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The objective of this study is to identify and analyze integrons and antibiotic resist-

Integrons were studied using two independent methods. One involved the construc-

tion and analysis of intl gene amplicon libraries. In addition, we sequenced 17 metage-
Funding information

United Nations Development Programme,
Grant/Award Number: 13/001 data using the IntegronFinder program. As expected, the metagenomic analysis al-

nomes of microbial mats and soil by high-throughput sequencing and analyzed these
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1 | INTRODUCTION

Integrons are natural genetic platforms that incorporate, exchange,
and express new genes. Through site-specific recombination events,
they integrate open reading frames ensuring their correct expres-
sion. All integrons share a common functional structure composed
of a stable platform associated with a variable region of GCs that
encode accessory functions (Cambray et al., 2010).

The stable region contains an integrase intl gene that codes for
a site-specific tyrosine recombinase (Intl). The enzyme catalyzes the
insertion and excision of GCs (Stokes & Hall, 1989). This region also
harbors a primary recombination site (attl) adjacent to intl where
GCs are inserted (Collis et al., 1993), and a Pc promoter that reg-
ulates their expression. The Pc promoter is located in the coding
region of the intl gene or between this gene and the attl site, and
expression is oriented toward the site of integration (Collis & Hall,
1995; Jové et al., 2010). The variable region includes a gene array
(GCs), each flanked by an attC site expressed under the control of Pc.

Integron studies were classically focused on isolates from clini-
cal environments, using culture-dependent methods. However, the
incorporation of new sequencing methods allowed access to much
more information. Metagenomic studies have allowed for the iden-
tification of new integrase sequences showing that there is large ge-
netic diversity. In addition, metagenomic dataset analysis revealed
that there is an extensive pool of GCs encoding functions required
for environmental adaptation and others, mostly of unknown func-
tion (Holmes et al., 2003). The main obstacles to the identification
of GCs are the limited tools available to recognize and predict the
identification of attC sites (Cury et al., 2016). Some strategies were
designed to recognize attC sites of “classical” integrons (Stokes et al.,
2001), although this is difficult because they exhibit a relatively high
diversity (Cury et al., 2016). This has even allowed for encryption
of these sequences within protein-coding sequences (Nivina et al.,
2020).

Integrons are ancestral and usually stable structures that have
played an essential role in bacterial genome evolution (Rowe-
Magnus and Mazel, 2001), due to their GCs shuffling properties in
times of stress (Guerin et al., 2009). Considering the presence of an
intl gene, integrons have been found in 9-17% of genomes available
in databases (Boucher et al., 2007; Cambray et al., 2010; Cury et al.,
2016). They are distributed throughout Gram-negative bacteria,
with the notable exception of a-proteobacteria, and are more preva-

lent among y-proteobacteria (Cury et al., 2016).
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part of a gene encoding the first 76 amino acids of aminoglycoside adenyltransferase

(aadAé6), and the other is a qacG2 gene.

antibiotic resistance, bioinformatics, horizontal gene transfer, microbial genomics

Historically, integrons have been classified into two groups:
chromosomal integrons (Cls) and mobile integrons (Mls), which are
physically associated with transposons contained in conjugative
plasmids (Mazel, 2006). Currently, Cls are termed as sedentary chro-
mosomal integrons (SCls), because Mls can also be found in chro-
mosomes and the term could be confusing (Cury et al., 2016). SCls
share an evolutionary history, and their phylogeny reflects a pattern
of vertical inheritance. For this reason, these integrons are not clas-
sified in classes such as Mls and are instead classified according to
their host species (Cambray et al., 2011).

The first integrons were characterized at the end of the 1980s
from a collection of bacterial isolates of clinical origin. It was then
shown that integrons are commonly found in bacterial genomes.
Analysis of integron diversity in natural environments indicates
that they could play a fundamental role in the adaptation and evo-
lution of these organisms. These studies were developed with sam-
ples from different environments and using different approaches.
However, "extreme" environments like Antarctica have been rel-
atively poorly explored (Ghaly et al., 2019; Gillings, 2014; Stokes
etal., 2001).

The Antarctic convergence zone is classified into three bio-
geographical regions: Continental Antarctica, Maritime Antarctica,
and Sub-Antarctica (Convey, 2010). These three regions are dif-
ferentiated mainly by their average annual temperatures, rainfall,
and winds, and are also associated with characteristic biota. The
Continental region is considered an especially inclement zone and
includes the McMurdo Dry Valleys which is a polar desert. The high-
est rainfall is recorded in Maritime Antarctica (400-600 mm/year),
with average annual temperatures ranging between 1°C and -21°C.
This region, with a less extreme climate than the Continental region,
includes the NW of the Antarctic Peninsula and nearby islands. The
Sub-Antarctica region includes several islands located between 35°S
and 60°S. The climate of these islands enables the establishment of
breeding sites for birds and marine mammals.

