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GRAPHIC ABSTRACT

* Beta-lactamase genes were found in all samples
from distant places in Antarctica.

*Class C beta-lactamase coding genes were the
most frequently found.

* Diversity of sequences exceeds that of the beta-
lactamases from clinical environment.

ARTICLE INFO

Article history:

Received 7 January 2019
Revised 10 May 2019
Accepted 15 May 2019
Available online 20 June 2019

Keywords:

Beta-lactamases

Antibiotic resistance coding genes
Metagenomes

Antarctic microbial mats

Search of
B-lactamase
genes

ABSTRACT

Analysis of environmental samples for bacterial antibiotic resistance genes may have different
objectives and analysis strategies. In some cases, the purpose was to study diversity and evolution of
genes that could be grouped within a mechanism of antibiotic resistance. Different protocols have been
designed for detection and confirmation that a functional gene was found. In this study, we present a
sequence-based screening of candidate genes encoding beta-lactamases in 14 metagenomes of
Antarctic microbial mats. The samples were obtained from different sites, representing diverse
biogeographic regions of maritime and continental Antarctica. A protocol was designed based on
generation of Hidden Markov Models from the four beta-lactamase classes by Ambler classification,
using sequences from the Comprehensive Antibiotic Resistance Database (CARD). The models were
used as queries for metagenome analysis and recovered contigs were subsequently annotated using
RAST. According to our analysis, 14 metagenomes analyzed contain A, B and C beta-lactamase genes.
Class D genes, however, were identified in 11 metagenomes. The most abundant was class C (46.8%),
followed by classes B (35.5%), A (14.2%) and D (3.5%). A considerable number of sequences formed
clusters which included, in some cases, contigs from different metagenomes. These assemblies are
clearly separated from reference clusters, previously identified using CARD beta-lactamase sequences.
While bacterial antibiotic resistance is a major challenge of public health worldwide, our results
suggest that environmental diversity of beta-lactamase genes is higher than that currently reported,
although this should be complemented with gene function analysis.
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1 Introduction

Since their discovery, antibiotics have been widely used as
therapeutic agents to treat bacterial infections. Penicillin G,
a beta-lactam antibiotic, was the first antibiotic used for
clinical therapy. It was discovered in 1928 by Alexander
Fleming and the first use of penicillin as therapeutic agent
dates back to 1940 (Bennett and Chung, 2001). Since the
first years of clinical use, it became apparent that bacteria
were able to develop resistance to antibiotics. The strategy
was then to replace antibiotics to which resistance had
emerged with new ones, which were continuously
discovered or designed (Davies and Davies, 2010).
Today, establishment and dispersion of bacterial resistance
has become one of the main challenges faced by those
responsible for the design of public health policies
worldwide (Hogberg et al., 2010).

Beta-lactams are the most widely used group of
antibiotics. These compounds are bactericidal, and their
mechanism of action involves inhibition of bacterial
peptidoglycan synthesis. Few mechanisms of resistance
to beta-lactams have been described in bacteria. For
instance, target proteins of beta-lactams, known as
penicillin binding protein (PBPs), may be modified in
which their affinity for beta-lactams is diminished. Also, in
some Gram-negative bacteria, downregulation in expres-
sion of specific outer membrane proteins results in a
reduced uptake of the antibiotic (Babic et al., 2006).
However, the most important mechanism of resistance is
the production of beta-lactamases. These enzymes inacti-
vate the antibiotic by hydrolysis of the beta-lactam ring.
Understanding the diversity and distribution of beta-
lactamases is key to design effective public health
strategies.

Four classes of beta-lactamases are recognized accord-
ing to Ambler classification, which is based on amino-acid
sequences (Hall and Barlow, 2005). Three classes, i.e., A,
C and D, are identified as serine beta-lactamases because a
serine residue is positioned in their active sites (Hall and
Barlow, 2004). Class B beta-lactamases, also termed
metallo beta-lactamases, require Zn>* for activity and
comprise a clearly different group from the serine beta-
lactamases (Garau et al., 2004). Extended spectrum beta-
lactamases (ESBLs), defined as those able to hydrolyze
penicillins, aztreonam, and cephalosporins up to the third
generation (Naas et al., 2008), can be found in classes A
and D. Various beta-lactamases of class C have a substrate
range similar to those of ESBLs, but are less sensitive to
inhibitors like clavulanic acid (Jacoby, 2009). Class B
beta-lactamases, on the other hand, are able to hydrolyze
almost all beta-lactams in use, and their ability to confer
carbapenems resistance is particularly alarming (Garau
et al., 2004).

