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Abstract: Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs), together with cas
genes, constitute the systems CRISPR-Cas, a novel type of innate defense system in prokaryotes for the
destruction of exogenous elements (plasmids or phages). The genus Vibrio and Photobacterium
represents one of the main responsible infectious agents in aquaculture and cause huge losses for the
shrimp industry. The few bioinformatic investigations on CRISPR/Cas systems in the Vibrionaceae
family are mainly oriented to clinical species. Therefore, the objective of this research was to make a
comparative analysis of CRISPR-Cas systems in Vibrio and Photobacterium genomes of strong
influence in aquaculture production. A total of 69 complete genomes across the family were studied.
Seven CRISPR loci were identified in 4 species (V. parahaemolyticus, V. harveyi, V. vulnificus, and
Photobacterium damselae). The CRISPR/Cas systems were found to correspond to subtypes I-E, I-F,
and I11-D. Only 47% of the spacers presented homology with bacteriophages. The results showed a low
presence of CRISPR structures in the species of Vibrio and Photobacterium with immunity to specific
phages. These results are interesting if sensitivity is considered, and it can be explored for the
development of strategies such as phagotherapy in shrimp farming.
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1. Introduction

In shrimp culture, the family of proteobacteria Vibrionaceae, especially species
grouped in the genus Vibrio, represents one of the main infectious agents of great influence in
larval production associated with Litopenaeus vannamei culture. These gram-negative bacteria
are ubiquitous and widely distributed in aquatic environments, from brackish water to deep
seawater, in association with marine animals, algae, and detritus. Vibrios also are present in
estuarine and marine aquatic ecosystems where shrimp are naturally found and/or cultivated.
This genus of bacteria is considered part of the normal microbiota of shrimp; actually is part of
the largest percentage of total bacteria isolated from the digestive tract, gills and cuticle, and
occasionally in the hemolymph. However, under stress or unbalance conditions in the natural
microbiota, these bacteria can develop infections in shrimp [1,2,3].

Among the genus Photobacterium, the main virulent strain for shrimp is
Photobacterium damselae [4], which is a pathogenic bacterium for a wide variety of marine
animals and has been reported as a primary pathogen causing diseases in shrimp. The
geographical distribution of this bacterium is increasing, and nowadays, it constitutes an
emerging pathogen in aquaculture. Its pathogenicity is attributed to the production of at least
four different toxins: damselysin (Dly), phobalysin P (PhlyP), phobalysin C (PhlyC), and the
phospholipase (PIpV). These four toxins are secreted via the type 11 secretion system [5]. High
abundance and prevalence of Photobacterium genera have been reported in shrimp guts, and it
reflects the persistence and adaptation of members from these genera to the shrimp gut
environments and may potentially explain the susceptibility of shrimps to non-native
pathogenic Photobacterium strains [6, 7].

Regarding the genus Vibrio, the main virulent strains for shrimp at several larval stages
are V. alginolyticus, V. anguillarum, V. parahaemolyticus, V. harveyi and V. vulnificus [8].
They can cause diverse effects, since low levels of survival with repercussions and important
losses in shrimp culture, to human gastroenteritis outbreaks given by consumption of marine
products contaminated with these opportunistic pathogens [8-12]. Prevention and control of
diseases in shrimp farming are based primarily on the use of antibiotics [13]. However, the
growing emergence of bacterial resistant strains to antimicrobial agents and the fact of not
having effective antibiotics in the near future have prompted the need to search for new
antagonistic alternatives to those microorganisms that have not yet developed resistance
mechanisms. These alternatives must have fewer secondary effects and high specificity to
avoid the disturbance of human intestinal microbiota so that greater effectiveness of the
treatments can be guaranteed [14,15].

One of the promising strategies towards the objective of finding more effective and
specific antagonists to control microorganisms that cause infections is represented by the
viruses that exclusively infect the bacteria - called bacteriophages - and their enzymatic
derivatives (enzybiotics). These are inhibitory agents that have been described as potential
antimicrobials with therapeutic interest [16], and they have important applications in shrimp
farming [8,15]. Although it is not clear if there is any mechanism of bacterial resistance against
enzybiotics (phage lysins), a large number of investigations conducted on a group of
prokaryotic genomic sequences known as "clustered regularly interspaced short palindromic
repeats” (or CRISPR) have shown a distinctive feature of most bacterial and archaeal genomes,
which endows them with resistance against bacteriophages [8,17,18].
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Recently factors such as pathogenicity, stress response, tolerance to physicochemical
factors, and even metabolic aspects related to biological cycles in prokaryotes have been
associated with the presence of these CRISPR sequences, which along with Cas nucleases,
make up the CRISPR/Cas complex, a system discovered as a specific immune defense
mechanism present in bacteria and archaea. This allows them to gain exogenous DNA
fragments from their natural pathogens (bacteriophages) and incorporate them between
repeated palindromic sequences. Subsequently, generate an RNA called crRNA (CRISPR-
RNA) when transcribed, so that in case of a second infection, the crRNA coupled with the Cas
proteins recognize the transcript of the pathogen and thus degrades mRNA in a manner
analogous to RNA interference (siRNA) [19,20].

In the case of Vibrio, important advances have been made [8, 21-26]. However, it is
possible this information needs to be updated since it is known that the genomes of
environmental species may exhibit a greater number of undetected CRISPR structures. In part,
because many of these microbial genomes in databases have only been partially studied in the
search for CRISPR structures. The use of tools that do not lose even the smallest CRISPRs
structures (containing a single spacer) or those CRISPRs that differ slightly from canonical
structures is required [23]. These repeated sequences continue to be a subject of debate and
intense interest in molecular microbiology and biophysics, and their study has been the focus
of comparative analysis using diverse bioinformatics tools [21,25-34]. Additionally, research
on the presence of CRISPRs has focused mainly on bacteria of clinical interest, while less is
known about CRISPR dynamics in environmental species [35]. Therefore, the objective of this
research was to study, through comparative analysis, CRISPR-Cas systems in Vibrio and
Photobacterium genomes of high influence in aquaculture production.