Our objective was to identify and analyze integrons and ARGs
in microbial mat and soil samples collected in different sites of the
Antarctic continent. For the analysis of integrons, we used two
culture-independent methods. One of these strategies involved the
construction and analysis of intl amplicon libraries from the soil. We
also sequenced 17 metagenomes of microbial mats and soil by high-
throughput next generation sequencing (NGS) and analyzed these
metagenomic data using the IntegronFinder program, which allows
intl and GC identification.
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As expected, these analyses allowed us to identify a broad spec-
trum of intl sequences. The vast majority were not related to mo-
bile integrons integrase sequences, although some sequences were
similar to others previously recovered in amplicon libraries from
soil samples of non-Antarctic environments. ARGs were analyzed
in the 17 metagenomes using ABRicate with CARD database. We
identified 53 ARGs by CARD, distributed in 15 metagenomes (ex-
cept MTG3 and MTG4) and IntegronFinder identified three of these

genes as GCs.

2 | EXPERIMENTAL PROCEDURES

2.1 | Construction of Inti amplicon library and DNA
sequence analysis

Soil samples (Table 1) were collected in 50 mL sterile tubes and
stored at —20°C (except during transport, in which were kept refrig-
erated on ice) until processing in the laboratory (IIBCE, Montevideo).
The two samples, identified CP2, and PD2 are described in Table 1.
DNA extraction was done using the ZR Soil Microbe DNA Microprep
kit (Zymo Research®, USA) following the manufacturer's instruc-
tions. Purified DNA was used as a template in PCR reactions for
intl1 gene amplification (primers int1.F and int1.R) (484 bp) (Mazel
et al., 2000). The protocol used for cloning PCR fragments was de-
scribed previously by Antelo et al. (Antelo et al., 2015). Sequences
obtained from Macrogen (Seoul, South Korea) (8 from PD2 and 14
from CP2) were analyzed following the protocol described by Antelo
et al. (Antelo et al., 2015).

2.2 | Sampling sites for NGS metagenomic analysis

Microbial mat samples (14 samples of ~ 20 g) were collected from
different sites in Maritime and Continental Antarctica, represent-
ing a latitudinal gradient (Table 2). Microbial mats develop during
Austral summer in glacier and snow melting currents. These com-
munities are benthic microbial assemblages of high diversity, domi-
nated by cyanobacteria (Callejas et al., 2018; Valdespino-Castillo
et al., 2018; Azziz et al., 2019). Soil samples (3 samples of ~ 60 g,
from the upper portion of 10 cm deep, without snow cover) were
collected on the Fildes peninsula during the Antarctic campaign of
April 2015. Sampling sites included Antarctic Specially Protected
Areas (ASPA) like Ardley Island (IA6; at ASPA 150), Halfthree-Point
(HTP2; at ASPA 125a), and sites next to the septic system chamber
of BCAA (CS1).

Open Access’

2.3 | Total DNA isolation and NGS
metagenome sequencing

Metagenomic libraries were prepared with the Nextera DNA Flex
library prep kit (lllumina, San Diego, CA) where fragments of total
DNA (1 ug) were inserted into vectors and sequenced with whole-
genome sequencing technology (HiSeq2 x 150), at the Yale Center
for Genomic Sciences. The data obtained for each metagenome had
an average of 7.8 + 2 Gb, which in total represented 109 Gb of se-
quenced DNA. The raw data passed through a quality filter and were
assembled de novo using IDBA-UD, with k-mer sequences between
120 and 150 long (Peng et al., 2012). Metagenomes of soil samples
were sequenced in Macrogen (Seoul, South Korea), using Illumina
HiSeq 2500 technology.

2.4 | Bioinformatic analysis of NGS total
metagenomes
IntegronFinder  (https://github.com/gem-pasteur/IntegronFinder)
(Cury et al., 2016) was used for the detection of integrons and their
most distinctive components. The options used were -local_max,
--linear, attC_evalue 1 and -func_annot. Results obtained were clas-
sified as complete integrons, including an integron-integrase gene
nearby attC site(s), InO elements with just the integron-integrase
gene, and CALIN (Cassette Lacking Integrase), as clusters of attC
sites without intl genes. Genomic contexts of the results obtained
by IntegronFinder were annotated by RAST (Aziz et al., 2008).
SnapGeneViewer 4.2.11 program was used to visualize the inte-
gron's genomic context.

Once the presence of an integrase gene was confirmed, the rel-
ative abundance of the contig bearing that gene was calculated. The
software bowtie2 was used for mapping the filtered reads against all
contigs of each metagenome. The number of reads mapping against
the contigs bearing an integrase was divided by the length of the
contig to obtain the RPK value. That value was normalized per mil-
lion reads in the metagenome and the paired-end nature of the reads
was considered to express that value in fragments per kilobase of
transcript per million reads mapped (FPKMs).

