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Abstract The presence and diversity of class 1 integrase gene (intl) sequences were evaluated by PCR using previously
designed primers. Two clone libraries were constructed from DNA in sediment and microbial mat samples collected on Fildes
Peninsula, King George Island, Antarctica.The libraries constructed from samples collected at Halfthree Point (HP) and Norma
Cove (NC) contained 62 and 36 partial int/ sequences, respectively. These sequences clustered into 10 different groups with <
95% amino acid identity. Alignment of the deduced amino acid sequences with those from recognized integron-encoded integrases
demonstrated the presence of highly conserved motifs characteristic of intl integrases. The HP library contained 42 nucleotide
sequences identical to the class 1 int/ gene found in a collection of trimethoprim-resistant (Tmp") Antarctic Enterobacter sp.
isolates, previously collected in the same area. These integrons, located on plasmids, had a genetic organization similar to that
of pKOX105 from Klebsiella oxytoca. The 20 remaining HP and NC library sequences were similar to integrase sequences
previously determined in a metagenomic analysis of environmental samples. We have demonstrated the presence of integron
integrase genes in Antarctic sediment samples. About half these genes were very similar to the class 1 integrons found in human-
associated microbiota, suggesting that they originated from human-dominated ecosystems. The remaining integrase genes were

probably associated with endemic bacteria.
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1 Introduction

Integrons are genetic elements capable of capturing and
expressing promoterless open reading frames (ORFs),
designated “gene cassettes”. These elements were first
described in pathogenic bacteria, and were later identified
in diverse environmental bacteria using both culture-
dependent and culture-independent methods. Gene cassettes
encode diverse functions associated with environmental
adaptation!". Their incorporation into an integron is mediated
by site-specific recombination, requiring an integron
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integrase, Intl. The capture or excision of a circularized
gene cassette involves a recombination event between the
integron attl site and an attC site (59-base element) on the
gene cassette fragment!*™ (Figure 1). Intls recognize specific
attl sites but can interact with different a#tC sites in different
hosts, allowing the transfer of ORFs to genetically diverse
bacterial*®). Integrons are not mobile elements per se, but
facilitate the transfer and spread of gene cassettes, allowing
host adaptation to new environments!®. Integrons can be
found in chromosomes, but are also associated with mobile
elements, such as plasmids and transposons, which can be
exchanged much more readily between organisms in a given
environment!™.
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Figure 1 Basic structure of an integron including int/ integrase
gene, a promoter Pc controlling the expression of inserted gene
cassettes. P;,: promoter of int/ gene; attl: primary recombination
site; circular gene cassettes: an ORF and a recombination site (aztC).

Integrons were initially described in clinical isolates,
and were classified into one of three classes based on the
Intl sequences encoded™. These integrons have some
characteristics in common: they are associated with plasmids
and transposons, and contain a relatively small number of
gene cassettes (ca. six). In general, gene cassettes are shared
between these classes, including determinants of antibiotic
resistance!!l,

The inclusion of new sequences from genomic and
metagenomic data has allowed a more complex picture of
integrons to be established. Integrons have been grouped
according to the level of homology among their int/ genes,
although specific values that distinguish each integron class
have not been established!™.

Class 1 integrons are the most commonly found and
studied®. This class is usually recovered from clinical
samples, and contributes to the dissemination of antibiotic
resistance in this context. The most probable evolution of the
class 1 integrons has been inferred from the high diversity of
intl sequences detected in the environment with metagenomic
DNA analyses!”™®, which contrasts with the conserved
sequences of clinical int/ genes. Accordingly, the inferred
scenario is that a chromosomal integron was captured by a
Tn402-like transposon by recombination, generating a hybrid
mobile element®™. The original transposition functions of the
Tn402-like element were eventually lost, and only portions of
the original sequences are present in clinical integrons. These
Tn402-associated integrons could have some features that
expedite their mobilization into different plasmids, increasing
their ability to incorporate and spread gene cassettes, and
possibly facilitating their adaptation to different environments.

Metagenomic studies continue to recover new integrons,
demonstrating that much of the diversity of this family of
genetic elements is still unknown™, Early studies in clinical
environments relied on culture-dependent methods. However,
novel culture-independent methods, with a greater capacity
to detect these elements in their corresponding hosts, might
generate new information if used to analyze clinical samples.