2. Materials and Methods

2.1. Genomic sequences and identification of CRISPR structures.

Five species of Vibrio and one of Photobacterium were studied: V. alginolyticus, V.
anguillarum, V. parahaemolyticus, V. harveyi, V. vulnificus and Photobacterium damselae, all
associated with systemic infections in shrimp, such as vibriosis. Genome sequences were
obtained from specific web sites compiled in the Entrez Genome project list
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) or the Genomes OnLine Database
(http://www.genomesonline.org/) [36]. Sixty-nine (69) complete genomic sequences were
studied. These included fourteen from V. alginolyticus, thirteen from V. anguillarum, twenty-
one from V. parahaemolyticus, four from V. harveyi, fifteen from V. vulnificus, as well as two
complete chromosomal sequences from Photobacterium damselae (Table 1). CRISPR loci
were obtained from the CRISPRdb database [37]. Alternatively, the CRISPR loci in the
genomes were identified by CRISPRFinder [38], using two search criteria.

First, the screening of possible CRISPR locations by detecting maximum repetitions
(with the maximum possible extension to the right or the left without incurring a mismatch) by
means of utilizing the VMatch package [39,40]. The default parameters used were the
following: a repetition length of 23 to 55 bp, a gap size between repetitions of 25 to 60 bp, a
20% mismatch of nucleotides between repetitions. Second, a criterion based on the CRISPR
function determination, for which filters are added to help validate CRISPRs, such as the search
for non-identical spacers. This filter is configured to eliminate tandem repeats. The comparison
of the spacers was made by aligning them (using the default parameters of the Muscle
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program). To discriminate between the confirmed CRISPR structures and those questionable -
small structures similar to CRISPR having only two or three repeated sequences or direct
repeats (DR), the sequences were classified using a level of evidence rated from 1 to 4, where
1 includes small CRISPR (with 3 or fewer spacers) and 2 to 4 are based on the repetition and
similarity of the spacers. This is because questionable CRISPR structures often tend to be
byproducts of the CRISPRFinder identification process, and they are not true CRISPR.

Further, the tests to verify the internal preservation of the candidate repetitions and the
divergence of the candidate spacers offered by CRISPRFinder were considered. They allow
more accurate identification of true CRISPR. To identify the potential orientation of CRISPR,
two tests have been implemented: prediction of the structure orientation by comparing to a set
of data of consensus repetitions contained in the CRISPRFinder database, by means of the
CRISPRDirection program, and the calculation of the AT% of 100 bp that flank the matrix on
both sides, taking into account that the region with the highest percentage of AT is considered
a leader (Figure 1).

2.2. Bioinformatic analysis and statistical results.

For the search of cas genes, the first step consisted in the identification of open reading
frames (ORF) with Prodigal [41]. Then, these ORFs were analyzed with the MacSyFinder
program, implementing the HMM method (Hidden Markov Models) in a library of known Cas
proteins [42]. Alternatively, BLAST was used to identify the cas genes in the upstream and
downstream sequences of the CRISPR and TIGRFAM loci [43]. The Cas type and subtype
could be found through the analysis of Cas conglomerates, thanks to the CRISPRCas-Finder
program [40]. The unique spacer sequences, as well as their origin, were identified by NCBI's
multiple sequence alignment program with predetermined arguments. All spacers were
compared with the GenBank database to find homologous sequences with matches of >85%
(minimum of 28/33 coincident nucleotides) [44,45]. The 20 bps upstream and downstream
sequence of the protospacers was used to identify the possible motifs adjacent to the
protospacer (PAM) visualized by WebLogo [46]. The prediction of the secondary structure of
CRISPR-type RNA, as well as the minimum free energy (MFE) formation, were performed by
RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with  default
arguments [47].

The organisms, as well as the MFE of their CRISPR, are shown in Table 1. The
conservation of direct repeats (DR) was represented by WebLogo. They were compared with
the proposed criteria for the prediction of secondary structures of prokaryotic SIRNA precursors
(psiRNA) transcribed by CRISPR loci based on DR [21,48] or complete CRISPR structures
[37]. Phylogenetic trees were generated by using the unweighted pair group method (UPGMA)
for the core protein Cas, specifically Casl employing the MUSCLE algorithm [48]. In parallel,
multiple sequence alignments and phylogenetic analyses were performed using ClustalX; and
dendrograms were visualized with the accompanying application NJ Plot [49]. The
conservation of Cas proteins was evaluated by multiple sequence alignments with Geneious
global alignment (Needleman-Wunsch) with predetermined arguments [47]. A t-test was used
as a statistical model to establish differences between the comparative parameters analyzed
(including the thermodynamic findings in the elements and CRISPR structures).
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3. Results

3.1. Organization and diversity of CRISPR/Cas systems in vibrionaceae genome.

A total of 7 CRISPR structures were found in 5 of the genomes of the Vibrionaceae
family, distributed in 3 Vibrio species (V. parahaemolyticus FORC_022, V. harveyi ATCC
43516, V. vulnificus YJO016 and 93U204) and in the related species Photobacterium damselae
KC-Na-1, whose characteristics are described in Table 1.

Table 1. CRISPR/Cas systems in Vibrionaceae genomes.