To identify conserved motifs characteristic of integron inte-
grases, amino acid sequences selected from this study were aligned
against Intl reference sequences (classes 1, 2, 3, 4, and 5) (GenBank
A.N.: Intll, AAQ16665; Intl2, AAT72891; Intl3, AAO32355; Intl4,
AAC38424; Intl5, AF180939). Tyrosine recombinases XerC from
Escherichia coli (POA8P6) and XerD from E. coli (POA8P8), XerC
from Thiobacillus denitrificans (WP011313040), and XerD from T.

TABLE 1 Sampling sites for amplicon libraries of intl genes (Mazel et al., 2000)

Name of the sample  Campaign Location Site Description

PD2 April/2015 62°09°03°°S Beach in front of Drake sea Soil
58°56°27"W

CP2 February/2016 62°14°35° S 58°39°99" W Potter creek Soil
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TABLE 2 Geographic location of sampling sites used for NGS metagenomics analysis

Sample Geographic reference and type of sample

Drake(1) King George Island (Fildes Peninsula,
microbial mat)

Espejo(2) King George Island (Fildes Peninsula,
microbial mat)

HTP(3) King George Island (Halfthree point,
microbial mat)

Pista(4) King George Island (next to Chilean
Airport, microbial mat)

Carlini I(5) King George Island (microbial mat)

Carlini 11(6) King George Island (microbial mat)

Esperanza(7) Antarctic Peninsula (Trinity Peninsula,

microbial mat)
Primavera(8) Antarctic Peninsula (microbial mat)

San Martin(9) Antarctic Peninsula (Fallieres Coast,

microbial mat)
B012-2015-14(10)
B012-2015-15(11)
B012-2015-16(12)
B012-2015-16 Mid

McMurdo Dry Valleys (microbial mat

)
McMurdo Dry Valleys (microbial mat)
McMurdo Dry Valleys (microbial mat)

)

McMurdo Dry Valleys (microbial mat

Good(13)
B012-2015-18(14) McMurdo Dry Valleys (microbial mat)
CS1(15) King George Island (septic chamber next
to BCAA, soil)
HTP2(16) King George Island (Halfthree-point, soil)
1A6(17) King George Island (Ardley Island, soil)

denitrificans (WP018078134) were also included (Nunes-Diiby et al.,
1998). For the alignment, Mafft program version 3.717 (Katoh et al.,
2002) was used. Visualization and editing were done with Aliview
program version 1.20 (Larsson, 2014). Representative integrases of
selected organisms carrying chromosomal and super-integrons were
also included.

For the detection of total ARGs in the assembled metagenomes,
ABRicate software (https://github.com/tseemann/abricate) was
used along with the CARD database (https://card.mcmaster.ca/).
This software runs a blast search which was filtered with 50% of
coverage for the query sequence and 70% of identity for the align-
ment. Then, we verified if these genes could be identified as GCs

using IntegronFinder.

2.5 | Phylogenetic analysis of Antarctic integrases
including Inti reference sequences

Phylogenetic analysis of Intl included 46 amino acid sequences of
good quality (considering complete ORFs and not located at the
edges of the contigs) identified by IntegronFinder and 15 nonre-
dundant sequences recovered from intl amplicon libraries, obtained
in this and a previous study (Antelo et al., 2015). The analysis also

RIGHTSE LI MN iy

Name of the
Latitude Longitude contig_xxx
62°09'30" S 58°56'31" W MTG1_
62°09'59" S 58°58'33” W MTG2_
62°12'14” S 58°57'16" W MTG3_
62°10'0" S 58°58'34" W MTG4_
62°14'35” S 58°40'39" W MTG5_
62°14'34” S 58°40'26" W MTG6_
63°28'13" S 57°12'3" W MTG7_
64°09'22" S 60°57'30" W MTGS8_
68°07'45" S 67°06'2" W MTG9_
78°01'24” S 163°55'03" E MTG10_
78°01'23" S 163°54'56" E MTG11_
78°01'23" S 163°54'07” E MTG12_
78°01'30” S 164°06'02” E MTG13_
77°39'40” S 163°05’31" E MTG14_
62°11'35" S 58°54'19" W Cs1_
62°13'09"S 58°57 09" W HTP2_
62°12'03"S 58°55' 04"W 1A6_

included 42 sequences of integrases from known organisms and
XerC and XerD sequences of E. coli and T. denitrificans, which were
used as external branches for the construction of the tree. Reference
sequences were obtained from INTEGRALL—the Integron Database
(Moura et al., 2009) (http://integrall.bio.ua.pt) and NCBI GenBank.
All sequences were clustered to 90% of sequence identity using
CD-HIT (Fu et al., 2012) to remove redundancy. Analysis was done
using NGPhylogeny.fr in the Advanced Workflow option, including
PhyMLfor tree inference (Maximume-likelihood method) (https://
ngphylogeny.fr/workflows/advanced/). The tree was designed using
Interactive Tree of Life (iTOL) v4 (Letunic & Bork, 2019).