To describe the prevalence of class 1 integrons in a
presumed low-human-impact environment, we constructed

PCR amplicon libraries of fragments of int/ genes from
metagenomic DNAs isolated from two sites on Fildes
Peninsula, King George Island, in maritime Antarctica. The
presence of integrases in samples from King George Island
has not been reported previously. However, Stokes et al.'
have previously reported integron gene cassettes amplified
from total DNA purified from ornithogenic soil samples from
Cape Denison on continental Antarctica!'®.

In a previous study using culture-dependent methods
to analyze samples collected from different sites on Fildes
Peninsula, we identified “classical” class 1 integron genes
(intl) in several psychrotolerant bacteria displaying high levels
of resistance to antibiotics, including trimethoprim (Tmp),
streptomycin (Str), and ampicillin (Amp). In some cases, the
integrase gene and adjacent regions were on a conjugative
plasmid with sequences highly similar to those of pKOX105
of Klebsiella oxytoca and other clinical bacteria'l. In that
study, we used a primer pair designed by Mazel et al.'? to
amplify class 1 int/ genes (intl.F/int1.R). This primer pair
was also successfully used by Nemergut et al.”? to detect both
“classical” int/] and 12 new intl genes from heavy-metal-
contaminated mine tailings. These new sequences displayed
high diversity compared with the diversity of class 1 int/,
with less than 90% protein sequence similarity. That study™
suggested that culture-independent methods using these
primers might detect greater in#/ diversity than that detectable
with culture-dependent methods.

2 Materials and methods
2.1 Sampling procedure

Samples of sediment/soil and bryophyte fragments associated
with a benthic microbial mat were collected (Table 1)
from two sites on Fildes Peninsula, King George Island, in
maritime Antarctica during the Antarctic summer (Figure 2).
The samples were collected in 2008 and 2013, during
campaigns organized by the Instituto Antartico Uruguayo.
Samples for total DNA purification were collected in sterile
50 mL tubes, which were stored at —20°C until processing,
except during their transfer between Antarctica and the
laboratory in Montevideo, when they were stored on ice. The
samples from Halfthree Point (HP) were brown microbial
mats associated with bryophytes. The samples collected
from Norma Cove (NC) were sediment/soil associated with
bryophytes. The NC sampling site, located at a relatively
high altitude, is covered by bryophytes during the summer.

Table 1 Sample sites in King George Island

Sample-site-campaign ~ Location Description

HP-Halfthree Point 62°13'29" S Brown microbial mat with
(March—April, 2008) 58°57'9" W  bryophytes
NC-Norma Cove 62°11'18"” S Sediment / Soil with
(January, 2013) 58°54'32" W bryophytes
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Figure 2 Map of Peninsula Fildes. Antarctic bases (3%): UY,
Uruguay; RU, Russia; CL, Chile; CN, China; AP, Chilean airport.
Sampling locations (8)

2.2 DNA purification

Total DNA was purified from approximately 0.5 g of each
sample using the ZR Soil Microbe DNA Microprep™ (Zymo
Research Corporation, Irvine, CA, USA), according to the
instructions of the manufacturer.

2.3 Library construction

A single set of primers was used, designed for the specific
amplification of 484 bp of the integrase gene (Table 2).
Amplification was performed in a Thermo® Electron Px2R
Thermocycler (Thermo Fisher Scientific, Waltham, MA,
USA). The reaction mixtures included (in a final volume
of 25 uL): 2.5 pL of 10 X reaction buffer, 2.5 puL of 10 uM
each primer, 2.5 pL of dNTPs (2 mM each), 0.5 puL of Tag
DNA polymerase (5 U-uL"; SBS Genetech, Beijing, China),
1 uL of DNA template (approximately 50 ng of purified
DNA), and 13.5 pL of ultrapure water. The reactions were
initially maintained at 94°C for 5 min, followed by 30 cycles
of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, with a
final extension at 72°C for 10 min. Template prepared from
Escherichia coli JM83 containing kanamycin-resistant (Km")
plasmid pAT674 was used as the positive control?],

The amplification products were purified with agarose

Table 2 Oligonucleotides employed in this study

Oligonu- Nucleotide sequence Target Amplicon

cleotides (5'to 3") gene  size/pb Reference
GGGTCAAGGA .
It _twd - rggarrreg
484  Mazel et al''?
Intll re ACATGCGTGTA intl]
-V aatcatcgteg
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gel electrophoresis using the PureLink™ Quick Gel
Extraction Kit (Invitrogen, Life Technologies, Carlsbad,
CA, USA), according to the instructions provided. The
purified DNA was ligated to the pCR"2.1 TOPO vector
provided with the TOPO®™ TA Cloning® Kit (Invitrogen).
The ligation products generated were used to transform
chemically competent E. coli TOP10 cells (Invitrogen). White
colonies growing on LB plates with 50 pg-mL" Amp and
20 pg-mL" X-gal were isolated. Each library consisted of
cells transformed with pCR"2.1 TOPO containing the cloned
fragments.