. CRISPR Start-End CRISPR Cas
Sp String Access 1D (ph) DRc DR consensus Subtypes | genes
Vp | FORC 022 | PO13249.1 %22%%%1 29 GTTAACT??;éiAAiAGGCAGC I-F 6
ATCC 73377- GTGTTCTCCGTACCCACGGAG
Vh 43316 PO14039.2 | 75664 38 ATGAACCG -5 8
1694586- GTTTCAGACATGCCCGGTTTA
YJ016 | AQ00038.2 | “eomryy | 10 GACGGGATTAAGAC I1-D !
W 511712 | o, | GTTCACTGCCGTATAGGCAGC
515040 TTAGAAA
93U204 | PO09262.1 155157 4 | GATATTTCTAACTGGGATACT I-F 6
2123443 TCCAATGTAAA
246163 | o | CTTCACTGCCGAGTAGGCAGC
246610 TTAGAAA
* _Na- -
Pd | KC-Na-l | PO21152.1 F—00070" , | CTTCACTGCCGAGTAGGCAGC I-F 6
257278 TTAGAAAT

Vp. FORC_022 (CP013248.1), Vh. ATCC43516 (CP014038.2), Vv. YJ016 (BA000037.2) and 93U204 (CP0092621.1), Pd.
KC-Na-1 (CP021151.1), are the acronyms of V. parahaemolyticus FORC_022, V. harveyi ATCC 43516, V. vulnificus
YJ016 and 93U204, and P. damselae KC-Na-1 respectively Species (Sp) found by their respectively accesion number at
the GenBank; CRISPR access ID proyect at the CRISPRdatabase, location (Start-End), and characteristic such as Direct
Repeat sequences counting (DRc), DR consensus sequence, subtype and CRISPR-Associated (cas) genes clusters counting
is also specified. Besides, spacers quantity were counted, was found 28 spacers (32 pb length each one) belonging to Vp.
FORC_022 CRISPR, 37 spacers (32-33pb) to Vh. ATCC43516, and 9 (33-37pb) to Vv. YJO16; two distanced CRISPR were
found at Vv. 93U204 and Pd. KC-Na-1 genome, the longest Vv CRISPR (3328pb) owns 55 spacers 32pb length, and the
shortest (256pb) 3 of 43pb; to Pd longer, CRISPR (447pb) belongs 7 spacers of 32pb against 3 of 31pb long from the
second and smaller CRISPR (29pb) analyzed for this bacteria. *before classified in V. damselae
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Figure 1. Architecture loci, gene organization, and direct repetitions (DR) conservation of CRISPR systems. (A),
subtypes I-F;, subtypes I-E; C, subtypes IlI-D. The black diamonds represent the CRISPR loci, and the white
arrows (with lines in different directions) represent the different cas genes found. The relative position on the
chromosome is indicated below each gene. (E) the logo of the sequence was created by WebLogo 3.6.0, and the
comparative analysis of the CRISPR repeats (B and C). Seven repeated CRISPR sequences were aligned using
ClustalX [28] or generated using the MUSCLE algorithm in MEGAG (D). Vp. FORC_022, Vh. ATCC 43516, Vv.
YJ016 and 93U204, Pd. KC-Na-1, are the abbreviations of V. parahaemolyticus FORC_022, V. harveyi ATCC
43516, V. vulnificus YJO016 and 93U204, and P. damselae KC-Na-1, respectively.
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Figure 2. Phylogenetic tree for Casl proteins in the family Vibrionaceae. The UPGMA tree of the Casl protein
was generated using the MUSCLE algorithm in MEGAG. The Casl proteins representative of the subtypes found
were selected (I-F, I-E, and 111-D) (A). Percentage identity of Cas1 proteins in the Vibrionaceae genomes studied.
(B). Vp. FORC_022, Vh. ATCC 43516, Vv. YJ016 and 93U204, Pd. KC-Na-1, are the abbreviations of V.
parahaemolyticus FORC_022, V. harveyi ATCC 43516, V. vulnificus YJ016 and 93U204, and P. damselae KC-
Na-1, respectively.

Three different arrays of CRISPR-Cas systems were detected with different locations
on the chromosomes (Figure 1). The subtypes of CRISPR/Cas systems were found to
correspond to I-E, I-F, and 111-D. The distinction between the subtypes of CRISPR found by
the analysis of direct repeat (DR) conservation was also evaluated (Figure 2). According to the
relative location on the chromosome, the CRISPR loci were designated CRISPR1 and
CRISPR2. To better distinguish the CRISPR/Cas system in the genus Vibrio and
Photobacterium, or the members with CRISPR matrices in the Vibrionaceae family, a
phylogenetic tree was constructed based on the homology of the Casl proteins of each species
(Figure 2).

Typical CRISPR matrices were observed with a minimum of 4 to a maximum of 56
DR, which had a length between 28 - 35 bp. The DRs were found to be interspaced, with a
minimum of 3 to a maximum of 55 spacer sequences of a similar length (31 - 43 bp). Besides
the fact that most of the spacer sequences presented size of 32 bp, the analysis of the variance
indicates that there is no statistically significant difference (p> 0.01). However, there is a very
low correlation between the number and size of these sequences (Figure 3).
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Figure 3. Correlation of the number of spacers in the CRISPR loci and the size of the CRISPR (bp) spacers found.
A very low negative correlation was found (<30%) (A). Variability of the size of the CRISPR spacers and their
number (p>0.05). The x-axis represents the size of a CRISPR spacer, in nucleotides. The y-axis represents the
number of CRISPR spacing sequences of a given size (B).
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The total number of spacers detected per subtypes of CRISPR was 96/142 for subtypes
I-F (68%), 37/142 for subtypes I-E (26%), and 9/142 for subtypes I1I-D (6%). CRISPR
structures exhibited between 6 to 8 genes associated with the CRISPR sequences (cas) (Table
1). The repeat sequences could form a putative secondary RNA structure with a free energy of
the thermodynamic ensemble of -8.20 kcal/mol for CRISPR1 in V. parahaemolyticus
FORC_022, -9.90 kcal/mol for CRISPR1 in V. harveyi ATCC 43516, -6.80 kcal/mol for
CRISPR1 in V. vulnificus YJO16, -8.60 kcal/mol for CRISPR1 and -1.90 kcal/mol for CRISPR2
in V. vulnificus 93U204, -8.60 kcal/mol for CRISPR1 and -8.60 kcal/mol for CRISPR2 in P.
damselae KC-Na-1 (Figure 4).

