domain (Tn2, TnAs3, and TnAsT), the IST domain
(ISTR and I1S7X2), and the 1S4/5 domains (IS903B and ISEcp1), which are all well known
for mobilizing ARGs in different bacterial species (13). Their high abundance and strong
associations with ARGs could be a result of their initial presence in pathogens and/or
in environments that harbor both gene types. It is also plausible that ISs that had
mobilized ARGs in the past are still maintained and continue to accumulate ARGs under
conditions of antibiotic selection pressure. This would result in coselection for IS-
bearing bacteria, thereby providing opportunities for them to form associations with
yet other ARGs. Nevertheless, other factors, such as a higher tendency for self-
replication or a lower cost of transposition for the host, could help specific ISs to
outcompete others and enhance associations with ARGs.

The lower left corner of Fig. 3 shows less-abundant ISs, where 1SSag12, 1SAs6, and
ISCARN93 are examples. These ISs have fewer significant associations with ARGs,
probably due to their low abundance in the genomic database, which could result in
lower statistical power in permutation tests. The possibility cannot be excluded that
there might be bacteria where such ISs are significantly associated with more ARGs, but
if so, those genomes remain to be sequenced. Interestingly, there were also more-
abundant ISs that showed few significant associations with ARGs, suggesting that they
may have other primary roles or taxonomic preferences. This includes some members
of the 1S256 family that are known to modulate virulence in Gram-positive bacteria (24),
members of the ISL3 family (e.g., ISPst2) known to modulate metabolic activities, and
1S987 (isoform 1S6110). The latter is exclusive to the Mycobacterium tuberculosis complex
and has even been used as a strain-specific marker for typing in epidemiological studies
of tuberculosis (25). Transposition of 1S987 is controlled by the host due to its possible
deleterious effect (26). With very slow transposition events, it has a limited chance to
be associated with various ARGs.

The ISs with the most significant associations displayed a similar level of diversity in
terms of the antibiotic classes to which the associated ARGs provide resistance
(Fig. S3a). This suggests that there is no or limited differential preference between ISs
and antibiotic classes. This was as expected, in contrast to ISs with few associations,
which showed a much larger range of variability of associated ARGs (Fig. S3b). While the
associations with integrons and conjugative plasmids seem to be different for these
two groups, their associations with other ISs are almost the same (see supplemental file
4 at https://figshare.com/s/d963080d06e9c5c8a573). Insertion sequences such as
IS15DII, 1S1326, and TnAs3 have integrons in more than 70% of their genetic contexts
(i.e., within a 10 ORF distance) and they are among the most abundant ISs on plasmids.
In contrast, ISs with few significant associations with ARGs, such as ISEcp38, I1SSau4, and
ISSag10, showed very weak associations with integrons and plasmids. We cannot,
however, rule out the possibility that the members of the latter group might have
associations with integrons and plasmids in bacterial genomes that have yet to be
sequenced. Integrons offer rapid bacterial adaptation in response to antibiotic stress by
capturing and expressing ARGs in the form of gene cassettes. By accessing versatile
resistance gene cassettes, ISs involved in the mobilization of integrons would thus have
a higher chance of being coselected and maintained on bacterial genomes under
selection pressure from antibiotics.

Identifying tentative composite transposons. We used the Jaccard index to
assess the variability of tentative composite transposons, where a low value indicates
a higher level of variability of genetic contents between pairs of ISs (see supplemental
file 6 at https://figshare.com/s/b5154ea3633ccfa9265d). For instance, tentative com-
posite transposons of 1S66 (ISEc49-1S682) had a high average Jaccard index (>0.95),
showing that their genetic content is relatively static. In contrast, the tentative com-
posite transposons of 1526 (IST5DIV-IS15DIV) had a low average Jaccard index (<0.1),
showing a high level of variability with few shared genes.

