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The genus Burkholderia and its strains PAMC28687 and PAMC26561 are lichen-associated bacteria isolated from
the Antarctic region. Our study is the first to provide the genome sequence of the Burkholderia sp. PAMC26561
strain. The genus Burkholderia includes bacteria that are pathogenic to plants, animals, and humans. Compu-
tational analysis of complete genomes of strains from the uncategorized Burkholderia group was performed using

the NCBI databank and PATRIC (for genome sequence information) and CRISPRCasFinder (online and offline
versions) software in order to predict the CRISPR loci and Cas genes. The RNAfold Webserver online software
was used to predict RNA secondary structures. Our study showed that strain MSMB0852 (plasmid) possesses
CRISPR-Cas system Class 2, and two lichen-associated strains, PAMC28687 (chromosome I) and PAMC26561
(chromosome I), possess CRISPR-Cas system Class 1. Additionally, only the two lichen-associated strains possess

a variety of Cas genes.

1. Introduction

The genus Burkholderia belongs to the phylum Proteobacteria and
family Burkholderiaceae [1]. The members of this genus include bac-
teria that are pathogenic to animals and plants, cause nodulation in le-
gumes, inhabit soil and water, or are endophytes [2]. The pathogenic
members include the Burkholderia cepacia complex that attacks humans,
and B. mallei, responsible for glanders, a disease that occurs mostly in
horses and related animals. B. pseudomallei is a causative agent of
melioidosis. The members of the genus are gram-negative, obligate
aerobic, and rod-shaped bacteria that are motile by means of a single
flagellum or multiple polar flagella, apart from B. mallei, which is non-
motile [3].

We have sequenced two species of Burkholderia from Antarctica (B.
sp. PAMC28687 and B. sp. PAMC26561), which are both cold-adapted
lichen-associated organisms. Their sequence information was
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deposited within the NCBI (National Center for Biotechnology Infor-
mation) in 2016 as an uncategorized group. As these two strains were
isolated from the polar region, they could be classified as psychrophilic
bacteria. Numerous organisms, in particular, bacteria, yeasts, unicellu-
lar algae, and fungi, have successfully colonized cold environments,
which are the most abundant environments on the surface of our planet.
As these organisms do not have any thermal regulatory mechanisms,
their internal temperature is close, if not identical, to that of the sur-
rounding environment. Despite the strong negative effect of low tem-
peratures on biochemical reactions, the rates of reproduction, growth,
and locomotion in these organisms are similar to those of species that
inhabit temperate environments [4]. The strains PAMC28687 and
PAMC26561 have three and two chromosomes, respectively. In addi-
tion, these lichen-associated bacteria also have CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) loci and Cas-
associated (Cas) genes governing their immune systems.
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Table 1
Genome features of Burkholderia sp. PAMC26561 and PAMC28687.
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Name PAMC28687

PAMC26561

Chromosome 1 Chromosome 2

Chromosome 3

Chromosome 1 Chromosome 2 Chromosome 3

Genome size (bp) 3,397,021 1,611,937

GC% 60.1 60.2 60.3
Protein 2926 1468 1365
rRNA 12 N -—-N
tRNA 48 1 1
Other RNA 4 N -N
Gene 3060 1514 1392
Pseudogene 70 45 26
NCBI No. NZ_CP014505.1 NZ_CP014506.1

1,623,425

NZ_CP014507.1

3,260,450 1,696,029 1,495,500
60.2 60.2 60.4

2990 1426 1415

12 -N -N

53 1 -N

4 -N -N

3106 1459 1465

47 32 50

NZ_CP014306.1 NZ_CP014307.1 NZ_CP014315.1

Note; "N" referes to not available.

