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Introduction

Abstract

Photobacterium damselae subsp. damselae, a marine bacterium that causes
infections in marine animals and in humans, produces up to three different
haemolysins involved in virulence, which include the pPHDDI1 plasmid-
encoded damselysin (Dly) and HIyAy, and the chromosome-encoded HlyAg,.
We screened 45 isolates from different origins, and found a correlation between
their haemolytic phenotypes and the differential haemolysin gene content. All
highly and medium haemolytic strains harboured pPHDD1, with amino acid
substitutions in HlyA, and HlyA, being the cause of the medium haemolytic
phenotypes in some pPHDDI1-harbouring strains. Weakly haemolytic strains
contained only hlyA., whereas nonhaemolytic isolates, in addition to lacking
pPHDDI, either lacked hlyA, or contained a hlyA, pseudogene. Sequence
analysis of the genomic context of hlyA, uncovered an unexpected genetic
diversity, suggesting that hlyA, is located in an unstable chromosomal region.
Phylogenetic analysis suggested that hlyA,, and hlyA., originated by gene dupli-
cation within P. damselae subsp. damselae following acquisition by horizontal
transfer. These observations together with the differential distribution of
pPHDDI1 plasmid among strains suggest that horizontal gene transfer has
played a main role in shaping the haemolysin gene baggage in this pathogen.

activity (Kreger et al., 1987). Recently, we found that Dly
is encoded within pPHDDI, a 153-kb conjugative viru-

Photobacterium damselae subsp. damselae (hereafter Pdd)
is pathogenic to marine animals and humans (Rivas
et al., 2013b). It is a primary pathogen of fish species of
economic importance in aquaculture (Fouz et al., 1992),
and as we have described in recent reports, its isolation
from new cultured fish species indicates that this bacte-
rium is an emerging pathogen in marine aquaculture
(Labella et al., 2011). Most of the infections in humans have
their origin in wounds exposed to seawater, or inflicted
during use of tools and fish handling (Morris et al., 1982;
Goodell et al., 2004; Aigbivbalu & Maraga, 2009).

Pdd isolates from marine animals and from humans
exhibit haemolytic activity (Kreger, 1984; Fouz et al,
1993). Pioneering studies described the production of
damselysin (Dly), a phospholipase D with haemolytic
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lence plasmid that also encodes HlyA,;, a haemolysin of
the pore-forming toxin family (Rivas et al, 2011). A
chromosome-encoded HIyA (hereafter HlyA,) that is
92% identical to plasmid-encoded HlyA,, is responsible
of haemolysis in naturally occurring pPHDDI-negative
strains, and is also present in pPHDDI-harbouring iso-
lates (Rivas et al., 2013a). The haemolytic phenotype in
pPHDDI1-harbouring strains is a consequence of synergis-
tic and additive effects of Dly and the two HlyAs (Rivas
et al., 2013a). However, pPHDDI1 plasmid is only found
in a fraction of strains, and various diverse haemolytic
phenotypes can be found within the subspecies. In addi-
tion, the genetic basis of the lack of haemolysis in the
rarely reported nonhaemolytic Pdd strains is so far
unknown. The closely related bacterium P. damselae
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subsp. piscicida, the causative agent of fish pasteurellosis,
lacks observable haemolytic activity on sheep blood agar
plates (Magarinos ef al., 1996).

In the present study we conducted a PCR screening of
the three haemolysin genes in 45 Pdd isolates from differ-
ent origins and with different haemolytic phenotypes. We
also studied the genetic context of the hlyA., gene, and the
sequence variability of hlyA,; and hlyA,, alleles in different
strains. The aims of this study were to assess the correla-
tion between haemolysin gene content and haemolytic
phenotype, and to gain new insight into the genetic vari-
ability of haemolysis determinants in Pdd. Our results sug-
gest that horizontal gene transfer has played a main role in
shaping the haemolysin gene content in this pathogen.

Materials and methods

Bacterial strains, plasmids and culture
conditions

The 45 P. damselae subsp. damselae strains and one
subsp. piscicida strain used in this study are listed in
Table 1. Strains were routinely grown at 25 °C on trypti-
case soy agar supplemented with 1% NaCl (TSA-1).
Sheep blood agar plates (Oxoid, Basingstoke, UK) were
used for conjugative matings and haemolysis assays. For
haemolysis assays on agar plates, a single colony of each
strain grown on a TSA-1 plate was picked with the tip of
a rounded wooden pick and seeded on the blood agar
plate, and pictures were taken after 15 h. Escherichia coli
was grown at 37 °C in Luria—Bertani (LB) broth and on
LB agar. Antibiotics were used at the following final con-
centrations: gentamycin, (Gm) at 15 pg mL~' and rifam-
pin (Rf) at 50 pg mL™".