Genes coding for members of all classes have been
found in transferable plasmids (Coudron et al., 2000;
Pérez-Pérez and Hanson, 2002; de Been et al., 2014), and

some have been found to be associated with class 1
integrons (Bonnet, 2004). This emphasizes the relevance
of these enzymes for spread of resistant traits to diverse
bacteria including pathogens.

Presently, over a thousand beta-lactamase genes
sequences can be retrieved from the Comprehensive
Antibiotic Resistance Database (CARD). Beta-lactamases
are among the most diverse and widespread groups of
antibiotic resistance determining genes (ARDGs). Most
variants were obtained from clinical isolates (Coudron
et al., 2000; Pérez-Pérez and Hanson, 2002; Jeong et al.,
2004; de Been et al., 2014; Shaikh et al., 2015). However,
it has been shown that non-pathogenic bacteria present in
environments with reduced anthropogenic influence could
be considered as natural reservoirs for beta-lactamase
coding genes (Allen et al., 2009). Some of these genes may
be different, both structurally and functionally from those
obtained and evolved in clinical environments.

Studying these genes in a pristine environment offers the
opportunity to minimize the anthropogenic factors
involved in the complex evolutionary history of antibiotic
resistance. The Antarctic regions studied are certainly
heterogeneous, offering different study frames to our
exploration. The Antarctic Polar Frontal Zone is classified
into three biogeographically distinct regions: continental
Antarctica, sub-Antarctica and maritime Antarctica. Con-
tinental Antarctica is most of the continent. It has an
extremely cold and dry climate and is exposed to strong
winds and intense UV radiation. Some sites of this region,
like McMurdo Dry Valleys, have been ice-free for several
years. Maritime Antarctica includes north-western areas of
the Antarctic Peninsula and surrounding islands, including
South Shetland Islands. This region has a less rigorous
climate, with more humidity and higher average tempera-
tures compared with continental Antarctica. King George
Island, in this region, is home to numerous marine
mammals and birds, and one of the most visited sites on
the continent, with ten research stations in operation.

The objective of this study was to survey 14 microbial
mats metagenomes from different sites along a latitudinal
gradient in Antarctica, specifically for the presence of beta-
lactamase coding genes (BLCGs). Microbial mats are
common features of Antarctic environments, representing
native and diverse microbial communities. Samples were
collected from sites exposed to diverse environmental
conditions and with different levels of human and animal
influence. The spectrum of antibiotic resistance genes
present in these metagenomes may indicate a greater
diversity than that currently described.

2 Materials and methods
2.1 Samples collection

Microbial mats samples were collected from different
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Antarctic sites representing a latitudinal gradient. Table 1
summarizes the sites and geographical coordinates.

2.2 Shotgun metagenomics sequence processing

Metagenomic libraries were prepared with the Nextera
DNA Flex library prep kit (Illumina, San Diego, CA, USA)
where fragments of total DNA (1 pg) were inserted into
vectors and sequenced with whole genome sequencing
technology (HiSeq2 x 150), at the Yale Keck Center for
Genomic Sciences. A mean of 7.84+2 Gb of data were
obtained for each metagenome, for a total of 109 Gbp of
sequenced DNA. Raw reads were quality filtered and de
novo assembled using IDBA-UD, with k-mer lengths
between 120 and 150 bp (Peng et al., 2012). N50 values,
from 2500 to 9000 bp are presented in Table S1 in
Supplementary material. The set of contigs generated, ca.
878 Mbp, was used as input for searching beta-lactamase
genes.

2.3 Identification of beta-lactamase coding genes (BLCGs)

Nucleotide and translated amino acid sequences of known
BLCGs were obtained from CARD database. A Hidden
Markov Model (HMM) based on amino acid sequences
was generated for each class. These models were used as
queries for the search of BLCGs in each metagenome.
Selected contigs containing a presumptive BLCG,
longer than 2000 bp, were considered for further analysis.
These contigs were then submitted to RAST server (Rapid
Annotation using Sub-system Technology) (Aziz et al.,
2008) for annotation. Contigs in which RAST server
annotated a beta-lactamase were then considered for the
following step. Lengths of the longest and the shortest

Table 1 Geographic location of sampling sites

known beta-lactamases were considered as limits for
putative genes. Hits whose lengths were beyond these
limits were not evaluated.