CRISPR and Cas genes are present in many bacterial and archaeal
genomes [5]. Cas genes are present only in CRISPR-containing pro-
karyotes, and are always located adjacent to CRISPR loci [6-8]. Studies
suggest that CRISPR loci and Cas genes have related functions, especially
in terms of DNA metabolism and/or gene expression [9]. The typical
genomic architecture of a CRISPR-Cas system consists of a CRISPR locus,
a series of Cas genes, and a leader region. The genomic component of the
CRISPR-Cas system is formed by a series of tandem repeats separated by
a unique spacer sequence, which may share sequence similarity with
viruses, plasmids, or bacteria [7,10,12]. Interestingly, several patho-
genic bacteria possess a CRISPR-associated ribonucleoprotein complex;
this complex is thought to play a dual role in defense as well as virulence
[11]. Some bacterial species harbor more than one CRISPR locus within
their genomes [11]. Comparative genomic analyses have revealed that
CRISPRs and their associated Cas genes are present in diverse bacterial
phylogenetic groups, which has resulted in the classification of these
genes into several protein families [11].

In the present study, we predicted CRISPR loci and Cas genes in 21
uncategorized complete genomes of Burkholderia species, along with the
lichen-associated B. sp. PAMC28687 and PAMC26561 isolated from the
Antarctic region. CRISPRCasFinder (online and offline) was used to
study the CRISPR loci and Cas genes present in the respective strains.
Lichen-associated Burkholderia strains have not been studied as widely
as Burkholderia strains associated with plants and mammals. The pre-
diction and classification of CRISPR loci and Cas genes in these strains
may improve our understanding of pathogenic bacteria, as the genus

Table 2
Genomic information for 21 uncategorized Burkholderia strains.

Burkholderia also contains members that are opportunistic human
pathogens. The CRISPR-Cas systems of these strains might provide a new
direction to identify pathogens more accurately and rapidly at the ge-
netic level. Furthermore, identifying various types of CRISPR and Cas
genes in psychrophilic bacteria may help us to understand the nature of
Cas genes and their underlying mechanisms. Use of bioinformatic tools
such as CRISPRCasFinder can allow us to study CRISPR loci and Cas
genes in respective strains without performing laborious laboratory
experiments.

2. Materials and methods
2.1. Data sources

The complete genome sequences of the uncategorized group of
Burkholderia species were obtained from the NCBI nucleotide database
(https://www.ncbi.nlm.nih.gov/). Genomes deposited up to January
2020 were included in this study. A total of 21 strains, including our two
lichen-associated strains (B. sp. PAMC28687 and PAMC26561), were
included in the study [13].

2.2. Comparative genome analysis

The PATRIC database (https://patricbrc.org/) was used to obtain
genomic information and the number of virulence factors involved in the
respective strains. The PATRIC database uses the virulence factor

Organism/name Strain GC (%) Isolate info. Virulence factors

Isolation source Isolation country Geographic location Victors VFDB PATRIC_VF
Burkholderia sp. DHOD12 63.06 Forest soil China China: Guangdong Province 19 14 1
Burkholderia sp. OLGA172 60.85 Soil Russia Russia NA NA NA
Burkholderia sp. BDU8 66.46 Soil Australia Australia: Badu Island, Torres Strait 108 36 1
Burkholderia sp. MSMB0266 67.01 Soil Australia Australia: Northern Territory 81 33 1
Burkholderia sp. MSMB617WGS 67.50 Soil Australia Australia: Northern Territory 80 32 1
Burkholderia sp. MSMB0852 67.31 Soil Australia Australia: Northern Territory 58 25 1
Burkholderia sp. CCGE1003 63.23 N/A N/A N/A 18 15 1
Burkholderia sp. MSMB43 67.14 Water Australia Australia: Northern Territory 2 1
Burkholderia sp. 2,002,721,687 67.14 Water Australia Australia 95 37 1
Burkholderia sp. CCGE1001 63.62 N/A N/A N/A 17 15 1
Burkholderia sp. BDU6 66.31 Soil Australia Australia: Badu Island, Torres Strait 55 28 1
Burkholderia sp. MSMB0175 64.38 Soil Australia Australia: Northern Territory 42 25 1
Burkholderia sp. JP2-270 65.95 Rice rhizosphere China China: Hangzhou 28 20 1
Burkholderia sp. 1DO3 66.37 Reactor sludge China China: Dalian 25 19 1
Burkholderia sp. NRF60-BP8 67.26 Soil Thailand Thailand: Ubon, Pibul 31 20 1
Burkholderia sp. KBS0801 66.64 Soil USA USA: Hickory Corners, MI 27 20 NA
Burkholderia sp. LA-2-3-30-S1-D2 66.35 Soil United States USA: New Orleans, Plaquemines, LA 28 21 1
Burkholderia sp. MSMB0856 66.49 Soil Australia Australia: Northern Territory 28 20 1
Burkholderia sp. KJ006 67.19 Rice root South Korea Korea 27 20 1
Burkholderia sp. PAMC28687* 59.98 Lichen Antarctica Antarctica 15 12 1
Burkholderia sp. PAMC26561* 59.24 Lichen Antarctica Antarctica: King George Island, 16 12 1