A

Vp. FORC_022 (DR-CRISPR1)
— -8.20 keal/mol

Vp. 93U204 (DR-CRISPR1) _u E :.g .
- -8.60 keal/mol

Vp. 93U204 (DR-CRISPR2)
~1.90 kcal/mol
s
Pd.KC-Na-1 (DR-CRISPR1) w S——
— A/

Pd.KC-Na-1 (DR-CRISPR2) %} -8.60 keal/mol

Vh. ATCC 43516 (DR-CRISPR1) W

— -9.90 keal/mol

W.YJ016 (DR-CRISPR1) 0{:}
-6.80 keal/mol

Figure 4. Secondary structures of RNA and the minimum free energy of formation (MFE) of the direct repeats
(DR) of each subtype of CRISPR found as well as the conservation of the DR. Represented with WebLogo 3.6.0.
Typical stable stem-loop structures predicted consistently for DR by RNAfold are shown. The darkest base pairs
represent the highest probability of mating. A, subtypes I-F; B, subtypes I-E; C, subtypes I11-D. Vp. FORC_022,
Vh. ATCC 43516, Vv. YJ016 and 93U204, Pd. KC-Na-1, are the abbreviations of V. parahaemolyticus
FORC_022, V. harveyi ATCC 43516, V. vulnificusYJ016 and 93U204, and P. damselae KC-Na-1, respectively

bis
0 4« N O =
Loy

3.2. ldentification of CRISPR repeats is locus-specific.

CRISPRs are typically defined by the sequence of the repeat. In line with this, CRISPR
matrices were found with many typical direct repeats (DR) with a minimum of four to a
maximum of 56 DR, which had a length between 28-35 bp. The observed CRISPR subtypes I-
F loci presented a minimum of 4 DR and a maximum of 56, while the only loci subtypes I-E
and I1I-D detected exhibited 38 and 10 DR, respectively. Interestingly, subtypes I11-D
presented the longer DR with about 35 bp, as compared to the subtypes I-E and I-F, of 29 and
28 bp, respectively (Table 1). CRISPR repeats were compared using multiple sequence
alignment, where only one repeat sequence per CRISPR locus was included. The dendrogram
presented in Figure 1F illustrates how the various typical repeat sequences of the Vibrionaceae
family split into CRISPR repeat families. The comparative analysis between the DR showed a
high degree of conservation of the repeated sequences despite the existence of non-consensus
repetitions characterized by the presence of point mutations in different regions, mainly in the
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terminal region of the typical sequences that trigger the presence of non-consensus DR (Figure
1D).

The conservation of the DR regrouped the species in three large groups (Figure 1D,E,F),
locating at a third level the species V. vulnificus 93U204, V. harveyi ATCC 43516, and V.
vulnificus YJO16 as the most distant from each other and from the rest of the species, but more
related to V. parahaemolyticus FORC_02. These findings are interesting considering that in
the case of V. vulnificus 93U204 and YJO016, they belong to the same species and that the
phylogenetic relationship between this species and V. harveyi ATCC 43516 is not as close as
it would be expected, taking into account the presence of homologous spacer sequences in V.
harveyi ATCC 43516 that provide immunity against plasmid p48/10 present in related V.
vulnificus species. Interestingly, the DR found in the CRISPR1 matrix present in V. vulnificus
93U204 is less related to its CRISPR2 structure and therefore, the dendrogram regroups it with
a ratio moderately distant from the rest of the strains of the same species compared before,
showing the differentiation between CRISPR matrices in the same genome. On the other hand,
the first well-defined group based on the conservation of DRs is represented by the two
repeated sequences of the species P. damselae KC-Na-1, which reflects both a high
conservation of such structures as well as a clear phylogenetic distance with the other genera
of the family of Vibrionaceae, despite the existence of spacer sequences that give this species
resistance against the plasmid pYJO16 present in V. vulnificus YJO16 or against typical
bacteriophages of the genus Vibrio.

3.3. The origin of CRISPR spacers.

Among the 130/142 (92%) unique spacer sequences found in the CRISPR loci, it is
important to note that all of them had homology with some sequence contained in the GenBank
database, as well as great diversity in the homology to related or not sequences of Vibrionaceae
family. About 53% of the spacers (75/142) presented homology with extrachromosomal
genetic material, while the remaining 47% of the spacer sequences (67/142) exhibited
homology with bacteriophages (Figure 5A). These results indicate a clear immunity function
against foreign genetic material (plasmids or phages), and high specificity of the different
CRISPR/Cas systems.

I-FPlasmid

C8  iormmeme—————_
S6 .
54 I 1II-D Phage

5 52— .

s 46 S— - HII-D Plasmid
44 - -
4 — e —

A Plasmid Phages B LE Phage

Figure 5. The origin of the CRISPR spacers. The overall distribution of CRISPR spacers in plasmids and
phages (A) and for type (B) was determined by sequence identity. All spacers were compared against the
GenBank database to find a sequence of homology.