2.4 Construction of phylogenetic trees for beta-lactamases

Sequences were aligned using Seaview software (v. 4.6.3)
(PRABI-Doua, Pole Rhone-Alpes de Bioinformatique Site
Doua, France). The alignment was constructed using
Muscle algorithm. Phylogenetic trees were also con-
structed with Seaview software using the PhyML algo-
rithm.

One phylogenetic tree for each class was constructed
including previously described sequences for beta-lacta-
mases from CARD database. This was done in order to
identify clusters and to select representative sequences to
be used as references for the construction of a final tree for
each class. Sequences selected as reference for class A tree
were variants of CARB, CfxA, CTX-M, GES, IMI, KPC,
LEN, LRA, NPS, OKP-B, OXY, PER, SHV, TEM, TLE
and VEB beta-lactamases. For class B tree, 6 sequences
were selected and included variants of cphA, IND, LRA,
MUS, NDM and VIM beta-lactamases. Eight sequences
were included for class C with variants of ACC, ACT,
CMY, DHA, FOX, LRA, OCH and PDC sequences. For
class D tree 8 reference sequences were selected, 7 of
which belonged to different clusters of the OXA variants
and the remaining sequence was a LCR type. Reference
trees are not shown.

Four multifasta files were built for each class, including
environmental beta-lactamase sequences obtained from the
14 metagenomes and selected reference sequences. These
files were used to construct alignments and their respective
trees.

Sample Geographic reference Latitude Longitude

Sample 1 King George Island (Fildes Peninsula) 62°09'31" S 58°56'31" W
Sample 2 King George Island (Fildes Peninsula) 62°09'59" S 58°58'33" W
Sample 3 King George Island (Fildes Peninsula) 62°12'14" S 58°57'16" W
Sample 4 King George Island (Fildes Peninsula) 62°10'00" S 58°58'34" W
Sample 5 King George Island (Potter Peninsula) 62°14'35" S 58°40'39" W
Sample 6 King George Island (Potter Peninsula) 62°14'34" S 58°4026" W
Sample 7 Antarctic Peninsula (Trinity Peninsula) 63°28'13" S 57°12'30" W
Sample 8 Antarctic Peninsula (Danco Coast) 64°0922" S 60°57'30" W
Sample 9 Antarctic Peninsula (Fallieres Coast) 68°07'45" S 67°0620" W
Sample 10 McMurdo Dry Valleys 78°0124" S 163°55'03" E
Sample 11 McMurdo Dry Valleys 78°0123" S 163°54'56" E
Sample 12 McMurdo Dry Valleys 78°01'23" S 163°54'07" E
Sample 13 McMurdo Dry Valleys 78°01'30" S 164°06'02" E
Sample 14 McMurdo Dry Valleys 77°39'40" S 163°05'31" E
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2.5 Calculation of Shannon diversity index

Sequences from each class of beta-lactamase were
clustered using the CD-HIT program (Fu et al., 2012).
Sequences that grouped in the same cluster were treated as
members of the same taxonomic unit for index calculation
purposes. Grouping by CD-HIT was done using word size
of 3, and a sequence identity threshold value of 0.5.
Indexes were calculated for each class of beta-lactamases
retrieved from our metagenomes and from the CARD
database, separately.

3 Results and discussion

A total of 1341 BLCG sequences were obtained from the
CARD database. HMM were constructed with 660, 163,
226 and 292 amino acid sequences retrieved from classes
A, B, C and D, respectively. Figure S1 (supplementary
material) shows the origin of different sequences used.
Most of these sequences belong to genera that include
human pathogenic bacteria, showing the driving force in
discovery and description of beta-lactamases. The main
driving force for study of these sequences has mainly been
involved in the study of human pathogens and clinical
environments.

According to our analysis, the 14 metagenomes
analyzed contain classes A, B and C beta-lactamase
genes. Class D genes were only identified in 11 of these
metagenomes (Tables 2 and 3). The most abundant was
class C with 306 confirmed hits (46.8%), followed by class
B with 232 hits (35.5%) and class A with 93 hits (14.2%).