2.4 Selection of clones from each library for DNA sequence
analysis

The plasmids were prepared, the correct sizes of the inserted
fragments were verified, and the inserts were sequenced. The
plasmids were isolated from overnight cultures in 5 mL of
LB broth containing Amp, using a FlexiPrep Kit (Amersham
Pharmacia Biotech, Inc., Piscataway, NJ, USA), according to
the manufacturer’s instructions. The correct sizes of the insert
fragments were verified with agarose gel electrophoresis after
the plasmids were digested with EcoRI. Selected plasmids
were subjected to DNA sequence analysis.

The DNA sequences of both libraries were determined
by the Sequencing Service of the Instituto Pasteur
(Montevideo, Uruguay) using primers M13 Forward and M13
Reverse, which recognize both sides of the inserts in pCR" 2.1
TOPO (Invitrogen).

2.5 DNA sequence analysis

The sequences obtained were analyzed with VecScreen to
identify and remove segments of vector origin (http:/www.
ncbi.nlm.nih.gov/tools/vecscreen/). The DNA sequences
were also analyzed with MEGA 5.2 (http://megasoftware.net/).

The sequence analyses were performed with the
BLAST program in the National Center for Biotechnology
Information nonredundant protein sequence database (http://
blast.ncbi.nlm.nih.gov/Blast.cgi)'¥ and metagenomic
databases from King George Island (https://img.jgi.doe.gov/
cgi-bin/m/main.cgi) containing marine microbial communities
from chronically polluted sediments at four geographic
locations (IDs 3300000129, 3300000132, 3300000119, and
3300000123). We used an e-value threshold of 10~ and a
minimum coverage for our amplified sequences of 100 amino
acids.

Sequences similar to Intl proteins from the eight named
classes were obtained with a BLAST search of all completely
sequenced genomes of the U.S. Department of Energy Joint
Genome Institute (DOE JGI), using the same criteria as used
in the previous searches.

The deduced amino acid sequences from each library
were aligned against functional integrase sequences (classes 1,
3, and 4) and tyrosine recombinases XerC and XerD (GenBank
accession numbers: Intl1l, AAQ16665; Intl2, AAT72891;
Intl3, AAO32355; XerC E.coli, POA8P6; XerD E.coli,
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POASPS; XerC Thiobacillus denitrificans, 499632306; XerD
T. denitrificans, 516743720) to identify the motifs conserved
among the integron-encoded integrases!'!.

The alignments were generated with the Muscle
software program (version 3.7)!'® and edited with Jalview
(version 2.8.1)!'",

2.6 Phylogenetic analyses

A phylogenetic analysis based on the alignment of the amino
acid sequences deduced from the int/ gene fragments in the
libraries, the best BLAST hits selected from the GenBank
database, and the BLAST hits from the Integrated Microbial
Genomes and Metagenomes database (IMG/M) was
conducted with the maximum likelihood method, at the web
server http://phylogeny.fi''*! with the default options in the
PhyML software.

3 Results

Some areas of Fildes Peninsula have been designated
Antarctic Special Protected Areas (ASPAs) because of their
archaeological or ecological value. Fildes Peninsula is ASPA
No. 125, and specific protected areas within it are designated
ASPA 125 zones under the regulations of the Antarctic
Protected Areas System. One of these areas is located within
Halfthree Point (zone 125d), very close to one of the sites
analyzed in this study (HP). The HP sample location was
selected because of its longer distance from scientific stations
compared with NC site, located adjacent to zone ASPA 125f,
next to the Uruguayan Station (Artigas Base).

The total DNA extracted from each sample was used
as the template for PCR with primers Intl1 fwd and IntI1
rev (Table 2), generating single products of the expected size
(ca. 500 bp). Clone libraries were prepared using the DNA
amplification products generated from samples HP and NC.
Seventy-five clones from each library, with inserts of the
expected size, were randomly selected and the insert of each
was sequenced.