3 | RESULTS
3.1 | Amplicon library analysis

King George Island (KGI) (25 de Mayo Island) in Maritime Antarctica
is the largest island in the South Shetland archipelago. Amplicon li-
braries of intl genes were obtained from samples collected on this
island (Table 1). Drake coast (PD2) and Potter Cove creek (CP2) con-
tain a total of 22 Intl clones (8 in PD2, 14 inCP2). Some of these
sequences were included for phylogenetic analysis discussed below.
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Similar to previous studies (Antelo et al., 2015), analysis of ampli-
con libraries indicated that the primers used, designed to amplify
class 1 intl, are not specific for this class. This primer pair was de-
signed using a limited database (Mazel et al., 2000) since at that time
only sequences of clinical origin were available. However, we could
identify 8 clones from CP2 highly similar (more than 99% identity
in amino acid sequences) to the reference gene Intl1_AAQ16665
of clinical origin. The phylogenetic tree shows that this group of
similar sequences also includes the gene previously identified in the
Antarctic isolate IA12 (Antelo et al., 2018) and the intl1 gene from
a complete integron in contig CS1_14211 (Figure 1). Finally, and ac-
cording to the original design of this primer pair (Mazel et al., 2000),

class 2 and class 3 intl genes were not amplified with this strategy.

3.2 | NGS metagenomic analysis

IntegronFinder was designed for the identification of integron el-

ements, although the original analysis was restricted to complete

. . 50f 14
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bacterial genomes, avoiding problems associated with assemblies
of metagenomes or draft genomes (Cury et al., 2016). In this case,
we used IntegronFinder for metagenome analysis (Table 2), with the
limitations related to the length of reads and contig assembly. The
metagenomes allowed us to identify a large diversity of integrase
genes and associated GCs (Table 3). Most intl genes exhibited simi-
larities with environmental integrases described from different geo-
graphical regions (Figure 1) (Rodriguez-Minguela et al., 2009). The
relative quantification of integrase contigs consistently showed that
those metagenomes with the highest richness of intl genes, related
to the total number of predicted ORFs, were also those with the
highest relative abundance of these genes assessed in fragments per
Kilobase mapped (FPKM) (Table 3).

We could identify “Mobile Integron-related” (Ml-related) intl
genes phylogenetically related to class 2 (contigs CS1_17527 and
CS1_57033, with more than 70% of amino acid sequence identity
compared to AAT72891.1_Intl2), class 3 (contigs MTG5_31000,
MTG5_52806, MTG9_2773, MTG9_4540, CS1_4254, CS1_2164,
CS1_24080 and CS1_4987 with more than 70% of sequence
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FIGURE 1 Phylogenetic tree of integrase protein sequences described in this work along with reference integrases. The different
clusters are identified with Roman numbers. Classical reference sequences are written in blue (Intl1, Intl2, IntI3, Intl4, Intl5, XerC, and XercD
sequences). Sequences recovered by NGS microbial mat metagenome analysis are written in green and by NGS soil metagenome analysis are
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90% identity, the number of sequences in the cluster is shown between brackets
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TABLE 3 Identification of integron elements in Antarctic metagenomes using IntegronFinder

No of Complete
Name of the sample contigs® integrons
Drake(1) 14345
Espejo(2) 11311
HTP(3) 10227
Pista(4) 19554
Carlini I(5) 62551 3
Carlini 11(6) 47446
Esperanza(7) 35849 0
Primavera(8) 53174
San Martin(9) 17447 1
B012-2015-14(10) 18089 3
B012-2015-15(11) 24919 1
B012-2015-16(12) 23874 6
B012-2015-16 MidGood(13) 23997 4
B012-2015-18(14) 34862 1
CS1(15) 68030 10
HTP2(16) 28119 1
1A6(17) 54969 2

Number of contigs obtained from each metagenome.
PRelative abundance of the contig bearing that intl gene.
‘Not determined

identity compared to AAL10406.1_Intl3), and class 1 reference
genes (CS1_14211, 88% identity to AAQ16665_Intl1). Using these
strategies, amplicon library, and NGS analysis, we found that “MI-
related” intl genes represent about 21% of the total (13 from a total
of 61). The analysis of the phylogenetic tree obtained with these re-
covered environmental sequences confirms that criteria for the clas-
sification of integrons should consider the high diversity of integrase

sequences found in the environment.

3.3 | Identification of inti genes and associated GCs

Table 3 summarizes results obtained with Integron Finder for anal-
ysis of these metagenomes. A total of 54 intl genes were found,
35 were classified as complete integrons including one intl gene
and at least one attC site. The remaining 19 intl genes fell into the
In0O group (empty integron) and the rest of the elements were clas-
sified as CALIN, a region containing a Cluster of attC sites Lacking
INtegrase nearby. CALIN could be associated or not with a potential
GC (2080 CALIN identified) (Table 3). IntegronFinder also annotates
potential coding sequences (CDS) associated with these element
classes. Then, a total of 3431 CDS were annotated within the region
of 200 bp next to each integron element found in our dataset (intl
and attC sites), including the 54 intl genes.