Note that “*” refers to lichen-associated strains isolated from Antarctica.
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Fig. 1. A phylogenetic tree was constructed using the neighbor-joining method for the uncategorized microorganisms using the complete genomes of Burkholderia
strains. The strains marked with a red marker represent strains isolated from an Antarctic region. The bootstrap value was 1000. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

database (VFDB), Victors, and PATRIC_VF. The VFDB is an integrated
and comprehensive online resource for curating information regarding
the virulence factors of bacterial pathogens [14]. CRISPR loci and Cas
genes were predicted using the online tool (https://crisprcas.i2bc.paris
-saclay.fr/), 2020 and standalone version 1.4 June 2019 of CRISP-
RCasFinder  (https://crisprcas.i2bc.parissaclay.fr/CrisprCasFinder/In
dex); the outcomes were compared for the uncategorized group of
Burkholderia. In order to identify CRISPR arrays, CRISPRCasFinder uses
CRISPRFinder v.4.2, which is based on Vmatch v.2.3 (http://www.vmat
ch.de/) to identify CRISPR repeats [15]. The RNA secondary structures
and Minimum Free Energy (MFE) of each direct repeat (DR) sequence
were predicted by using the RNAfold Web server (https://rna.tbi.univie.
ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). The CRISPRminer (http://
www.microbiome-bigdata.com/CRISPRminer/) online software [16]
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was also used to predict CRISPR loci and Cas genes, and to identify gene

clusters.

2.3. Phylogenomic classification

A phylogenetic tree was constructed using 16S rRNA sequences of

the complete genomes of uncategorized Burkholderia strains as well as
for the Cas genes of Burkholderia sp. MSMB0852 (plasmid), Burkholderia
sp. PAMC28687 (chromosome I), and PAMC26561 (chromosome I)
obtained from the NCBI database. MEGA X software (https://www.
megasoftware.net/) was used to construct the phylogenetic tree.
Phylogenetic studies performed on the CAS protein suggest that CRISPRs
can be acquired through horizontal gene transfer [17]. The average
nucleotide identity of closely related species was determined using the
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Fig. 2. Heatmap generated using the OrthoANI values, which were calculated using the OAT software for Burkholderia sp. PAMC26561 and PAMC28687, and other

closely related Burkholderia species.
Orthologous Average Nucleotide Identity Software Tool (OAT) [18].

3. Results and discussion
3.1. General genomic features of the uncategorized Burkholderia group

Among the 21 strains from the uncategorized group of B. sp.,
MSMB617WGS had the highest GC content (67.50%), whereas the
lichen-associated strains PAMC28687 and PAMC26561 had the lowest
GC content (59.98% and 59.24%, respectively). The general genome
features and genomic information for all 21 Burkholderia strains are
summarized in Table 1 and Table 2 respectively. According to the
genomic information obtained from the PATRIC database (https://patri
cbre.org/), 19 strains of Burkholderia species were isolated from soil,
water, and rice root, with the exception of PAMC28687 and
PAMC26561. The strains PAMC28687 and PAMC26561 were isolated
from the Antarctic region, and can survive low temperatures. Psychro-
philic enzymes produced by cold-adapted microorganisms display high
catalytic efficiency, and are typically associated with high thermo-
sensitivity [4].