The subtypes of CRISPR that gathered the greatest number of spacer sequences were
the I-F subtypes present in the species P. damselae KC-Na-1, V. parahaemolyticus FORC_022,
and V. vulnificus 93U204, who exhibited 10/96 (10.4%), 28/96 (29.2%), and 58/96 (60.4%)
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respectively. In subtypes, I-E and 111-D of species V. harveyi ATCC 43516 and V. vulnificus
YJO016, respectively, were observed 37 and 9 corresponding spacer sequences. It is important
to note that the spacer sequences found in the CRISPR subtypes I-E were the ones that
presented a greater homology to bacteriophage sequences with 76% (28/37) followed by
subtypes I11-D with 56% (5/9) and in smaller proportion, the I-F subtypes with 35% (34/96).
Interestingly, and in a contrary way, the spacers found in subtypes I-F exhibited the highest
homology to plasmid sequences with 65% (62/96) (Figure 5B).

The homologies evidenced by the spacer sequences indicated a high diversity in terms
of the recognition targets of CRISPR immunity systems, represented by the homology to DNA
sequences related or not to representatives of the Vibrionaceae family. Specifically, there is
little immunity to typical Vibrio and Photobacterium infective bacteriophages (Figure 5A) such
as phage VP2, phage douglas 12A4 and phage VSK (the latter is also a host of P. damselae
KC-Na-1) and to plasmid sequences also present in strains of the genus Vibrio and
Photobacterium (Figure 5A), such as p380 of V. coralliilyticus RE98, plasmid QT6D1 of V.
shilonii strain, plasmid pMJ100 of V. fischeri MJ11 and plasmid pYJ016 of V. vulnificus YJ016
(spacers found at some of the CRISPR loci subtypes I-F), or against phage of Vibrio 11895-B1
and plasmid p48/10 of V. vulnificus 48/10 (in the CRISPR system subtypes I-E), or against
phage of V. eugene 12A10 and plasmid pSNUTY1 of V. coralliilyticus strain SNUTY-1 (in the
CRISPR system subtypes 111-D). This contrasts with the immunity found in greater proportion
against a great variety of infective phages of Bacillus, enterobacteria, Pseudomonas, and
cyanobacteria (results not shown). These results show a low occurrence of CRISPR structures
in these Vibrionaceae species conferring immunity to lytic-specific phages, especially of the
genus Vibrio. This is important because this bacterial weakness in the presence of
bacteriophages can be useful in the adequacy of the phagotherapy to the shrimp industry.

3.4. Search for CRISPR polymorphisms.

A total of 130/142 (92%) unique spacer sequences were found in the 7 CRISPR loci
observed, 9/130 (7%) for subtypes 111-D, 37/130 (28%) for subtypes I-E and 84/130 (65%) for
subtypes I-F, distributed in 120/130 (92%) spacer sequences unique for representatives of the
genus Vibrio and 10/130 (8%) for P. damselae (Figure 6).

vp.rorc 022 [~[~[~[=[[-["EE=[F[E[ R [E[2[Er[a [~ B R [R[E[R[E[7] crisers

vhatccassis[ B[ &[R[&[a[R[A[[R[A[ & [8[m [m][a[s][s[s s [3[s[s[s 2] s[r[R]R[G[a[a[&[n]a][a]8]c] cmsrr1

. Y1016 CRISPR1

N ENEEREREEEEBEBEAENEBEEEEEAEREEEEEHEHEBREHEHEEBEEBEEBEEEEE R
Z]8[8] criser2

Pd. KC-Na-1 CRISPR1

Figure 6. CRISPR polymorphisms. The spacers are represented by boxes; direct repeats (DR) are not included.

The same number and color represent the same spacer. The white color represents a unique spacer. Spacers with

self-orientation are indicated by dots at the bottom of the spacer. Vp. FORC_022, Vh. ATCC 43516, Vv. YJ016

and 93U204, Pd. KC-Na-1, are the abbreviations of V. parahaemolyticus FORC 022, V. harveyi ATCC 43516,
V. vulnificus YJ016 and 93U204, and P. damselae KC-Na-1, respectively.

The CRISPR loci found in both Vibrio and P. damselae vary in length and content of
spacers: the longest CRISPR locus contains 58 spacers and is found in V. vulnificus 93U204,
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while only three spacers were found both second CRISPR loci of V. vulnificus 93U204 and in
one of the two loci of P. damselae KC-Na-1. Marked conservation of the spacer sequences was
evident, with very few spacer sequences identical between the different subtypes of CRISPR
systems exhibited by the different species of the Vibrionaceae family (Figure 6).

3.5. Determination of PAM sequences and self-targeting spacers.

This research study found six spacers (4.2%) that coincide with their own sequences
within the CRISPR matrices, which could be indicative of the presence of possible self-
targeting spacers. Specifically, 4/6 of them belonged to the species V. parahaemolyticus
FORC_022 and 2/6 were located in the species V. vulnificus 93U204; in both cases, the
CRISPR systems were of subtypes I-F. These results indicate a low proportion of possible self-
targeting spacers in environmental Vibrio species and exhibit the fact that in their CRISPR
systems, immunity against mobile genetic elements such as plasmids predominates. No PAM
sequences were found adjacent to the potential self-directed proto-spacer, indicating that these
structures are not associated with a phenomenon of autoimmunity, although, in the CRISPR1
structure of the species V. vulnificus YJO016, all potential proto-spacers have a PAM sequence
represented by the triplet "AAG". However, there is no coincidence between such spacers with
their own sequences, this shows the high specificity of the different CRISPR/Cas systems
studied. No identical CRISPR matrices were found between the different strains examined
despite being them closely related (Figure 6). In fact, strains V. vulnificus YJO16 and V.
vulnificus 93U204 were isolated in Taiwan while V. parahaemolyticus FORC_022 and P.
damselae KC-Na-1 were isolated from the Republic of South Korea (NCBI,
http://www.ncbi.nlm.nih.gov/, [20]). Besides, the absence of identical CRISPR matrices is
important for their use as potential targets for the detection, typing, and epidemiological
surveillance of these species of high clinical-environmental interest, and also for the shrimp
industry.