Alignment of Intl deduced amino acid sequences identified in this
study with selected representative integrase sequences, allowed
for recognition of conserved motifs characteristic of the tyrosine
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In0 CALIN  FPKMP
42 -
149 nd®
0 53 -
43 0,0018257
119 0,002930121
0 143 0,000534606
1 104 0,002127371
1 114 0,00293502
44 0,004543001
2 205 0,019193791
94 0,000939058
1 284 0,017899739
145 0,005845539
0 70 0,001345873
283 0,007584958
2 85 0,000933934
103 0,000127014

recombinase family. These motifs include four highly conserved res-
idues (RHRY), Box I, Box Il, Patches |, II, and Il regions (Nunes-Duiby
et al., 1998). The additional domain of around 35 aa, specific to in-
tegron integrases, was also identified (Messier & Roy, 2001; Nunes-
Duby et al., 1998). Essential amino acid residues for DNA binding
and recombination processes are present in most sequences, sug-
gesting that they represent functional enzymes (Messier & Roy,
2001; Macdonald et al., 2006) (Figure 2a).

On the other hand, we found that three Intl sequences in NGS
metagenomes from soil (CS1_12849, CS1_2689, CS1_503) and four
from microbial mats (MTG5_28909, MTG8_2561, MTG10_95, and
MTG14_6926) exhibited an additional extended domain of variable
length, which was located after Patch Ill. This type of insertion was
identified previously (Rodriguez-Minguela et al., 2009) in environ-
mental integrons recovered from diverse geographical regions.
However, the implication of this type of insertion in integrase activ-
ity is unknown (Rodriguez-Minguela et al., 2009) (Figure 2b).

3.4 | Annotation of antibiotic resistance genes

Using the CARD database, ARGs were detected in most of the
metagenomes analyzed (53 genes in 15 metagenomes) (Figure 3),
which did not show a high richness of ARGs compared to other envi-
ronmental samples (Van Goethem et al., 2018). However, in sample
CS1, collected next to the septic chamber of BCAA we could iden-
tify 37 different ARGs. These ARGs were not identified as GCs by
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FIGURE 2 (a) Amino acid sequence alignment (SeaView) of Intls recovered by amplicon library and NGS analysis. The first seven
sequences were included as a reference. (b) Amino acid sequence alignment including the region with an additional domain, identified in

some environmental Intls

IntegronFinder, except blaOXA-205 gene, present in contig CS1_503
(Appendix Figure Ala) as part of a complete integron and a fragment
of aadAé gene associated with a complete integron in CS1_14211
(Appendix Figure Alb). This integron also included a gacG2 gene cas-
sette, identified by Blastn. In the same metagenome, we could find
several determinants of macrolides resistance like mpH, mef, OPM,
and erm. In terms of geographic distribution, dfrE (dihydrofolate re-
ductase) and vatF (streptogramin A acetyltransferase) genes seem
to be the most prevalent in the metagenomes analyzed, since they
were detected in 8 and 7 different samples, respectively (Figure 3).
According to this, dfrE, vatF, and macrolide resistance genes were
not identified as GCs, although the length of contigs could be a limi-
tation that does not allow us to affirm it with certainty.

Finally, a second ARG located in MTG12 was identified in a re-
gion classified as CALIN by IntegronFinder (contig MTG12_18109),
encoding an aminoglycoside-modifying enzyme (100% identity to
AAC(6)-acetyltransferase) (Figure A2).
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3.5 | Phylogenetic analysis of Inti sequences and
description of their genomic context

This analysis included 61 Intl Antarctic sequences identified in this
work and previous studies (Antelo et al., ,2015, 2018). We used 46
Intl sequences of good quality (considering complete ORFs and not
located at the edges of the contigs), from those identified by NGS
metagenomic analysis and 6 nonredundant Intls recovered by am-
plicon library analysis obtained in this study. We also incorporated
9 Antarctic sequences obtained in previous studies (Antelo et al.,
2015). In addition, 42 reference sequences and others recovered
from the database were also included for analysis. Intl sequences
identified in this study exhibited great diversity (less than 40% over-
all sequence identity at amino acid level) distributed throughout
the tree in different groups. Likewise, several of our Intls were not
phylogenetically related to reference sequences and were grouped
forming separate clades (Figure 1).
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FIGURE 3 Heatmap of antimicrobial resistance genes in metagenomic assemblies and its association to attC sequences within the same

contig

Previously published analyses showed that all Intl integrase se-
quences were separate from XerC and XerD recombinases, the clos-
est group within the tyrosine recombinase family (Nunes-Duby et al.,
1998) (Group |, Figure 1). In addition, clades including integrases of
class 1 (Intl1) (Group XV) and those with class 3 (Intl3) (Group XIlI)
are related to each other and distinct from the clade including class
2 (Intl2) (Group lll), which form a separate group (Nemergut et al.,
2008). Likewise, integrases from the Vibrio genus form a group sep-
arated from the rest of Intl integrases (Rowe-Magnus and Mazel,
2001) (Group II). From a total of 61 Intl integron sequences analyzed
in this study, only 13 sequences were related to mobile Intl (Intl1,
GroupXV with 3 sequences; Intl2, Group Il with 2 sequences; and
Intl3, Group XlII with 8) with sequence identity higher than 70% at
the amino acid level to reference Intl sequences.