The variability of all the ORFs in relation to the variability of the identified ARGs
within tentative composite transposons was therefore analyzed (Fig. 4). Tentative
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FIG 4 The variability of all ORFs versus all ARGs within tentative composite transposons. The colors represent different IS

domains, and the sizes of the markers are scaled to reflect the ARG richness within tentative composite transposons.

composite transposons with higher ARG richness (bigger marker size) had, in general,
lower Jaccard indices. This shows that the dynamic transposition of ISs is connected to
high ARG richness such that different instances of the tentative composite transposons
should mobilize different genes, including ARGs, in order to be possibly coselected and
maintained with ARGs in the genomes of various bacterial hosts. This is further
illustrated in Fig. S4, where ISs with higher variability of ARGs are shown to be generally
more abundant. There were, however, some tentative composite transposons belong-
ing to the Tn3 family (e.g., 1IS3000-Tn2, Tn3-Tn2) that, despite their low variability (i.e.,
high Jaccard index), had relatively high ARG richness. Since some of the members of the
Tn3 family are unit transposons (13), they could mobilize genetic materials and enhance
their associations with ARGs without being dependent on another IS. Transposition of
the second IS within the unit transposons might have been happened once and have
been maintained since then. Thus, despite the high level of ARG richness between the
two ISs, the variability of the surrounded context is low. The variability seen between
two unit transposons (e.g., Tn3-Tn2), or between those ISs that move via rolling-circle
transpositions (e.g., ISEcp1), in close proximity to each other might not be as mean-
ingful as that associated with a pair of ISs that form a composite transposon. However,
the Jaccard index could rather represent the variable genetic context captured by each
of the transposases in these groups alone. Nevertheless, analyses of variability within
composite transposons along with other pieces of information about ISs could help
identify dynamic ISs with strong associations with ARGs.

Insertion sequences in metagenomes. Next, we investigated the abundance of ISs
and ARGs in a large collection of metagenomes representing human and animal
microbiomes as well as the external environment (Fig. 5a and b) (see supplemental file
7 at https://figshare.com/s/3f0395f4c8ba0f55d91e and supplemental file 8 at https://
figshare.com/s/07f36661d118d4ef3404). The IS richness data, calculated from the
unique number of identified IS names, are presented in Fig. 5c. The metagenomes from
external environments (e.g., wastewater/sludge and marine) had the highest IS richness
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FIG 5 Insertion sequences and ARGs in metagenomic data sets. (a) Relative abundances of ARGs categorized by ARG families. (b) Relative abundances of 1S
names categorized by IS domains. (c) Number of different ISs (IS richness) found in each environment grouped by IS domains. (d) Bray-Curtis measurement
matrix of environments. The data show similarities between different environments over the presence/absence data of ISs. The main diagonal shows the

within-environment similarities.

while the human-related metagenomes (e.g., oral, airway, and vaginal) had the lowest,
probably in part reflecting the level of taxonomic diversity (27). All IS domains were
present in all environments, but wastewater/sludge contained the largest collection of
different ISs in each domain. Insertion sequences belonging to 1S4/5 and 1S3 domains
were dominant in most of the environments in terms of abundance (Fig. 5b) and
richness (Fig. 5¢). However, some of the IS domains with lower IS richness (e.g., 1S256,
IS6/26, and Tn3) were found to have considerably increased relative abundances in
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certain environments (Fig. 5b). This highlights their possible associations with specific
bacteria common in these environments or a selection under the given environmental
conditions. For instance, members of 1S6/26 domain, including IS257R1,1S257R2, 1S431R,
and 1S437mec, were among the most abundant ISs in the skin metagenomes. From the
analysis of the bacterial genomes, we also found that these ISs were common in
Staphylococcus aureus, which is a commensal that is highly abundant in the human
microbiome, especially on the skin. A similar pattern could be found in the vaginal
metagenomes, where high abundances of ISs within the 15256 (i.e., 1IS1207 and ISLdI2)
and 1S30 (i.e, ISLdI3) domains were observed. These ISs are often encountered in
Lactobacillus, which is common in the vaginal microflora. Moreover, association of Tn3
(e.g., Tn5393, TnAs3, TnAs2, and TnAsT) and 1S6/26 (e.g., IS15DIV and 1S6100) with ARGs
(see supplemental file 5 at https://figshare.com/s/cdcdf8533ba1864a34d6) might ex-
plain their increased abundance in industrially polluted environments. From the
genomic analyses, we found that these ISs have strong associations with ARGs and,
possibly through these associations, the genetic contexts containing both ISs and ARGs
were selected by the high levels of antibiotics found in those environments (28).
Moreover, the distributions of ISs were compared between environments (Fig. 5d; see
also Materials and Methods). This analysis showed that some environments were rather
similar to each other in terms of IS composition. For instance, the human gut- and
animal-associated metagenomes were highly similar, especially those associated with
the oral and gut microbiomes. Moreover, wastewater/sludge metagenomes were found
to share ISs with most of the other environments to a large degree, possibly because
it is the most diverse environment studied (with respect to ISs).