3.2. Phylogenetic comparison within the genus Burkholderia

A phylogenetic tree was constructed from the 16S rRNA sequences of
the Burkholderia strains. PAMC28687 (chromosome I) and PAMC26561
(chromosome I) showed close relationships to strain OLGA172 (chro-
mosome I) (Fig. 1). A comparative study of all 21 complete genomes was
performed to understand the genomic distances based on the 16S rRNA
genes and Average Nucleotide Identity (ANI). The strains PAMC28687
and PAMC26561 exhibited similar identities, with an ANI value of
98.19% (Fig. 2). Phylogenetic studies using ANI values reflect functional
relationships involving strains more effectively than 16S rRNA sequence
studies [19].
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Table 3
Number of chromosomes and plasmids in strains of the genus Burkholderia.
Strain Length (bp) Chromosome Plasmid
Burkholderia sp. 2002721687 7,285,824 2 1
Burkholderia sp. BDU6 6,590,914 2 0
Burkholderia sp. BDU8 7,357,530 2 0
Burkholderia sp. Bp5365 (MSMB43) 7,287,809 2 1
Burkholderia sp. Bp7605 (MSMB0175) 5,705,688 2 1
Burkholderia sp. CCGE1001 6,833,751 2 1
Burkholderia sp. CCGE1003 7,043,595 2 0
Burkholderia sp. DHOD12 8,576,517 3 0
Burkholderia sp. IDO3 8,003,806 3 1
Burkholderia sp. JP2-270 8,925,310 3 2
Burkholderia sp. KBS0801 7,381,868 3 0
Burkholderia sp. KJ0O06 6,629,912 3 1
Burkholderia sp. LA-2-3-30-S1-D2 7,129,526 3 0
Burkholderia sp. MSMB0266 7,427,555 2 1
Burkholderia sp. MSMB0852 7,081,173 2 1
Burkholderia sp. MSMB0856 7,249,502 3 1
Burkholderia sp. MSMB617WGS 6,913,798 2 0
Burkholderia sp. NRF60-BP8 7,079,943 3 0
Burkholderia sp. OLGA172 8,574,890 3
Burkholderia sp. PAMC26561* 9,055,344 3 5
Burkholderia sp. PAMC28687* 6,881,273 3 5

Note that “*” refers to lichen-associated strains isolated from Antarctica.

3.3. Comparative genomics

In this study, only 21 uncategorized groups of Burkholderia species
were used to predict and classify CRISPR-Cas systems, since two lichen-
associated strains were deposited with NCBI as an uncategorized group.
Table 3 summarizes the number of chromosomes and plasmids present
in the respective strains. Strains originating from Antarctic regions
possessed high numbers of plasmids (5), followed by strain OLGA172,
which possessed 3. Studies have shown that approximately 40% of
bacterial genomes contain CRISPR loci [20]. In addition, Sorek et al.
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Table 4
Number of CRISPR loci and Cas genes in uncategorized Burkholderia sp.
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Strain

2002721687 (Chromosome I)
2002721687 (Chromosome II)
BDUG6 (Chromosome I)

BDUG6 (Chromosome II)

BDU8 (Chromosome I)

BDU8 (Chromosome II)

Bp5365 MSMB43 (Chromosome I)
Bp5365 MSMB43 (Chromosome 1I)
Bp5365 MSMB43 (plasmid)
Bp7605 MSMBO0175 (Chromosome I)
Bp7605 MSMBO0175 (Chromosome 1II)
CCGE1001 (Chromosome I)
CCGE1001 (Chromosome II)
CCGE1003 (Chromosome I)
DHOD12 (Chromosome I)
DHOD12 (Chromosome II)
DHOD12 (Chromosome III)

IDO3 (Chromosome I)

IDO3 (Chromosome 1II)

IDO3 (Chromosome IIT)

IDO3 (plasmid 1)

JP2-270 (Chromosome III)

JP2-270 (Chromosome I)

JP2-270 (Chromosome II)

JP2-270 (plasmid 1)