3.6 | Groups of sequences identified by
phylogenetic analysis

XerC and XerD sequences, used as external branches, are identi-
fied as Group I, and reference sequences Int4 and Int5 are grouped
with those of Vibrio metschnikovii and V. anguillarum, forming Group
Il. Reference Intl2 from Shigella sonnei of clinical origin belongs to
Group Il together with two Intl sequences of NGS metagenomes
obtained from soil collected next to BCAA (CS1). Compared to Intl2,
these two sequences exhibit an identity higher than 70%. Contig
CS1_57033 contains one In0 and CS1_17527 has one attC site and
one ORF that would encode a bacterioferritin (COG2193). The se-
quences related to Intl class 3 (Group Xlll) form two subgroups,
one includes MTG9_2773 and class 3 Intl reference sequence of
Serratia marcescens. The other subgroup includes seven Intl se-
quences recovered from Antarctic microbial mat and soil samples
(NGS metagenomes) (MTG5_52806, MTG5_31000, CS1_4254,
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MTG9_4540, CS1_2164, CS1_24080, CS1_4987). All these eight
sequences exhibit identities greater than 70% compared to Intl3.
Group XV includes 10 highly similar sequences that clustered with
intll AAQ16665 as the reference sequence (more than 88% iden-
tity). This cluster includes eight almost identical sequences obtained
by amplicon libraries from Potter creek soil (CP2) which we consid-
ered redundant and represented by CP2-A1. This group also includes
the Intl sequence identified in CS1 metagenome (CS1_14211) (88%
sequence identity compared to Intl1) and IA12, identified previously
in an Antarctic Enterobacteria isolate. Class 1 integrases appear to
be almost identical with each other, which is consistent with that
reported in the literature, which illustrates the great similarity exhib-
ited by clinical class 1 integrases.

Groups X and XllI are related. The first includes a reference se-
quence of Methylibium petroleiphilum (WP011828296) and three
integrase sequences from Continental microbial mats from MTG10
and MTG12. The second one comprises sequences recovered from
Maritime Antarctic soils (NGS metagenome) CS1_2689, CS1_12849,
CS1_503, and MTG8_2561. Contig CS1_12849 has two attC sites
and no associated ORFs, while CS1_503 contains three attC sites
and two ORFs, one encodes, according to Resfam, a putative class
D p-lactamase (Resfam: RFO056) and the other a hypothetical pro-
tein (Figure Ala). The reference branch includes an Intl sequence of
Thiobacillus denitrificans (WP_011311727).

Group X includes the Intl sequence of Pseudomonas stutzeri
(AAN16071) and CS1_5 of soil (Maritime Antarctica), related to Intl
from one unclassified bacterium of the Order Pseudomonadales
(OHC29044.1) (Anantharaman et al.,, 2016). This group contains
the longest integron identified in this study. CS1_5 has 15 attC sites
and six ORFs (Appendix Figure Alc). The Integrons of the genus
Pseudomonas are present only in a small number of species and may
have been acquired through horizontal gene transfer at a late pe-
riod in their evolutionary history. The number and composition of
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GCs vary between species; they can range from ten GCs (P. stut-
zeri) to more than 32 (P. alcaligenes) (Boucher et al., 2007). All ORFs
identified in CS1_5 encode hypothetical proteins, except one ORF
(385 bp) (not a GC) that would encode a penicillin acylase Il (EC.
3.5.1.11). The number of attC sites (n = 15) present in the CS1_5
integron and its phylogenetic relationship with species of the genus
Pseudomonas sp. that carry integrons in their chromosome suggest

that it is a chromosomal integron.

4 | DISCUSSION

In this study, we used IntegronFinder to identify genetic elements
of integrons by NGS data analysis of Antarctic soil and microbial mat
metagenomes collected from different sites on the continent. We
also used samples of soil collected from other sites of Antarctica
for the construction of amplicon libraries of intl integron-integrase
genes, using a pair of primers previously designed by Mazel et al.
(2000). All recovered Intl deduced amino acid sequences were fil-
tered by domain conservation analysis. Several novel results were
obtained. First, although intl gene search tools were used in sam-
ples of different origins, the sequences obtained from each ap-
proach were different, according to the phylogenetic analysis
(Figure 1). Only two groups included sequences obtained using both
strategies. Group VIl identified in the phylogenetic tree (Figure 1),
contains two sequences, one obtained by NGS at Halfthree Point
(HTP2_2775) and the other by amplicon library from a coastal area
in the Drake sea (PD2_18), both from the Fildes peninsula (KGl).
Besides, Group XV includes intl sequences obtained by amplicon
libraries in this study (CP2) and one identified by NGS analysis of
the CS1 metagenome. However, other groups identified in the phy-
logenetic tree contain sequences obtained from samples of diverse
origins but using the same data collection strategy. For example,
Group XVI contains sequences obtained from samples collected
in KGI (MTG_5) and others in the Antarctic peninsula (MTG_8) and
Mac Murdo Dry Valleys (MTG_11 and MTG_13), but all obtained by
NGS data analysis.