To further investigate the variability between individual metagenomic data sets, we
performed a multidimensional scaling (MDS) analysis based on the IS abundance
(Fig. S5). This showed that most of the human- and animal-associated metagenomes
(e.g., oral, animal-associated, and gut metagenomes) were separated from external
environments (e.g., marine, soil, and river) whereas wastewater/sludge metagenomes
are mostly found between them. Furthermore, the animal and human gut metag-
enomes showed a lower level of within-environment variability than the metagenomes
from external environments, such as the marine, soil, and sediment metagenomes,
which were more diverse. This is also aligned with the values shown on the main
diagonal of Fig. 5d, in which it is demonstrated that environments with higher
within-environment similarities also have higher cohesion, as shown in Fig. S5. It could
very well be that human/animal gut and wastewater/sludge environments are less
variable and thus that the composition of ISs are more similar across those metag-
enomes, whereas external environments contain many more and variable niches, and
thereby taxonomic diversity, which in turn influences the composition of ISs.

Associations of ISs with ARGs in metagenomes reflect those found in genomes.
Most of the ISs with significant associations with ARGs correlated better with their
respective ARGs than with other ARGs across different metagenomes (Fig. 6a). The
Wilcoxon test showed that the average correlations of ISs with these two groups of
ARGs were significantly different (P <107'°). This demonstrates that the specific
associations observed in the bacterial genome data are also present in bacterial
communities.

Insertion sequences with a wide range of correlational spectra are abundant in
different environments (Fig. 6b). In presumably somewhat less human-impacted envi-
ronments such as marine environments and soil, ISs with weaker correlations with ARGs
are abundant, whereas those with stronger correlations are found mostly in
human-, animal-, and wastewater-impacted environments. Genomic analyses could
provide taxonomical clues on distribution of ISs in different environments. For
instance, strong associations of ISAtsp1 (average correlation, 0.03) with Cyanobac-
teria phylum, 1S437mec/R (average correlation, >0.07) with Staphylococcus genus, and
IS26, including IS75DIV and IS15DII (average correlation, >0.2), with several enteric
bacteria were found to be aligned with increased abundances of ISs in marine, skin, and
wastewater-impacted metagenomes, respectively.
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FIG 6 Tracing the associations of ISs with ARGs, identified from analyzing bacterial genome data, in
metagenomes. (a) A scatterplot showing the difference between average correlations of the relative
abundances of ISs with two groups of ARGs across different metagenomes, i.e., those ARGs significantly
associated with ISs from the genome data and those less extensively associated with ISs (see Materials
and Methods). A Wilcoxon test confirms a highly significant difference between them (absence of a
difference is indicated by a horizontal dashed red line). (b) (Top panel) Average Spearman correlation of
ISs with all the ARGs. The sizes of the markers are scaled according to the ARG richness from genome
data. (Bottom panel) Stack bar chart showing the distribution of ISs across different environments. The
average of relative abundances of ISs across metagenomes in each environment was used.

There are ISs with a high average correlation with ARGs in metagenome data, even
though no significant associations have been found in the genome data. Metagenomic
data sets represent complex microbial communities, allowing ISs that are located on
the same bacterial genomes or in the concomitant hosts to follow the same pattern. For
instance, ISEc23 (average correlation, 0.22) has been found to be abundant in genera
Escherichia, Salmonella, and Klebsiella (more than 95% of 2,502 occurrences in genome
data). These bacterial genera also contain ARGs on their genomes, but probably not in
the regions surrounding ISEc23. Moreover, ISLpl1 (average correlation, 0.22) is abundant
in Lactobacillus plantarum (85% of 1,845 occurrences), which is a probiotic bacterium
found in food and human gastrointestinal tract (29). A metagenomic data set from gut-
or wastewater-impacted environments probably contains both ISLp/7 and ARG-
associated ISs, causing increased correlation. Nevertheless, we must also consider that
metagenomic samples might contain novel associations of ISs with ARGs, or even
different bacterial hosts containing new associations that have not been identified
through the whole-genome sequencing approach.

ISs with increased potential to harbor novel ARGs. Considering the genomic and
metagenomic analyses of ISs, we would prioritize exploring the content around the
groups of ISs listed in Table 1. ARGs are more often associated with TEs (see Fig. 1, left
panel) than with, for instance, class 1 integrons, as most ARGs are not present as gene
cassettes. Exploring the content around specific ISs could hence be critical for identi-
fying many as-yet-unrecognized ARGs. The first group contains ISs with both strong
associations with ARGs and variable genetic contexts. They are all abundant in patho-
gens that thrive in human/animal-associated and wastewater-impacted environments.