JP2-270 (plasmid 2)

JP2-270 (plasmid 3)

KBS0801 (Chromosome I)

KJ006 (Chromosome I)

KJ006 (Chromosome 1II)

KJ006 (Chromosome III)

KJO006 (plasmid)

LA-2-3-30-S1-D2 (Chromosome I)
LA-2-3-30-S1-D2 (Chromosome II)
LA-2-3-30-S1-D2 (Chromosome IIT)
MSMBO0266 (Chromosome I)
MSMBO0266 (Chromosome II)
MSMBO0266 (plasmid)

MSMBO0852 (Chromosome I)
MSMBO0852 (Chromosome II)
MSMBO0852 (plasmid)

MSMBO0856 (Chromosome I)
MSMBO0856 (Chromosome IT)
MSMBO0856 (Chromosome I1I)
MSMB617WGS (Chromosome I)
MSMB617WGS (Chromosome 1IT)
NRF60- BP8 (Chromosome III)
NRF60-BP8 (Chromosome I)
NRF60-BP8 (Chromosome II)
OLGA172 (Chromosome I)
OLGA172 (Chromosome ITI)
OLGA172 (plasmid 1)

OLGA172 (plasmid 2)

OLGA172 (plasmid 3)
PAMC26561 (Chromosome I)x
PAMC26561 (plasmid)s
PAMC28687 (Chromosome I)x 1

CRISPR (offline)

2
2
1
1

CRISPR (online) Cas (offline) Cas (online)

AW

Note that “*” refers to lichen-associated strains isolated from Antarctica.

[21] have shown that most of the CRISPR loci in prokaryotes are located
chromosomally, and are rarely located on plasmids. The existence of
CRISPR loci on plasmids would be detrimental to their heritability.
Among the 21 strains, strain OLGA172 (chromosome I) showed 9
CRISPR loci in the offline version of CRISPRCasFinder, but only 7
CRISPR loci in the online version. OLGA172 showed the highest number
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of CRISPR loci in our study (Table 4). The strain PAMC28687 (chro-
mosome I) showed only one CRISPR locus in the offline and online
versions, but showed two Cas genes in the online version of CRISP-
RCasFinder (Table 4). The CRISPRCasFinder web server currently ac-
cepts (multi-) Fasta DNA sequence files up to 50 Mb in size, including
files containing up to 100 sequences. The standalone application has no
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Table 5
Cas genes and their putative functions in CRISPR-Cas types (standalone program).
Strain Sequence ID System Cas-type/subtype Functions References
Cas Cas
protein Type
Burkholderia sp. NZ_CP013423.1 44 General- Cas4 I-1I-V Cas4 plays a role in acquiring new viral DNA sequences and incorporating these [26]
MSMB0852 Class2 into the host genome for further crRNA production
(plasmid)
Burkholderia sp. NZ_CP014505.1_1707 General- Cas6b IF An endoribonuclease, which cleaves the pre-crRNA within the CRISPR repeat [27]1
PAMC28687 Classl sequence during the crRNA maturation process
(Chromosome NZ_CP014505.1_.1708 Csy3 IF Csy RNP backbone stabilizing protein [28]
D NZ_CP014505.1_1709 Csy2 IF Csy RNP stabilization, possibly target recognition protein [28]
NZ_CP014505.1_.1710 Csyl IF Csy RNP large subunit, possibly a polymerase [22,28]
NZ_CP014505.1_1711 Cas3_cas2 IF RNase, specific to U-rich regions, DNase, spacer integration [27]
NZ_CP014505.1_1712 Casl IF Specially exhibits nuclease activity against single stranded and branched DNA, [27]
replication forks and any be implicated in addition of novel repeats and/or
spacers
Burkholderia sp. NZ_CP014306.1.1235  General- Cas2 I-1I- Involved in novel spacer acquisition, novel repeat synthesis and repeat-spacer ~ [27]
PAMC26561 Class1 1-v insertion at the leader end
(Chromosome NZ_CP014306.1_1236 Casl IC Specially exhibits nuclease activity against single-stranded and branched DNA, [27]
D replication forks, and any be implicated in addition of novel repeats and/or
spacers
NZ_CP014306.1_1237 Cas4 I-1I Cas4 plays a role in acquiring of new viral DNA sequences and incorporating [26]
these into the host genome for further crRNA production
NZ_CP014306.1_.1238 Cas7 (@ CASCADE stabilization protein [29,30]
NZ_CP014306.1_1239 Cas8¢ IC This is experimental evidence that Cas8 is important for targeting Cascade to [31]
invader DNA
NZ_CP014306.1_1240 Cas5 (@ Nuclease, CASCADE complex, crRNA maturation [30]
NZ_CP014306.1_1241 Cas3 I Encodes a nuclease involved in the cleavage of the target DNA, and is thus, [27]1
responsible for the procession of crRNA and involved in the recognition of
target DNA
pre-defined input size limit, and is only limited by the computer memory like elements from authentic CRISPR loci. The results obtained from the
available. Likewise, the CRISPRCasFinder database depends on the ev- offline version of the database showed that strains PAMC26561 and
idence level in the database that helps to discriminate spurious CRISPR- PAMC28687 each had an evidence level of 4, which confirms that these