As mentioned previously, we could identify “Ml-related” class 1
intl genes by NGS data analysis from one sample collected from one
site exposed to human influence (CS1 metagenome) and by amplicon
library with intl1 primers (Mazel et al., 2000), but identifying also, in
this case, other diverse integrase genes. Previous studies have pro-
posed that the relative abundance of “Ml-related” intl1 genes would
be used as a proxy for anthropogenic pollution (Gillings et al., 2015;
Zheng et al., 2020). These genetic platforms are usually linked to
genes conferring resistance to antibiotics, disinfectants, and heavy
metals, and they seem to be fixed by human selection. Mazel et al.
(2000) designed this primer pair aimed at amplifying intl1 genes with
relative specificity, avoiding the amplification of class 2 and 3 intl
genes. Databases available at that time were relatively small and re-
duced to clinical isolates. Then, by including environmental samples
as templates for amplification, it was later established that these
primers had a lower specificity, being able to amplify integrase genes
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with a spectrum of diversity greater than expected (Antelo et al.,
2015). However, we estimate that these primers have some specific-
ity to “Ml-related” class 1 integrases, since “Ml-related” class 2 and 3
intl genes were not recovered by PCR, but two ORFs similar to class
2 intl genes were identified by NGS in CS1 metagenome and 8 ORFs
similar to class 3 intl genes in CS1, MTG5 (next to Carlini base) and
MTG9 (next to San Martin base) metagenomes.

The profile of integrase genes identified in these Antarctic com-
munities is different from that found in samples of sewage water
and beaches in a previous study (Fresia et al., 2019). In that work, the
presence of integrase genes was also analyzed using IntegronFinder
as a search tool. They found a high prevalence of “Ml-related” inte-
grase genes in sewage (74%) and lower in beach (24%) samples. In
that study, 90% of class 1, 2, and 3 “Ml-related” integrase sequences
were contained in sewage samples and 61% of these integrons were
associated with ARGs and characteristic attC sites. These resistance
GCs, analyzed with Abricate using CARD and VFDB (Chen et al.,
2005) as databases, were only identified in integrons from sewage
samples.

In our case, using arbitrary thresholds, we could identify “MlI-
related” integrase genes in 25% of samples (5 in a total of 20 sam-
ples), including soil and microbial mats. From this group, 32% of
these genes were identified in the presumptive “contaminated” sam-
ple obtained from soil next to the septic chamber in BCAA (CS1). In
this way, finding coherent identity thresholds for integrase sequence
classification could be a good way to take into account the sequence
diversity derived from metagenomic analysis. This could also be
useful to compare with other works and gain insight into its distri-
bution and occurrence in different environments (Roy, et al. 2021,
Zhang et al., 2018). Also, ARGs were identified with ABRIcate using
the CARD database. Although we used low identity and coverage
thresholds, there could be a bias in the method used as we looked for
ARGs using CARD database with mainly “clinical” resistance genes,
which are no expected to be widely present in pristine Antarctic en-
vironments. In addition, Antarctic environmental communities could
be a reservoir of non-characterized antimicrobial resistance genes
(Azziz et al., 2019). Only three GCs could be identified as ARGs using
this tool, one in CS1 metagenome, encoding class D p-lactamase (bla-
OXA-205) in a complete integron associated with an Intl sequence
similar to that of T. denitrificans. The second one was a fragment
of a gene found also in the CS1 metagenome (76 amino acids), en-
coding an aminoglycoside adenyltransferase (aadAé). The other GC
was located in a CALIN of MTG12 and encoded an aminoglycoside-
modifying enzyme (AAC(6°)-acetyltransferase) (100% identity to
AAC(6')-32). We also used the Resfams database with IntegronFinder
to functionally characterize CDSs next to attC sites (in CALIN and
complete integrons). With this strategy, IntegronFinder identified a
total of 26 GCs as antibiotic resistance genes including blaOXA-205,
located in the complete integron of contig CS1_503. This gene was
also identified using the ABRIcate-CARD strategy. The rest of the
resistance genes considered as potential GCs by IntegronFinder
belong to CALIN elements, and they were not identified using the
ABRIcate-CARD strategy.
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CS1 metagenome, sequenced from a sample of soil collected
next to BCAA, showed the highest richness of ARGs (in relation to
the total number of ORFs), which has also been reported in other
studies (Rabbia et al., 2016; Jara et al., 2020). In addition, CS1 was the
only one in which we were able to detect human fecal contamination
using the reference genome of Crassphage phage as a biomarker
(Dutilh et al., 2014). As previously shown, the high concentration of
ARGs in the environment could be explained by human fecal con-
tamination (Karkman et al., 2019). As expected, Antarctic scientific
bases impact the surrounding environment. Searching for ARGs in
this metagenome, we could find several macrolide resistance genes
that involve different resistance mechanisms (Msr, pmr, Emr, mph,
mef). Recent studies have shown that not only macrolide resistance
genes but also low concentrations of macrolide antibiotics could be
detected in water samples nearby Chilean, Russian, and Chinese sci-
entific bases in King George Island (Hernandez et al., 2019). These
concentrations of antibiotics in the environment are not sufficient to
promote selection for resistance genes. However, there is evidence
from different studies that human presence in Antarctica is could
lead to a release of macrolide resistance genes to the environment
(Rabbia et al., 2016; Jara et al., 2020).