We should also consider the emergence of novel ARGs through other ISs that might
be less extensively associated with known ARGs. Table 1 lists some ISs that constitute
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TABLE 1 ISs associated with a high diversity of ARGs (group 1) or with a generally variable context (group 2)

Abundance ARG
IS (on Jaccard richness
Group Family name genomes) index? value Selected host(s) (genus) Environment(s)®
1 1S6 IS15DIV 26,941 0.086 113 Salmonella, Klebsiella, Escherichia; Pseudomonas, Acinetobacter, Enterobacter W, G, A
1S6700 2,323 0.297 43 Salmonella, Klebsiella, Escherichia; Pseudomonas, Acinetobacter, Enterobacter W, |, R
1S431 9,286 0214 17 Staphylococcus, Enterococcus, Streptococcus S, A
IS1216E 7,930 0.030 20 Enterococcus; Staphylococcus; Streptococcus W, A, O
Tn3 Tn5393 7,214 0.26 31 Salmonella, Escherichia, Klebsiella, Pseudomonas, Enterobacter, Sphingobium O, |, W
TnAs1 20,532 0.176 54 Salmonella, Escherichia, Klebsiella, Pseudomonas, Shigella, Enterobacter W, A, G
Tn2 15,492 0.165 64 Salmonella, Klebsiella, Escherichia, Shigella, Enterobacter O, A W
IS71380 ISEcp1 14,872 0.185 44 Enterococcus; Escherichia; Salmonella; Enterobacter; Klebsiella; Citrobacter W, Se, A
IS5 1S903B 15,540 0.052 44 Escherichia; Salmonella; Enterobacter; Klebsiella; Citrobacter W, G, So
1S5D 8,502 0.08 39 Klebsiella, Escherichia, Enterobacter, Salmonella, Citrobacter W, G, A
1S256 15406 3,006 0.263 24 Escherichia; Salmonella; Polaromonas W, Se, A
IS1542 223 0.067 13 Enterococcus; Bacillus; Lactobacillus; Jeotgalibaca; Aerococcus; Listeria W, A O
1S256 4,146 0.098 15 Staphylococcus, Enterococcus, Clostridioides, Streptococcus o, W
1S21 IS1326 8,627 0.26 27 Salmonella, Escherichia, Klebsiella, Pseudomonas, Enterobacter W, R, Se
I1S30  ISApl1T 950 0.269 8 Escherichia, Lactobacillus, Mannheimia, Salmonella, Histophilus 0,GA
2 1S256 I1SXax1 1,474 0.084 0 Xanthomonas, Methylomonas, Legionella, Rickettsia, Desulfuromonas W, R, Se
IS5 1S71021 536 0.087 O Ralstonia, Variovorax, Halomonas, Burkholderia A, W, Se
IS3 ISPsa2 831 0078 0 Piscirickettsia M
1S982 1S195 693 0.060 O Prevotella, Bacteroides, Flavobacterium 0,GA

aFor unit transposases such as members of Tn3 families, averages over all the identified composite transposons with at least one Tn3 transposase were used.
bM, marine; W, wastewater/sludge; G, gut; So, soil; S, skin; A, animal associated; R, river; O, oral; Se, sediment; V, vaginal; P, industrially polluted.

parts of highly variable tentative composite transposons, which thereby have the
potential to also carry novel resistance determinants. For instance, 1SXax1 and 1571021
are mostly abundant in the genera Xanthomonas and Ralstonia, respectively. We have
not found any association of ISXax1 and 1S7027 with the known ARGs, but exposure to
antibiotics could create selection pressure that could prompt such ISs to mobilize
known and novel ARGs. Similarly, ISpsa2 in fish pathogens or IS795 in members of oral,
vaginal, and gut microbiota could impose such risks as well.

With a well-designed strategy, the contexts of ISs already associated with a high
diversity of known ARGs may be explored further to find novel putative ARGs. Knowl-
edge of such associations can be used to guide the analysis of whole-genome sequenc-
ing data to find ORFs around ISs of interests with regard to candidate genes that could
confer resistance to antibiotics. Moreover, targeted amplicon sequencing may be
employed to extract genetic context within composite transposons of interest from
complex bacterial communities. In such a culture-independent approach, the recovered
genetic material could be amplified by specific primers that could target pairs of ISs,
which could then be sequenced, preferably with long-sequencing technologies (e.g.,
SMRT or Nanopore), to explore the captured ORFs. Functional metagenomic techniques
used on amplified composite transposons may also be applied to increase the chances
of finding completely novel classes of ARGs. Moreover, there is a possibility of using
inverse PCR to explore contexts around certain ISs.