Only 23 class D beta-lactamases were found (3.5%)
(Table 3). As shown in Tables 2 and 3, before filtering the
sequences using the criteria mentioned in methods section,
the number of hits were 260, 765, 708 and 188 for classes
A, B, C and D, respectively. Therefore, a total of 1921
beta-lactamase primary hits were identified initially,
however, only 654 hits remained after filtering represent-
ing 34% of the total. It is certainly possible that some of
these primary hits, which were not further considered,
would be beta-lactamase coding genes. The sequence-
based approach used in this study relies on HMM
generated with beta-lactamase sequences obtained from
the CARD database. These sequences are usually found in
clinical environments (Boolchandani et al., 2019). This
would indicate that the number and diversity of ARDGs in
our samples could be higher than values shown as final
results of this work. The number of class D beta-lactamases
after filtering had the highest reduction, representing only
12.2% of the set of primary hits of this class.

We found an average of 0.75, 1.95, 2.62 and 0.22 class
A, B, C and D genes per 1000 contigs analyzed,
respectively. Contigs carrying class B and D genes were
more abundant in metagenome 9 (Antarctic Peninsula,
Fallieres Coast). In this community, we found 4.65 %o and
6.02 %o of contigs contain class B and D beta-lactamase
genes, respectively. The highest proportion of beta-
lactamase genes per 1000 obtained for class A was 1.40
%o in metagenome 11 (Table 2) and for class D was 0.53 %o
in metagenome 2 (Table 3).

In a previous study, a meta-analysis of metagenomes
from diverse environments, found that about 83% of beta-
lactamase hits belonged to class A, followed by 10% class

Table 2 Number and per mille of beta-lactamase hits found for classes A and B in each metagenome

Class B

Primary Hits (n)  Confirmed Hits (n) Confirmed Hits ( %o0) Primary Hits (#) Confirmed Hits (n)  Confirmed Hits ( %o)

Sample? Class A
Metagenome 1 (14344) 4 2
Metagenome 2 (3760) 10 3
Metagenome 3 (3724) 8 1
Metagenome 4 (4706) 7 4
Metagenome 5 (15035) 42 13
Metagenome 6 (11962) 32 8
Metagenome 7 (9291) 21 8
Metagenome 8 (10127) 39 12
Metagenome 9 (7315) 14 5
Metagenome 10 (6973) 20 7
Metagenome 11 (9269) 22 13
Metagenome 12 (8972) 7 2
Metagenome 13 (7187) 13 5
Metagenome 14 (11580) 21 10

0.139 17 6 0.418
0.798 33 5 1.330
0.269 14 6 1.611
0.850 28 8 1.700
0.865 78 21 1.397
0.669 66 15 1.254
0.861 67 16 1.722
1.185 72 19 1.876
0.684 64 34 4.648
1.004 53 15 2.151
1.403 68 24 2.589
0.223 76 15 1.672
0.696 58 16 2.226
0.864 71 32 2.763

Notes: a) Number in parenthesis in the first column indicates the total number of contigs in each metagenome. About Class A, the total number of Primary Hits is 260;
the total number of Confirmed Hits is 93; about Class B, the total number of Primary Hits is 765; the total number of Confirmed Hits is 232.
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Table 3 Number and per mille of beta-lactamase hits found for classes C and D in each metagenome

Class D

Primary Hits (1)  Confirmed Hits (n) Confirmed Hits (%o0) Primary Hits (#) Confirmed Hits ()  Confirmed Hits ( %o)

0.837 0 0 0

2.660 9 2 0.532
1.880 4 1 0.269
2.125 8 0 0

1.264 22 1 0.067
2.174 28 1 0.084
1.507 21 2 0.215
2.567 26 5 0.494
6.015 10 3 0.410
3.298 14 2 0.287
3.452 14 3 0.324
2.118 9 2 0.223
3.479 8 1 0.139
3.368 15 0 0

Sample? Class C
Metagenome 1 (14344) 19 12
Metagenome 2 (3760) 27 10
Metagenome 3 (3724) 17 7
Metagenome 4 (4706) 21 10
Metagenome 5 (15035) 58 19
Metagenome 6 (11962) 75 26
Metagenome 7 (9291) 36 14
Metagenome 8 (10127) 70 26
Metagenome 9 (7315) 86 44
Metagenome 10 (6973) 51 23
Metagenome 11 (9269) 64 32
Metagenome 12 (8972) 62 19
Metagenome 13 (7187) 43 25
Metagenome 14 (11580) 79 39

Notes: a) Numbers in parenthesis in the first column indicates the total number of contigs in each metagenome. About Class C, the total number of Primary Hits is 708;
the total number of Confirmed Hits is 306; about Class D, the total number of Primary Hits is 188; the total number of Confirmed Hits is 23.