3.6. Identification and comparison of CRISPR associated genes and cas proteins.

A total of thirteen putative cas genes were identified upstream of the CRISPR region in
the Vibrionaceae genome. In all the genomes analyzed with defined CRISPR structures, genes
associated with CRISPR or cas were found, including all the genes belonging to the cas (casl,
cas2, and cas3, except cas4) nucleus as well as various subtype genes characteristic of the csy
family, cse and csm. All the cas genes detected belonged to the class I of the architecture of the
genomic loci for the subtypes of CRISPR/Cas systems, and were distributed in seven typical
genes of the CRISPR matrices of the I-F subtype (casl, cas2, cas3, cas6, csyl, csy2, and csy3)
in P. damselae KC-Na-1, V. parahaemolyticus FORC_022 and V. vulnificus 93U204, eight of
subtype I-E (casl, cas2, cas3, cas5, cas6, csel, and cse2) in V. harveyi ATCC 43516 and five
corresponding to arrangements of subtype I11-D (casl, cas2, cas10, csm3) in V. vulnificus
YJ016 (Figure 1A,B,C).

It is important to note that subtype I11-D presented three sequences of the characteristic
gene csm3 with chromosomal positions defined upstream of the CRISPR region in the V.
vulnificus YJO16 genome. Among the three csm3 genes found, the variant located in the
chromosome region 1681789-1683951 pb shares a certain degree of homology with subtype
I11-A according to the bioinformatic analysis performed (results not shown). The phylogenetic
relationship is given by the homology with the Casl protein groups the species P. damselae
KC-Na-1, V. parahaemolyticus FORC_022, and V. vulnificus 93U204 in subtype I-F, V.
https://biointerfaceresearch.com/ 9522
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harveyi ATCC 43516 in subtype I-E, and V. vulnificus YJO16 in subtype I1I-D (Figure 2A).
The highest identity was found between the Casl of V. vulnificus 93U204 and V.
parahaemolyticus FORC_022 (> 80%), followed by an identity> 50% between V. vulnificus
93U204 and P. damselae KC-Na-1, as well as the observed between V. parahaemolyticus
FORC_022 and P. damselae KC-Na-1. These results correspond to the subtypes of CRISPR
matrix to which they belong, all grouped in subtype I-F (Figure 2B). Interestingly, the lowest
homology was found between Casl of the same species of V. vulnificus (93U204 and YJ016)
and between V. harveyi ATCC 43516 and V. vulnificus 93U204 (Figure 7).

repaat/spacerregion 509 cas3-cas2 csyl csy2 csy3 cas6 repest/spacer region

S |41 187774 1] I I

CRISpRY 2987917 249774 253122 254423 2553937256378 ppicppa
27 % 23 % 42 % 32 %
cos3 csel  cse2 cas? ¢as5 casé casl cas2 repeat/spacef region

S22 HHHHHHHRH -

64697 67408 69008 69605 70649 71409 72077 73002 CRISPR1

25% 20%
| repeat/spacer region
-0 csm3 csm3 csm3 casl10 casl cas2 ‘cas2
omeT, 7
1681789 1684478 1687476 1688075 1691704 1693776 1694069 picppy

Figure 7. Description of CRISPR subtypes s I-F, I-E, and I11-D found in the genomes Vibrionaceae. The black
diamonds represent the CRISPR loci, and the white arrows (with lines in different directions) represent the
different cas genes found. The genomic number of ORF is indicated below each gene. The numbers in the gray
shading indicate the percentage identity between the homologous sequences of the Cas protein. Cas protein
sequences that do not share significant similarities were not connected with gray shading.

Regarding the homology between the different Cas proteins present in the three
subtypes s of CRISPR found, it was observed that there is a greater kinship between subtypes
I-F and I-E, represented by a putative protein homology of 42% for Cas2, 32% for Cas6, 27%
for Cas3 and 23% for Casl. This coincides with the description in the literature, where the
kinship between these two cas genes is seen, placing them in the same class and subtypes of
CRISPR. A lower homology exists between subtype I-E and 111-D, evidenced only for casl
(25%) and cas2 (20%) (Figure 7). Interestingly, the comparative analysis between the DR
showed a high degree of conservation of the direct repeats and regrouped the species into three
large groups (Figure 1 D, E, F) that are closely related to the clade derived from the homology
with the Casl proteins.