In relation to resistance genes, vat encodes a streptogramin A
acetyltransferase which results in resistance to drugs of the group
of streptogramins. These genes have been extensively identi-
fied, particularly in strains of Enterococcus spp. resistant to mac-
rolides (Werner et al., 2002). However, there are no reports of
the presence of the vatF gene in the Antarctic environment. Yuan
et al. (2019) found macrolide resistance genes in soil samples, but
all of them encoded efflux pumps rather than acetyltransferases.
Similarly,Zaikova et al. (2019) found macrolides efflux pumps in 5 as-
sembled genomes recovered from fossil microbial mats, but not vat
genes. Also, Fitzpatrick & Walsh (2016) performed a meta-analysis
of metagenomes recovered from different environments, identify-
ing 11 non-efflux-pump-mediated genes that conferred resistance
to macrolides in 23 metagenomes, but none in the metagenome
of an Antarctic aquatic sample, included in the search. Therefore,
the presence of vatF genes in 7 of our metagenomes is intriguing.
Additional experiments should be performed to evaluate whether
these genes are functional.

The family of dfr genes encodes dihydrofolate reductases that
confer resistance to trimethoprim. In our study, we identified dfrE
genes in 8 of the 17 Antarctic metagenomes analyzed. This vari-
ant of the dfr gene was previously identified in clinical isolates of
Enterococcus faecalis (Coque et al., 1999). This gene is considered
to be intrinsic in E. faecalis and confers resistance to trimethoprim
in cells of E. coli carrying several copies of the gene. Trimethoprim
resistance has been already found in Antarctic bacterial isolates
(Rabbia et al., 2016), including variants of dfrA14 (Antelo et al., 2018)
(associated with class 1 integron) and dfrAé (Jara et al., 2020) (not
determined the association to integrons). Finally, the presence of
trimethoprim has been also confirmed in Antarctic sea samples
(Hernandez et al., 2019), a fact that could explain the occurrence of
this gene in at least some of our metagenomes.
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We could find several ARGs that are commonly found in the en-
vironment such as variants of aminoglycoside-modifying enzymes
AAC and APH. We could also detect other resistance genes that
have been linked to clinical pathogens like blaVEB-1. Another in-
teresting gene is blaOXA-209 which was first described in plasmids
from isolates of Riemerella anatipestifer in diseased birds (Chen et al.,
2012). This could have a link to the Antarctic environment as in this
place most of the wildlife is composed of different species of birds.
Birds have already been linked to the spread of ARGs in previous
studies (Rabbia et al., 2016). We have also found several genes that
act together like the Mex operon. Most of them were sequenced
from the same sample and could be part of the same genome, al-
though they were found in different contigs.

The sampled sites showed different antimicrobial resistance
profiles. If we observe only the metagenomes sequenced from the
Fildes peninsula, we could distinguish sites with a high richness of
ARGs and others where we could not detect them at all. This sug-
gests that the presence of “clinically-derived” ARGs is patchy at the
landscape and that there are certain factors that influence their pres-
ence. Sewage waters derived from human activity have already been
described as one of these factors. In this work, the sewage impacted
site could also be associated with the presence of integrons bearing
antibiotic resistance GCs. In the rest of the samples, we could detect
awide diversity of integrases but not directly associated with known
antimicrobial resistance functions. Therefore, the lack of association
between ARGs and integrons in the samples analyzed supports the
idea that evolutionary mechanisms that contribute to select resis-

tance genes in a population are related to environmental pressures.
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FIGURE A1 (a) Sequence map of integron detected in contig CS1_503. Only part of the contig is displayed. (b) Sequence map of integron
detected in contig CS1_14211. The entire contig is displayed. (c) Sequence map of integron detected in contig CS1_5. No ARGs were
detected in this integron. Only part of the contig is displayed
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FIGURE A2 Sequence map of CALIN detected in contig 18109 from metagenome 12. The entire sequence is displayed
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