C genes (Nesme et al., 2014). Comparing our results with
those obtained previously using samples from other
environments, we only detected one coincidence, related
to the low abundance of contigs containing class D beta-
lactamase genes.

The 232 hits of class B beta-lactamases found in the 14
metagenomes imply that 35.5% of total hits belong to
metallo beta-lactamases. This proportion is higher com-
pared with representation of this class in CARD database
sequences (12%). This result should be considered with
caution, since we are comparing gene abundance detected
in Antarctic communities with the abundance from a
global database. This in turn reflects the abundance of
genes detected in diverse environments, which are mainly
of clinical origin. The existence of an extensive pool of
class B beta-lactamases could be alarming and should be
considered in the development of guidelines for antibiotics
use. Most of known metallo beta-lactamases are broad-
spectrum and not responsive to inhibitors such as
clavulanic acid (Lisa et al., 2017). However, this might
not be an immediate problem in this kind of environment,
although the presence of these “proto-resistance genes”
must be taken into account to avoid their selection and
evolution to resistance genes that could result in serious
clinical problems.

The abundance of class C beta-lactamase genes (46.8%)
found in metagenomes is higher compared with the
proportion of class C genes recovered from CARD
database (16.9%). The opposite situation is found for
class A genes, with abundances of 14.2% and 49.2% from
the Antarctic microbial mat metagenome analysis and
CARD database, respectively. However, it can be argued

that the number of presently characterized beta-lactamases
is influenced by evolutionary radiation promoted by
selective pressures that result from use of antibiotics. In
this way, since class C are primarily cephalosporinases
(Jacoby, 2009), the specific selection pressure began later
compared with that applied to class A beta-lactamases.
However, many class C coding genes have been shown to
be cryptic or unexpressed and thus no increased resistance
should result from their incorporation to a genome (Hall
and Barlow, 2004). Therefore a higher number of class C
beta-lactamases does not necessarily mean higher resis-
tance potential.

Most known class D beta-lactamases are specialized in
hydrolyzing a subset of penicillins, oxacillins (June et al.,
2014) and others can hydrolyze carbapenems (Al Bayssari
et al., 2015). Due to these substrate specificities, it is not
surprising that class D is the least abundant in the Antarctic
environment. However, this group of beta-lactamases has
expanded rapidly since introduction of carbapenems
(Evans and Amyes, 2014).

Analysis of the phylogenetic tree of class A beta-
lactamases allows for identification of 4 clusters of
candidate genes (Fig. 1). The rest of the sequences are
distributed across the tree. Clusters have 20, 22, 16 and 7
sequences from different metagenomes. Reference
sequences are not located in these clusters, although 12
grouped together in a broader group that includes three
candidate beta-lactamases, two from metagenome 10 and
one from metagenome 11. Interestingly, some class A beta-
lactamases obtained were found to be closely related
despite being found in metagenomes obtained from
geographically distant samples. That is the case, e.g., of
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Fig. 1 Phylogenetic tree constructed with deduced amino acid sequences of class A beta-lactamases identified in Antarctic microbial

mat metagenomes. Representative reference sequences were also included in the tree. The tree was constructed using Neighbor Joining
algorithm.
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the hit found in contig 3692 of metagenome 11, one in
contig 7476 of metagenome 5 and the hit in contig 4746 of
metagenome 8, all located in cluster III. There are
examples of this relatedness in all clusters identified,
especially in cluster I, including a sub-cluster of 12 beta-
lactamases. All these sequences are closely related and
they were obtained from 7 different metagenomes.
Furthermore, in that cluster there is one beta-lactamase
that was found in metagenomes 4, 5 and 6. This would
imply that most class A beta-lactamases from the Antarctic
environment differ markedly from presently known beta-
lactamases. Moreover, some of them are closely related
between themselves despite their disparate origin. This
should be taken into account when metagenome data are
analyzed. As expected, databases have a bias toward genes
that appear in commonly studied environments. These

biases affect the strategies dependent on previously
described sequences, like primer design for PCR detection.
Antarctic environmental sequences are not well repre-
sented in databases and this could be why some previous
studies may have underestimated the abundance of beta-
lactamases (Segawa et al., 2013; Van Goethem et al.,
2018).