DNA techniques

Genomic DNA was extracted with the Easy-DNA kit
(Invitrogen, Carlsbad, CA). PCR screening of haemolysin
(dly, hlyA,, hlyA.) and flanking genes (kefA and the
oxidoreductase gene) was conducted with primer pairs
specifically designed for this study: dly (5-CCTATGGGA
CATGAATGG-3';  5-GCTCTAGGCTAAATGAATC-3),
hlyA, (5'-GCTATAAATGAATAAGAAAA-3; 5-TTGAA
GCTAACTCAAAAA-3'), hlyAy, (5AATGTTTCTTTCCG
TTGGGC-3'; 5'-CCGGAGTTCCACCAGTAAAT-3'), kefA
(5'-ATAAGCAGCCACAAACTCCC-3’;  5'-ATTTTAGTT
GGCGACGCAGG-3'), and oxidoreductase (5'-TTCAAA
GCGAGAAATCCACC-3'; 5-TAATCGGTGGGATGTACG
CT-3'). PCR was performed with Kapa Taq DNA
polymerase (Kapa, Willmington, MA) using a T-gradient
termocycler (Biometra, Gottingen, Germany) with the
following thermal cycling conditions: 95 °C for 5 min,
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followed by 30 cycles of 95 °C for 30 s, 57 °C for 30 s,
and an elongation step of 1 min at 72 °C. The expected
amplicons were 549 bp (dly), 767 bp (hlyA,), 353 bp
(hlyAg,), 340 bp (kefA) and 639 bp long (oxidoreductase
gene). The genetic context of the hlyA., gene was ampli-
fied by inverse PCR starting from conserved flanking
genes. DNA sequences were determined with the CEQ
DTCS-Quick Start Kit and a capillary DNA Sequencer
CEQ8000 (Beckman Coulter).

Gene complementation

For gene complementation, hlyA, and hlyA, ORFs
together with their respective promoter sequences were
PCR-amplified with Hi-Fidelity Kapa Taq (Kapa), cloned
into pHRP309 vector and mobilized from E. coli S17-1
Apir into the respective Pdd strains as previously
described (Rivas et al.,, 2013a). For determination of the
specific sequence stretches of the hlyA, gene of strain
RM-71 that complement the MH phenotype of strain
ATCC 33539, we constructed partial chimeric hlyA,; genes
into an ATCC 33539 background. For this, different over-
lapping hlyA,; gene fragments were PCR-amplified, cloned
into the suicide vector pNidKan (Mourino et al., 2004)
and introduced into strain ATCC 33539 by conjugation
from E. coli S17-1-A-pir. After insertion of the PCR frag-
ment into the hlyA, allele of strain ATCC 33539 by a sin-
gle event of homologous recombination, recombinants
were assayed for recovery of the large halo (LH) haemo-
lytic phenotype on sheep blood agar plates.

Molecular phylogenetic analysis

Amino acid sequences of HlyA homologues were aligned
using cLusTALw. Evolutionary analyses were conducted in
MEGAS (Tamura et al., 2011), using the maximum-likeli-
hood method based on the Poisson correction model and
100 bootstrap replicates. Bootstrap values higher than 70
are shown.

Accession numbers

DNA sequences have been deposited in the GenBank data-
base under accession numbers KF984030 to KF984038.

Results and discussion

Haemolysin gene distribution in Pdd isolates
and its correlation with the haemolytic
phenotype

In a previous study we found that Pdd strains can be
divided into four categories depending on the width of
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Table 1. Results of the PCR screening for gene markers, and haemolytic phenotypes for the 45 Photobacterium damselae subsp. damselae
strains and one subsp. piscicida strain used in this study

Haemolytic
P. damselae strains Source Oxidoreductase kefA hlyAc, hlyAp dly halo

RG-91 Turbot, Spain + + + + + LH

RG-214 Turbot, Spain + + + + + LH

80077637 Human, Australia + + + + + LH

ATCC 33539 Damselfish, United States + + + + MH

TW294 L2 European seabass, Spain + + — — SH

TW250/03 Gilthead seabream, Spain + + — - SH

ACR 208.1 Turbot, Spain + + - - SH

LD-07 Gilthead seabream, Spain + + - - SH

w

09 Mussel, Spain + + + — - SH

—_

62 Eel, Belgium + + + — — SH

—_

92 Dolphin, United States + + + - - SH

602 R Redbanded seabream, Spain + + + - - SH

601R Redbanded seabream, Spain + + — — SH

501B Redbanded seabream, Spain + + - - SH

403D1 Redbanded seabream, Spain + + — - SH

Lb501R European seabass, Spain + + — - SH

601R Redbanded seabream, Spain + + — - SH

9401H Redbanded seabream, Spain + + - - SH

9FT1IM-3 Shark, United States + + + — — SH

RS78SPL1 Red snapper, United States + + + - - SH

RS80L1V1 Red snapper, United States + + + — — SH

ACRP-72.1 Turbot, Spain + + - - - NH

DI-21* Gilthead seabream, Spain + + — - - NH

LH, large haemolytic halo; MH, medium haemolytic halo; SH, small haemolytic halo; NH, no haemolytic halo.
¥This strain contains an hfyA, pseudogene.
*DI-21 is a subsp. piscicida strain.