I:I Cas locus and (subtype)

N . CRISPR locus inft
Function Categories O ocus info

[Acquisition 1 | [ Acquisition 2 | [JENGHARN [ cascape 1 | [[cascapk s | [[cascabE Gs | | Helicase 1D | ‘ Cas protein sequence

A Spacer sequences

Burkholderia sp. PAMC 26561

Locus 1 N
& N
& 3 s B

Function Categories

_ | CASCADE_G7 I | CASCADE_G5 | I CASCADE_LS | Helicase_HD _

a8
& & 4
s o > ¥

4 o R e

Locus 1 —l- - K< S

Burkholderia sp. PAMC 28687

U,

Fig. 3. Schematic representation of the CRISPR (Clustered Interspaced Short Palindromic Repeats) array and Cas genes of the strains PAMC26561 and PAMC28687
generated using CRISPRminer.
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Fig. 4. Prediction of RNA secondary structures were generated using DR sequences and their MFE values

two lichen-associated strains have true CRISPR loci. The evidence levels
of 2 to 4 are assigned based on combined degrees of similarity of repeats
and spacers [17]. Another strain, PAMC26561 (chromosome I), showed
one CRISPR locus in its chromosomes, and two CRISPR loci in its
plasmid, along with seven Cas genes in the offline version, but two
CRISPR loci and two Cas genes in the online version of CRISPRCasFinder
(Table 4).

3.4. Classification of CRISPR loci and Cas genes in Burkholderia sp.
PAMC28687 and PAMC26561

The current classification of CRISPR-Cas systems is based on the
sequence of the Cas genes, the sequences of the repeats within the
CRISPR arrays, and the organization of the Cas operons [22]. CRISPR is
classified into two classes; Class 1 (Type I, Type III, and Type IV) and
Class 2 (Type 1I, Type V, and Type VI). Each type is also divided into
subtypes, which include subtypes I-A to I-F, subtypes II-A to II-C, and
subtypes III-A and III-B. The Cas1 and Cas2 genes are common to all
three CRISPR-Cas types. The major criterion for classification is the
presence or absence of certain type of Cas proteins. For example, the
Cas3, Cas9, and Cas10 proteins are hallmarks of CRISPR-Cas types I, II,
and III, respectively. Systems that do not have the specific hallmarks of
CRISPR-Cas system types I-III are termed as unclassified (type U) [12].
According to the classification of CRISPR-Cas systems, the complete
genome in our study belongs to the Class 1 CRISPR system, with the
exception of strain MSMBO0852 (plasmid), which belongs to Class 2
CRISPR-Cas systems. The CRISPR-Cas system is divided into three sub-
types: CRISPR-Cas system type I, II, and III. This classification is based
on signature genes that are present in each subtype. However, it is
important to note that all types and subtypes of CRISPR systems contain
Cas1 and Cas2. Notably, these two Cas proteins play a key role as spacers
[23]. According to Makarova et al. [24], Class 1 CRISPR systems are
divided into three types: I, III, and IV, and 12 subtypes. Class I CRISPR
systems represent approximately 90% of all CRISPR-Cas loci discovered
in bacteria and archaea. For example, type I has Cas3, type II has Cas9,
and type III has Cas10. Class 1 encompasses the most common and
diversified types I and III, and includes diverse variants. It is commonly
found in numerous archaea, but is less commonly seen in bacteria [25].
Class 1 CRISPR systems utilize multi-protein complexes.