Conclusions. We have described the associations between known ARGs and ISs
containing common DDE domains among bacteria. ISs with strong associations with
ARGs were identified, and tentative composite transposons with the potential of
mobilizing novel putative ARGs into human pathogens were suggested. With a well-
designed strategy, the contexts of these ISs along with the contexts around ARGs may
be explored further to find novel putative ARGs. This could involve functional or
sequence-based screening of ORFs around specific genes, and particularly around
those located within certain composite transposons. This report also provides a general
framework to explore other mobile genetic elements such as ISCR and unit transposons
as well as unknown insertion sequences to facilitate discovery of mobile novel ARGs.

MATERIALS AND METHODS

Exploring genetic contexts around ARGs. ARGs from the ResFinder database (downloaded 15 April
2018) (30) were used as it contains only mobile genes. Genes were first translated using Prodigal (v2.6.3)
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FIG 7 Conceptual example of how ORFs located downstream and upstream of three core genes (each
an IS or ARG) were numbered. Note that for each occurrence of an ARG or IS, a new region with
surrounding ORFs was analyzed.

(31) and used to identify ARGs in the NCBI Genome database, which is the repository of bacterial
sequenced genomes (downloaded 15 August 2019; contains 333,456 genomes). The genomes were
annotated as follows. Prodigal (v2.6.3) was used to detect open reading frames (ORFs); Diamond
(v0.9.24.125) (32) was used to search for matches (i.e., with 90% identity and 50% coverage to balance
false positives and false negatives for different groups of genes, especially ARGs [33]) against the NCBI
nonredundant protein database (downloaded 18 July 2019) and ResFinder, Bacmet (confirmed resistance
genes v2.0) (34), and VFDB (downloaded 6 February 2018) were used to specifically annotate ARGs, metal
and biocide resistance genes, and virulence factors, respectively. By the use of Mummer3 (35), plasmids
from the NCBI database (downloaded 13 July 2018) and ICEs from the ICEberg (v2.0) database (36) were
detected in the sequenced genomes.

Exploring genetic contexts around ISs. The list of IS families containing DDE domains was
identified from the literature (16) and by using hidden Markov model (HMM) protein models from the
PFAM, COG, and Conserved Domain databases (see Table S1 in the supplemental material). For detecting
members of 1S630, we used their specific DNA binding domains in the PFAM database (37). Moreover, we
included all the transposases from the Tn3 family in our analyses, even though some of its members
function as unit transposons. The models were searched against the NCBI nonredundant protein
database using Hmmer3.0 software (38). Proteins belonging to the bacteria with an E value of less than
105 were clustered by CD-HIT using a 90% identity threshold (39). To find the IS names and families, the
unique ORFs containing DDE domains were searched against the ISFinder database (40) using the online
BLAST tool available at https:/isfinder.biotoul.fr/blast.php (last accessed September 2019) with 50%
identity and 50% coverage and also the NCBI nonredundant protein database using Diamond with 90%
identity and 50% coverage. The genomes containing matching ORFs were analyzed with the pipeline
described above. Throughout the text, we use the following insertion sequence nomenclature. The
identified nonredundant ORFs in the sequenced genomes are called “IS variants.” They have been
grouped by the “IS names” that were retrieved from the ISfinder database. The IS names are, in turn,
structured into IS families according to the ISfinder database. Finally, we use the term “IS domain” to
denote IS families that share the same DDE domains as defined by the HMM protein models. We refer
to IS names as ISs for simplicity, except in cases in which we explicitly mention the variant, family, or
domain to refer to individual ORFs, the assigned family, or the set of ISs with the same DDE domains,
respectively.

ORF distance metric and relative frequencies. Genes around identified ARGs and IS variants were
enumerated to determine an estimated distance to neighboring ORFs. We assigned a value of zero to the
identified ARG or IS variants and numbered the ORFs in upstream and downstream locations based on
their position (Fig. 7). For a given distance, the relative frequencies of gene functions around each ARG
or IS variant were calculated by dividing the number of occurrences by the total number of matches of
the ARG or IS variants among the analyzed genomes.