Phylogenetic tree of class B beta-lactamases shows that
query sequences are clustered in 9 major groups and in
other minor ones (Fig. 2; see Fig. S2 for full tree). Five of
the reference sequences are grouped in cluster VIII
together with 11 candidate beta-lactamases from our
samples, originating from 8 different metagenomes.
Reference sequences of types VIM and NDM are grouped
together, as well as type sequences IND and MUS.
However, the first pair of these sequences clustered with a
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Fig. 2 Phylogenetic tree constructed with deduced amino acid sequences of class B beta-lactamases identified in Antarctic microbial mat
metagenomes. Representative reference sequences were also included in the tree. The tree was constructed using Neighbor Joining

algorithm.
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metagenome 8 beta-lactamase, while the second pair
grouped with 8 other beta-lactamases. This indicates that
among environmental metallo beta-lactamases, there is a
subset that is closely related to those described in clinical
environments. This underscores the importance of study-
ing the natural pool of ARDGs and may, at least partially,
explain the rapid emergence and dissemination of certain
variants such as New Delhi metallo beta-lactamase (Bush
et al.,, 2011). Reference sequence type LRA, which is a
group of beta-lactamases derived from uncultured bacteria,
was located in a minor cluster and is related to a beta-
lactamase from metagenome 2. Cluster VI is the largest
and contains 51 beta-lactamases, some of which are highly
related. This cluster contains sequences from all metagen-
omes sampled except from metagenomes 1, 7 and 10.
The phylogenetic tree constructed with class C beta-
lactamases shows 5 differentiated clusters with two
sequences outside of these clusters (Fig. 3; see Fig. S3
for full tree). Sequences outside clusters belong to
metagenomes 9 and 14. The 8 reference sequences from
cluster IV, which contains only reference sequences.
Cluster V is the mostly related to reference cluster (IV),
and contains 22 sequences from 8 metagenomes (meta-
genome 2, 6, 8, 9, 10, 11, 12 and 14). The remaining
sequences seem to be distantly related to reference beta-

lactamases. Cluster III is the largest, with a total of 233
sequences from all metagenomes. These results show that
there exists a great reservoir of uncharacterized class C
beta-lactamases, most of which are more related to each
other than to previously described beta-lactamases. These
results support the idea that natural environments and non-
pathogenic bacteria harbor a myriad of uncharacterized
ARDGs (Allen et al., 2010). Uncharacterized beta-
lactamases, particularly those distantly related to those
already characterized, may differ substantially in substrates
affinities or kinetics. As observed for class A, some class C
beta-lactamases identical sequences (indicated with arrows
in supplementary Fig. S3), were obtained from different
metagenomes. Metagenomes 5 and 6 share six different
beta-lactamases. One particular sequence was found in
metagenomes 4, 5, 6 and 7. Thus, this beta-lactamase may
be common in these environments.

Six clusters can be identified in the class D phylogenetic
tree (Fig. 4). Two clusters contain only reference
sequences. Cluster III includes only two sequences,
reference gene type OXA-209 and the sequence found in
contig 21 of metagenome 9. This is the only candidate
class D sequence found in the 14 metagenomes closely
related to a reference sequence. OXA-209 was originally
described in Riemerella anatipestifer, a bird pathogen

Metagenome14|ClassC_8479

*N Cluster I (26 Seqs)

0.4

Metagenome9|ClassC_996

‘M Cluster Il (233 Seqy)

ClassC|AAR87489.11DHA-3_[Klebsiella_pneumoniae]
ClassC|BAP68758.1|ACT-35_[Enterobacter cloacae]
{ ClassC|ABS12248.1|CMY-29 _[Escherichia_coli]
ClassC|CAC17622.1JOCH-2[Ochrobactrum_anthropi]
ClassC|ACQ82807.1|PDC-1_[Pseudomonas_aeruginosa PAO1]
ClassC|CAA71325.1|FOX-2_[Escherichia_coli]

ClassC|ACH58997.1|LRA-18 [uncultured bacterium_BLR18]

ClassC|CAB46491.1]ACC-1_[Klebsiella_pneumoniae]

Fig. 3 Phylogenetic tree constructed with deduced amino acid sequences of class C beta-lactamases identified in Antarctic microbial mat
metagenomes. Representative reference sequences were also included in the tree. The tree was constructed using Neighbor Joining

algorithm.
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Fig. 4 Phylogenetic tree constructed with deduced amino acid sequences of class D beta-lactamases identified in Antarctic microbial
mat metagenomes. Representative reference sequences were also included in the tree. The tree was constructed using Neighbor Joining

algorithm.