3.7. Predicting the secondary structure of psiRNA (prokaryotic siRNA) and CRISPR structures.

After predicting the secondary structure of prokaryotic precursors of the RNA species
that are key in the mechanism of adaptive immunity, it was found that the DR could form a
putative RNA secondary structure with the free energy of the thermodynamic ensemble or
minimum free energy (MFE) of formation of -8.50 kcal/mol for CRISPR1 in V.
parahaemolyticus FORC_022, -10.70 kcal/mol for CRISPR1 in V. harveyi ATCC 43516, -7.20
kcal/mol for CRISPR1 in V. vulnificus YJO016, -8.50 kcal/mol for CRISPR1 and -3.00 kcal/mol
for CRISPR2 in V. vulnificus 93U204, -8.40 kcal/mol for CRISPR1 and -8.40 kcal/mol for

CRISPR2 in P. damselae KC-Na-1 (Figure 4). While the energy of formation of the transcribed
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CRISPR-type structures obtained by calculating the MFE from the analysis of the complete
structure (DR plus spacers) showed that the complete CRISPR could form a putative RNA
secondary structure with the free energy of ensemble of -532.90 kcal/mol for CRISPR1 in V.
parahaemolyticus FORC_022, -870.30 kcal/mol for CRISPR1 in V. harveyi ATCC 43516, -
237.80 kcal/mol for CRISPR1 in V. vulnificus YJO016, -1189.20 kcal/mol for CRISPR1 and -
106.50 kcal/mol for CRISPR2 in V. vulnificus 93U204, -173.80 kcal/mol for CRISPR1 and -
102.30 kcal/mol for CRISPR2 in P. damselaeKC-Na-1 (Figure 4).

The non-consensus DR that presented point mutations distributed along the typical
sequences were also evaluated to predict the secondary structure of these DR variants, and it
was found that the MFE of the non-consensus DR of CRISPR1 in V. parahaemolyticus
FORC_022 remained at a mean -8.95 kcal/mol and -10.70 kcal/mol for CRISPR1 in V. harveyi
ATCC 43516. The free energy of ensemble for DR non-consensus of CRISPR1 and CRISPR2
in V. vulnificus 93U204 presented means of -8.50 kcal/mol and -4.36 kcal/mol, respectively,
while the mean thermodynamic of the non-consensus DR for CRISPR2 in P. damselae KC-
Na-1 was -8.40 kcal/mol. The DR of the matrices CRISPR1 in V. vulnificus YJ016 and P.
damselae KC-Na-1 did not present repeated sequences variants (Table 2). The analysis of these
results indicates that there is no statistically significant difference (p> 0.01) so that it cannot be
emphasized that the point mutations found in different regions of the repeated sequences cause
important differences between the thermodynamic mean of the MFE of formation of the typical
DR and its variants.

Table 2. Minimum free energy of formation (MFE) of typical repetitions and variants in the CRISPR/Cas
systems found.

Species/DR Type Repeat sequence (5°-3°) (kc'\a/lllllzrﬁol)
Vp. FORC_022pR_cRIsPR1 Typical repeat GTTAACTGCCACACAGGCAGCTTAGAAA -8.20
Repeat variants TTTAACTGCCACACAGGCAGCTTAGAAA -9.50
Repeat variants GTTAACTGCCACACAGGCAGCTTAGAGA -8.20
Vh. ATCC Typical repeat GTGTTCTCCGTACCCACGGAGATGAACCG -9.90
43516DpR_CRISPRL
Repeat variants GTGTTCTCCGTACCCACGGAGATGAGCCA -10.20
VVv.YJ016pr_crispr1 Typical repeat GTTTCAGACATGCC:SSS- TTAGACGGGATTA -6.80
Vv. 93U204pR_cRIsPR1 Typical repeat GTTCACTGCCGTATAGGCAGCTTAGAAA -8.60
Repeat variants GTTCACTGCCGTATAGGCAGCGTAGAAA -8.60
Vv. 93U204pR_cRIsPr2 Typical repeat GATATTTCTAATTGGAC‘:AQACQTCAAATATAA -1.90
. AATATTTCTAGTTGGAATGTTTCAAAAGTCG
Repeat variants = = A - -4.10
Repeat variants GATATTTCTAACTGGGATACTTCCAATGTAAA -2.80
. GATATCTCTAACTGGGATACTTCCAATGTAA
Repeat variants A -4.90
Pd. KC-Na-1pr_cRrispr1 Typical repeat CTTCACTGCCGAGTAGGCAGCTTAGAAA -8.60
Pd. KC-Na-1pr_crisrr2 Typical repeat CTTCACTGCCGAGTAGGCAGCTTAGAAAT -8.60
Repeat variants CTTCACTGCCGAGTAGGCAGCCATACTAA -8.60

Vp. FORC 022, Vh. ATCC 43516, Vv. YJ016 and 93U204, Pd. KC-Na-1, are the abbreviations of V.
parahaemolyticus FORC 022, V. harveyi ATCC 43516, V. vulnificus YJ016 and 93U204, and P. damselae KC-
Na-1, respectively; DR_CRISPR1 and DR_CRISPRZ2, direct repeats of relative location on the chromosome of
the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) designated CRISPR1 and CRISPR2.

3.8.. Discussion.

Subtypes I-F of CRISPR/Cas systems isolated from V. parahaemolyticus species
found in seafood, environment [50,51], as well as in clinical samples, has been described

[40]. Likewise, the presence of I-E subtypes has been reported in V. cholerae 0395, in which
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3 cas core genes (casl, cas2, and cas3) and 5 specific genes of the I-E subtype (csel, cse2,
cse3, csed, casbe) have been seen [21,37]. On the other hand, it has been reported that
CRISPR subtypes I-E systems always have two loci pairs, at least that is what has been
evidenced in Enterobacteria genomes [49]. However, our results differ from this, since in the
species V. harveyi ATCC 43516 only a confirmed CRISPR structure was detected, like that
described in strains like V. cholerae 0395 [52]. Interestingly, a new form of disposition of
cas genes was found for the subtypes Il1-D detected in V. vulnificus YJO16. Although,
according to the current classification model [53], it should still be a CRISPR/Cas subtypes
I11-D system because the cas genes found are within the arrangement I11-D. However, a pair
of cas2 genes were detected as well as one casl gene at chromosomal locations 1693776-
1694069 bp and 1691704 bp, respectively. This does not correspond to the genes of subtype
I11-D [54], and rather, they remind us of the arrangement of the subtype I11-A architectures,
which possess both the cas10 and csm3 genes of subtypes 111-D, and a cas nucleus represented
by the casl and cas2 [55].