Tentative composite transposons. Insertion sequences from the same IS domain with an ORF-
distance of less than 30 were considered tentative composite transposons. Acknowledging the difficulty
of accurately identifying functional composite transposons, we hypothesized that it is more likely that IS
pairs with the same protein domain could detect the necessary motifs required for transposition and thus
function as composite transposons. Moreover, the lengths of operational composite transposons can
differ between IS families and might span more than 30 ORFs. However, the longer the distance used to
define tentative composite transposons, the larger the probability of encountering IS copies that were
not functionally interacting with each other. With this approach, we could evaluate tentative composite
transposons in the sequenced genome data, their various genetic contexts, associations with ARGs, and
occurrences in human pathogens.

The ORFs within all the instances of identified, tentative composite transposons were clustered with
90% similarity threshold using CD-HIT. The similarity of the gene contents between two tentative
composite transposons was calculated using the pairwise Jaccard index. The Jaccard index of two
instances of a composite transposon is defined as the ratio of the number of common genes to the total
number of unique genes surrounded by ISs. The mean overall pairwise Jaccard indices were then
reported as variability metrics for each composite transposase. Moreover, specific Jaccard indices for
ARGs, ISs, and virulence factors were calculated by considering only ORFs from these groups.

Statistical analyses. To measure the statistical significance of the associations of ISs and ARGs,
permutation tests were employed as follows. All ORFs within the respective genomes (e.g., those
containing both ISs and ARGs) were randomly permutated, and for each permutation, the association of
interest was calculated. This was repeated 10,000 times, resulting in an empirical null distribution. A
normal distribution was fitted to the distribution (using the SciPy package [41]), and the significance, in
the form of a one-sided P value, was reported, after calculating the probability for a more extreme
observation.
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Metagenomic analyses. In total, 1,891 metagenomic data sets produced by a similar platform, i.e.,
lllumina sequencing, were selected for the analyses of unique (90% identity threshold) IS variants
(Table S2). We selected metagenomes from various environments representing different geographical
and environmental conditions from the MGnify (42) and MG-RAST (43) databases. The metagenomes
were assigned to groups based on their source as follows. Human microbiomes were divided into gut,
vaginal, skin, oral, and airway groups. Animal-associated metagenomes were mostly comprised of animal
feces collected from pigs and poultry. External environments were divided into soil, river (water samples
from rivers, lakes, and groundwater), marine (water samples from marine environments), wastewater/
sludge (samples from different parts of the wastewater cycle, including influents, effluents, active sludge,
etc.), and sediment (freshwater and marine sediments) environments. Sediment samples collected in
areas strongly impacted by discharges from antibiotic manufacturing were classified as a separate group,
referred to as “industrially polluted” (44).

Diamond was used to map the reads to IS variants using an identity threshold of 95% to balance
specificity and sensitivity (33). Reads that mapped to several reference proteins were counted multiple
times. The relative abundances of IS names, families, and domains were calculated on the basis of the
average relative abundances of the corresponding IS variants. The abundances of ARGs were calculated
with the same pipeline after clustering them using CD-HIT with an identity threshold of 90%. The relative
abundances of ISs and ARGs were reported per million reads.

IS richness and between-sample similarity values were calculated based on downsampled data sets
where one million reads were randomly selected without replacement. Metagenomes with fewer than
one million reads were removed from this part of the analysis (they included 1 animal-associated, 23
marine, 43 river, 1 sediment, 8 soil, and 34 wastewater/sludge data sets). The similarity of different
environments was calculated based on the presence/absence of ISs (i.e., IS names) using the Bray-Curtis
similarity measure. The pairwise similarities of metagenomes within and between environments were
calculated, and then the average was reported.

Multidimensional scaling (MDS) of all the downsampled metagenomes was performed as follows.
Each metagenome was described by the relative abundances of 3,768 ISs and the pairwise dissimilarities
between them were calculated according to the Bray-Curtis dissimilarity measure. By using the SMACOF
algorithm in the Scikit-learn package (n_components = 2, n_init = 100, max_iter = 1000), metagenomes
were visualized in a two-dimensional Cartesian coordinate system (45).

Correlations between relative abundances of I1Ss and ARGs were calculated as follows. First, for each
IS, the significant associations (P < 10~ '5) with ARGs were identified from bacterial genome data (i.e., the
NCBI Genome database). Then, the average pairwise Spearman correlations of the relative abundances
over all metagenomes were calculated. To assess the significance of the correlation values, we also
calculated the Spearman correlations of associations of ISs with ARGs not observed in the NCBI Genome
database. Then, by using the Wilcoxon test, the significance of the differences in correlations between
these groups was assessed.
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