In total, 98 high-quality sequences were obtained:
62 from the HP samples and 36 from the NC samples. A
DNA sequence analysis with BLASTn indicated that 42 HP
library clones had the same sequence and were very similar
(99%—-100% identity) to those of class 1 in#/ genes. The
sequences of these 42 inserts were identical to that found
in seven Enterobacter sp., resistant to Amp, Tmp, and Str,
that were recovered on LB solid medium from soil samples
collected from several sites throughout Fildes Peninsula".
These isolates were all psychrotrophs and the class 1 int/ gene
identified in six of the seven isolates analyzed had a genetic
organization similar to that of pKOX105 from Klebsiella
oxytoca (HM126016)"). The 42 intl gene fragments
showed 100% identity (with BLASTn) to a fragment of the
intll gene isolated from Pseudomonas putida strain DLL-
E4 (CP007620.1), K. pneumoniae Kpl5 plasmid pENVA
(HG918041), and Xanthomonas oryzae pv. oryzae strain

YNA12-2 (HQ662557), of both environmental and clinical
origins.

The 20 remaining HP int/ sequences and the 36
intl from NC displayed various levels of similarity (with
BLASTX) to integrase sequences obtained in metagenomic
analyses of environmental samples®**!, and in one study
using the same primer pair for amplification as used in our
studyl.

3.1 Alignment analysis

Integron integrases are members of the tyrosine recombinase
family. They contain four very highly conserved residues
(RHRY), regions of conserved motifs (boxes I and II, patches
I, 11, and 1™, and an additional domain (AD) of about
of 35 residues, specific to integrons'>**. These conserved
elements allow the identification of potentially “new” int/
genes™, In this study, the inferred amino acid sequences
(160 amino acids) from both libraries were aligned with
representative integron-encoded integrases and the tyrosine
recombinases XerC and XerD (GenBank accession numbers
POA8P6 and POASPS, respectively) using Jalview (Figure
3 shows representative clones from the libraries; complete
data not shown). This allowed us to identify the conserved
motifs noted above that are characteristic of intl sequences!"”!
(Figure 3). However, patch I is not shown in the 160 amino
acid sequences analyzed. The motifs typical of the tyrosine
recombinase family, such as boxes I and II, patches II and
III, and AD, were identified in all the sequences, including
those from the HP and NC libraries!***! (Figure 3). Residues
essential for the DNA-binding™! and recombination
activities?”! of the enzymes were present, suggesting that
they represent functional proteins®® (Figure 3).

3.2 Phylogenetic analysis

A maximum likelihood phylogenetic analysis was
performed of the deduced amino acid sequences from
our Antarctic libraries, and all those sequences that were
most similar (see Methods) to our library sequences,
using nonredundant protein sequences from the GenBank
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)®!'*-2!
and a collection of sequences obtained from metagenomic
studies undertaken at King George Island. We also included
representative integron-encoded integrases from different
classes (from classes 1-8) obtained from GenBank. The
analysis showed that the Intl sequences displayed great
diversity, and those from our libraries, isolated by PCR
amplification with primers designed to amplify class 1 int/
genes were dispersed throughout the phylogenetic tree.
However, some of our sequences clustered in three separate
groups, distinct from the recognized “classical” classes of
integrases (Figure 4).

The sequences on the phylogenetic tree clustered into
different groups. One group contained class 1 Intl sequences,
usually recovered from clinical samples. This branch included
42 HP sequences, all identical to the Intl protein previously
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Patch I
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Figure 3 Alignment of deduced amino acid in#/ sequences (160aa) of representative HP and NC clones with known integrases (Intl1,
IntI2, IntI3, Intl4). The alignment also includes: IntIG. met from Geobactermethallireducens (WP_004514318), IntIN. eur from
Nitrosomonaseuropea (WP_011111085), IntIX.camp from Xanthomonascampestris (WP_011035598), and tyrosine recombinases XerC
(POA8P6) and XerD (POASPS) from E. coli. Typical motifs from tyrosine recombinase family (Box I and II, Patches II and III) are shown
within black border boxes. Additional domain (AD) typical of integron integrases are highlighted within a pink border box. Three residues
from the conserved RHRY tetrad from the tyrosine recombinase family are indicated within red border boxes. Essential residues for
binding and recombination activities are highlighted within blue border boxes. Intll, from E. coli (AAQ16665), Intl2, from Shigellasonei
(AAT72891), Intl3, from Klebsiellapneumoniae (AAO32355), Intl4, from Vibrio cholerae (AAC38424), Intl5, from Vibrio mimicus
(AF180939). IntI6 (AAK00307), IntI7 (AAK00305) and IntI8 (AF314189).

found on this peninsula!''l. The tree shows one sequence
(HP7) representative of these 42 sequences, to simplify the
visualization of the results.