Therefore, it is between two very closely related subtypes, with a possible common
origin. These results could explain why the comparative analysis of one of the three csm3
genes found in the region chromosome 1681789-1683951 pb shares a certain degree of
homology with subtype 111-A (results not shown). The comparative analysis between direct
repeats (DR) showed an important degree of conservation for the repeated sequences
exhibited by the evaluated species, despite the existence of non-consensus repeats,
characterized by presenting SNPs mainly in the terminal region of the typical sequences. The
entire detected DRs could form secondary RNA structures with minimum free energies
(MFE) of assembly that turn out to be thermodynamically highly spontaneous. Several
authors predict the thermodynamic stability of transcribed CRISPR-type structures by
calculating the MFE either from the DR [21,45] or from the complete CRISPR structure (DR
plus spacers) [51].

However, few studies consider the thermodynamic analysis of complete CRISPR
structures. The present study observed after the thermodynamic calculation carried out as
recently reported for the comparative analysis between the MFE of the CRISPR and the
consequent establishment of the thermodynamically more stable structures based only on the
DR, that it shows magnitudes with few differences and with an average in the thermodynamic
divergence of,

AGd == IAG(DRI) - AG(DRZ) | = _5 kCal/mOI,

being able to reach zero, in the case of genomes with two or more CRISPR matrices, such as
V. vulnificus 93U204 and P. damselae KC-Na-1, respectively, which renders questionable
thermodynamic discrimination between stable CRISPR structures and those that are not, at
least under the conditions of this study. However, when applying the strategy that considers
the complete CRISPR structure, MFE had clear differences from the thermodynamic point
of view between the AG calculated, with a thermodynamic mean of,

AGD == lAG(CRISPRl) - AG(CRISPRZ) | = _1082 kcal/mol,

and,

AGD = IAG(CRISPRl) - AG(CRISPRZ) | = _72 kcal/mol,
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for V. vulnificus 93U204 and P. damselae KC-Na-1, respectively. It has been reported that
structures with longer stem tend to have lower MFEs and more stable structures [44]. And
this stability may be influenced by the length of the "stem", that is, the longer the stem, the
greater the stability of the secondary structure, a characteristic shared by the CRISPR found
in this study, which theoretically exhibited a more spontaneous assembly.

Ninety-two percent of the unique spacer sequences found in the CRISPR loci

presented homology with some sequence contained in the GenBank database against
extrachromosomal genetic material (plasmids) or bacteriophages, a fact that indicates a clear
immunity function against foreign genetic material and high specificity of the different
CRISPR/Cas systems studied. On the other hand, although PAM sequences were not found
adjacent to the potential self-directed proto-spacer, which is indicative of CRISPR structures
that are not associated with a phenomenon of autoimmunity, interestingly, in the structure
CRISPR1 present in V. vulnificus YJO16, all the possible proto-spacers have a well-defined
PAM sequence conformed by the triplet "AAG", as already described in the interference
machinery of Escherichia coli in which both cas3 nuclease and cascade complex participate
[53].

It has been described that the CRISPR/Cas system provides immunity against the
virus in prokaryotes, thanks to the fact that the spacers are obtained from invading elements
and hence the cell can mediate the immune reaction in a specific way by recognizing the
homologous sequence to such spacer [18]. Therefore, the profile of spacers can be a reflection
of the bacterial lifestyle or their habitat [31]. In this study, it is important to point out that
most of the spacer sequences studied do not compromise the integrity of the CRISPR systems,
and no clear indications of autoimmunity have been found; rather, the systems present in
Vibrio and P. damselae confer a marked immunity against mobile genetic elements like
plasmids (53%), just like what has been reported [25]. Likewise, spacer sequences were found
against a wide variety of infective phages from Bacillus, Enterobacteria, Pseudomonas, and
cyanobacteria. These are promising results because they show a low occurrence of CRISPR
structures with immunity to lytic-specific phages in Vibrio and P. damselae, which is
interesting if we consider that this sensitivity can be explored for the development of
strategies such as phagotherapy in aquaculture, a technology based on the use of enzymes or
phages destined to control typical bacterial pathogens [56].

4. Conclusions

This research represents the first report of CRISPR systems in the species of strong
influence in aquaculture production P. damselae. And although CRISPR sites can be found in
several Vibrio species, only four of the genomes analyzed in the genus Vibrio, specifically
associated with vibriosis, harbored these RNA-based immunity matrices. These loci include all
the expected typical characteristics of CRISPR matrices, mainly highly conserved direct
repeats, variable spacers, and cas genes. The bioinformatic analysis and comparison of the
CRISPR/Cas system can help to understand the environmental adaptability of each
evolutionary lineage of species of agro-industrial interest, providing data support for bacterial
typing, traceability, analysis, and non-conventional CRISPR exploration. On the other hand,
the conservation of the aforementioned CRISPR structures was observed at different levels,
which allows the use of CRISPR in epidemiology, typing, and evolution studies of this type of
pathogen of clinical-environmental interest. Besides, all direct repeats can form stable
secondary RNA structures, and it has been shown that spacer sequences originate
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predominantly from exogenous plasmids. The low occurrence of CRISPR structures in these
species of the family Vibrionaceae studied that confer immunity to lytic-specific phages is a
factor that can be used to ponder the implementation of alternative initiatives such as
phagotherapy in shrimp farming or aquaculture in general.
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