(Chen et al., 2012). The largest assembly is cluster IV,
which includes 13 beta-lactamases. In this cluster, it is also
observed that the beta-lactamase sequence found in contig
362 of metagenome 3 was also found in metagenome 8.
Therefore, the observations made for the other classes of
beta-lactamases also apply to class D despite being the less
abundant class in our metagenomes.

Comparing Shannon diversity index of database beta-
lactamases and Antarctic sequences, it was clear that the
microbial mats from Antarctica hold a higher diversity
(Table 4). Only for class D beta-lactamases the diversity

index of database sequences was higher than that of beta-
lactamases recovered from Antarctic metagenomes. Inter-
estingly, the 93 sequences of class A beta-lactamases found
in metagenomes were more diverse than the 660 from the
CARD database.

Previous studies provided evidence on the evolution and
emergence of antibiotic resistance genes from environ-
mental bacteria. Genes encoding enzymes that modify
antibiotics (e.g. beta-lactamase genes) have generally
evolved to confer other activities (Martinez, 2008; Wright,
2010). However, due to substrate similarity they can also
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Table 4 Shannon diversity indexes for each class of beta-lactamases for sequences retrieved from the Antarctic metagenomes and from CARD

database

Class Shannon index of metagenome sequences Shannon index of database sequences
Class AY 2.94 (n=93) 1.35 (n = 660)

Class BY 3.32 (n=232) 2.30 (n=163)

Class C 4.85 (n = 306) 0.72 (n = 226)

Class DV 1.54 (n=23) 1.66 (n = 292)

Notes: a) The » indicates the number of sequences considered for index calculation.

confer a low antimicrobial resistance activity. The high
diversity of beta-lactamase genes discovered in pristine
Antarctic microbial mats sheds evidence to their natural
distribution and occurrence, as means of bacteria-bacteria
interactions. When these genes are selected, due to
antibiotic presence, they can accumulate mutations that
eventually enhance this activity. Another important aspect
that can lead to formation of clinically-relevant ARGDs is
their incorporation into mobile genetic elements. Such
events may change the biochemical regulation and context
in which these genes are expressed. The positive selection
for these traits is important for acceleration of such
evolutionary events and thus leads to drug resistant
phenotypes.

The methods used for ARDGs’ detection and their
applications to study metagenomes are matters of intense
discussion and research efforts. It is now recognized that a
high number of genes identified in non-culturable and
environmental bacteria are not well represented in
available databases (Allen et al. 2009). To avoid bias
toward clinically relevant genes and to describe novel
ARDGs different strategies are being developed (Wallace
et al. 2017; Berglund et al. 2019).

One particular limitation of sequence-based studies is
the possibility that some selected sequences do not confer
the predicted resistance (Quince et al., 2017). However,
there are records of metagenome-predicted genes whose
synthesis, cloning and expression in Escherichia coli
strains resulted in resistant phenotypes (Ruppé et al.,
2019). Even though only a functional analysis assures the
activity of a sequence-predicted ARDG, it is well
recognized as valid the use of HMMs to recover sequences
with low identity scores but with a similar functionality
(Gibson et al. 2015). To reduce the potential selection of
false positives, we incorporated a highly restrictive
approach to select candidate BLCGs. In this study, the
search and filtering pipeline has been restrictive enough to
discard most non-beta-lactamase genes.

The Protocol on Environmental Protection to the
Antarctic Treaty (Madrid Protocol) is part of the Antarctic
Treaty System. The objective of this Protocol is protection
of the Antarctic environment and dependent and associated
ecosystems. Then, due to the environmental protection of
this continent, a low selection toward resistant phenotypes
is expected. However, there are certain studies that present

evidence of sewage pollution near research stations, as the
main contributors to the release of antibiotics (Hughes and
Thompson, 2004). It is important to have strong control on
this due to the highly diverse natural reservoir of ARDGs
present in Antarctica.

4 Conclusions

We present evidence that the Antarctic environment can be
an important reservoir of beta-lactamase genes. Our results
evidence a wider diversity of candidate beta-lactamase
genes than the expected based on existing databases.
Sequence identity and coverage of the genes found are
similar to most previously described beta-lactamase genes
which can result in clinical problems. Assessing the
diversity and distribution of bacterial antibiotic resistance
strategies will have increasing clinical relevance to design
effective public health strategies.
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