Thirty-one of the 36 NC sequences clustered as a single
group, clearly separate from other recognized integrases.

Five sequences from the HP library (HP21, HP31,
HP56, HP84, and HP133) and NC15 also clustered together.
These HP sequences, NC15, and the 31 sequences from NC
discussed above shared a common origin and seemed to be
related to sequences recovered with metagenomic methods by
Rodriguez-Minguela et al.*!,

Three sequences from the NC library (NC11, NC37,
and NC38) clustered on a branch with integrases recovered
from different undisturbed environments, including a dry
forest (Puerto Rico), rainforests (Hawaii), and agricultural
soils (South Africa and Uruguay)™®.

Eleven HP sequences formed a single cluster closely
related to three Intl sequences recovered from heavy-metal-
contaminated mine tailings®. All these sequences formed a
clade with an environmental class 6 IntI*",

Sequences HP83 and NC30 formed a clade with a

class 8 IntI™ and with integrases recovered from different
environments, including sediments from the Arctic Ocean™!
and a gas-hydrate-bearing core from Vancouver Island
(Canada), among others*?.

Sequences HP4, HPS, and HP154 clustered as a single
group, separated from the other integrases identified in this
study.

4 Discussion

A tree based on the amino acid sequences of Intl proteins
deduced from all the genomes recorded in the DOE JGI was
constructed to investigate the diversity of these proteins
(Supplementary Figure 1S). Our results show that from
a phylogenetic perspective, the known classes of Intl are
not clustered as defined groups. Further support for this
idea is given by the phylogenetic tree constructed from
environmental Intl sequences (Figure 4). Some of the classes
are phylogenetically relatively close, but large groups of
sequences do not share a clear ancestor with the known
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Figure 4 Phylogenetic tree of Intl sequences obtained from HP and NC libraries and best BLAST hits selected from Genbank and from
IMG/M database. The tree was constructed using web server: http:/phylogeny.fr!"® with PhyML software and default options. Sequences
from HP library are indicated in blue and those from NC library in red. Sequences from known Intl class 1 to class 8 are shown in pink

and Intl sequences from some isolates, previously found in the same area, are shown in green.

classes. It is important to note that our analysis is based on an
exclusively phylogenetic perspective, and other factors, such
as sequence signatures, specific functions, or other relevant
traits, may be used for sequence classification.

A specific primer pair for class 1 intl genes was used
to amplify the genes from the total DNAs from two sites on
Fildes Peninsula. We thus isolated the amplicons, used to
construct the two clone libraries, HP and NC. The sampling
locations were selected partly because of their different
distances from scientific stations. Ninety-eight high-quality
sequences were analyzed, including 62 from HP and 36 from
NC. In the HP library, ca. 68% of the sequences were identical
to those previously isolated from the same area with culture-

dependent methods!". These class 1 intl-carrying isolates,
from the genus Enterobacter, were isolated from different
sites across Fildes Peninsula. The origin of these int// genes
is unknown, although the analysis of those enterobacterial
isolates, which were resistant to Amp, Tmp, and Str!'",
suggested that animals or humans could have been involved
in the dissemination of these intl class 1 integrons®2,
Without considering the bias imposed by PCR, we
do not know whether these 42 sequences were amplified
from different hosts, from a single type of organism, or from
siblings of a single strain that was relatively abundant in the
sample. Additional studies are required to determine whether
these integrons were introduced from anthropogenic, bird, or
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mammalian sources.

Similar class 1 intl sequences were not recovered from
the NC library. This sample was collected at a site located on
the coast, on a cliff, so presumably it was not easily accessible
to mammals, although presumably it would have been visited
by birds and humans.

In contrast, the other 56 sequences from the HP and
NC sites displayed much more diversity. The sequences also
clustered into groups that were clearly separated from those
isolated in a metagenomic analysis on King George Island.
However, some of them were similar to other environmental
integrase sequences isolated at other sites outside Antarctica,
and some sequences formed three groups clearly separate
from other previously described integrase sequences. A study
of the genetic organization of the newly predicted integrons
containing these integrase genes might provide new insight
into the evolution of these elements and their bacterial hosts.
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Figure 1S Phylogenetic tree estimated by maximun likelihood method, including Intl amino acid sequences from HP and NC libraries,
representative class 1 to class 8 integrases and Intl sequences identified in complete genomes of DOE JGI database. Color codes are the
same as those of Figure 4.