3.5. Cas genes in Burkholderia sp. PAMC28687 and PAMC26561

CRISPR-associated Cas genes are present only in CRISPR-containing
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prokaryotes and are always located adjacent to CRISPR loci. Of the 21
strains in our study, only MSMBO0852 (plasmid), PAMC28687 (chro-
mosome I), and PAMC26561 (chromosome I) contain Cas genes in their
respective genomes. The strain MSMBO0852 (plasmid) possesses one Cas4
gene whereas PAMC28687 (chromosome I) possesses Cas6, Csy3, Csy2,
Csy1, and a combination of Cas3 Cas2 and Cas1. The strain PAMC26561
possesses Cas2, Cas1, Cas4, Cas7, Cas8c, Cas5, and Cas3. The putative
functions of Cas genes in each strain are summarized in Table 5 and
Fig. 3.

3.6. RNA secondary structure

RNA secondary structures for the 2 lichen-associated strains were
predicted using their DR sequences and their MFE values was recorded
using the RNA fold web server [32]. Strain PAMC28687 (chromosome I)
showed a minimum MFE value of —11.50 kcal/mol and formed the
longest stem, compared with strain PAMC26561 (chromosome I), with
MFE values of —7.30 kcal/mol and —8.80 kcal/mol (Fig. 4). This indi-
cated a certain correlation between stem length and secondary structure
[33]. Although the stability of secondary structures depends on other
factors such as GC content, DR sequences with lower MFE values were
more stable than those with high MFE values.

According to Kunin et al. [34], the presence of short palindrome
sequences in DRs leads to the formation of RNA secondary structures
during transcription. These structures may serve to mediate contact
between the spacer-target foreign RNA or DNA and Cas-encoded pro-
teins [35]. Furthermore, we observed compensatory base changes in the
stems of structured repeats, including G:U base pairs, indicating that this
CRISPR system likely functions through an RNA intermediate [36].
Overall, the stem-loop structure of some repeats may contribute to
recognition-mediated contact between a gap-targeted foreign RNA or
DNA and a Cas-encoded protein, which suggests that the stability of RNA
secondary structures may affect CRISPR function.

4. Conclusions

In this study, we predicted CRISPR loci and Cas genes present in the
complete genomes of uncategorized groups of Burkholderia. The results
obtained from online and offline versions of CRISPRCasFinder were not
identical in certain instances. The online version showed that all the
strains from our study possessed Cas genes, whereas the offline version
indicated that only PAMC28687 (chromosome I), PAMC26561 (chro-
mosome I), and MSMBO0852 (plasmid) possessed Cas genes. It was found
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that most strains have CRISPR loci, but lack Cas genes. These results
suggest that bioinformatics tools can only provide preliminary infor-
mation, which requires further experimental confirmation. Despite
having a relatively small genome, PAMC28687 and PAMC26561 (iso-
lated from an Antarctic region and associated with lichens) each possess
three chromosomes and five plasmids, unlike the other members from
the uncategorized group of Burkholderia. Apart from their small-sized
genome, they also possess more Cas types and subtypes than those
seen in other strains. Surprisingly, these strains also show a historically
high record of phage infection, despite having a habitat that is exposed
to relatively lower human contamination. Such studies concerning
psychrophilic strains could be instrumental for understanding the
functions of Cas genes, apart from genome editing, and could improve
our understanding of psychrophilic strains of pathogens and their
CRISPR-Cas systems.
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