the haemolytic halo when present (LH, large halo; MH,  hlyA. genes and the results were compared with their
medium halo; SH, small halo) or on its absence (NH, haemolytic phenotypes. As shown in Table 1 and
nonhaemolytic) (Rivas et al., 2011). Here we screened 45 Fig. 1(a), we found that each of the four distinct haemo-
strains to analyse the presence of the dly, hlyA, and  lytic phenotypes can be correlated with a specific gene
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Phenotype

pPHDD1 pPHDD1 Genotype
hiyA,, hiyA,, hlyA , None yp
Fig. 1. (a) Representation of the four distinct ATCC33539 ATCC33539
ATCC33539 +hlyA, +hlyA,,

haemolytic phenotypes observed in
Photobacterium damselae subsp. damselae
strains on sheep blood agar and correlation
with a specific genotype. LH, large halo; MH,
medium halo; SH, small halo; NH,
nonhaemolytic. Below each picture the
genotype is represented in terms of presence
or absence of plasmid pPHDD1 and of the
hlyA, gene. (b,c) Results of complementation
of strains ATCC 33539 (b) and 4020 (c)
(showing an MH phenotype) with plasmids
containing either hlyAp or hlyAc, genes from
strain RM-71 (LH phenotype). Scale bar =

1 cm.

4020

combination. All the LH strains tested positive for the
two pPHDD1-encoded haemolysin genes and for hlyA,
a gene combination that produces the maximum haemo-
lytic activity reported in this subspecies (Rivas et al.,
2013a). The hlyA. gene proved to be ubiquitous in all
the haemolytic strains regardless of their LH, MH or SH
phenotype, which suggests that HlyAy, is responsible for
haemolysis in strains showing an SH phenotype
(Table 1). In support of this, we previously demonstrated
that deletion of hlyA. in the naturally plasmidless strain
LD-07 caused elimination of detectable haemolysis against
sheep erythrocytes (Rivas et al., 2013a). Finally, among
the three plasmidless strains that showed no haemolysis
(NH), two tested negative for the three markers (ACRP
-72.1 and J3G801), and one (501H) contained a hlyA.,
pseudogene.

To find an explanation for the MH phenotypes in
pPHDD1-harbouring strains, we complemented strains
ATCC 33539 and 4020 with hlyA,; or hlyA., genes from
an LH strain (RM-71). We observed that hlyA, caused a
recovery of the LH phenotype in strain ATCC 33539 but
not in 4020, whereas complementation with hlyA., pro-
duced a recovery of the LH phenotype in the two strains
(Fig. 1b and c). To identify candidate substitutions affect-
ing the activity of this protein, we PCR-amplified differ-
ent fragments of the RM-71 hlyA, gene, cloned them
into the suicide vector pNidKan and selected for recom-
bination of the constructions into the strain ATCC 33539
hlyA,; allele to generate chimeric proteins. Interestingly,
recombination of an RM-71 hlyA, gene PCR fragment
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encoding the last 50 aa residues into strain ATCC 33539
rendered an LH phenotype (data not shown). Sequence
analysis showed only one amino acid change between
strains ATCC 33539 and RM-71 in that region of the
protein, and corresponded to an alanine substitution of
serine at position 575 (24 positions from the C terminus
of the protein). This position is located in the C-terminal
14-kDa B-trefoil lectin domain of HlyA, (Rivas et al,
2011), and is thought to be related to carbohydrate bind-
ing (Zhang et al., 1999).

These results suggest that MH phenotypes are caused
by amino acid substitutions in HlyA,, HlyA., or both,
which probably decrease the activity of the haemolysins.
Together, the results described here clearly show the exis-
tence of a correlation between haemolysin gene content
and the type of haemolytic halo produced in Pdd.

The genomic context of hlyA., reveals
unexpected gene diversity and contains
features related to mobile DNA

Identification of nonhaemolytic Pdd strains that test nega-
tive for the hlyA, gene and the fact that the closely
related bacterium P. damselae subsp. piscicida is nonhae-
molytic on sheep blood agar suggest that the genome
region encoding HlyA. might be a hot spot for inser-
tion—deletion (indel) events. Comparing the genome
sequences of subsp. damselae ATCC 33539 (GenBank
accession no. ADBS00000000) and subsp. piscicida DI21
(AKYGO00000000.1) we found that hlyA, is located in
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chromosome I of strain ATCC 33539 within a variable
region. This region shows a differential gene content
between strains ATCC 33539 and DI21 and is flanked by
conserved genes: kefA (encoding a putative ion channel)
(VDA_002421 in the strain ATCC 33539 genome annota-
tion) plus two serine tRNA genes, and a oxidoreductase
gene (VDA_002412) (Fig. 2).

To confirm the hypothesis that hlyA,, is located within
a variable genome region, we sequenced the DNA flanked
by kefA and oxidoreductase genes in eight additional
strains, including representatives of the different haemo-
lytic phenotypes. We found that each strain had a unique

A. ). Rivas et al.

gene repertoire, with the number of variable genes rang-
ing from two to 12. Nucleotide sequence similarity of the
kefA and the oxidoreductase gene among strains was
98%, indicating that they are conserved genes in this spe-
cies, and PCR screening demonstrated that the two are
present in all the P. damselae strains (Table 1).

The putative functions encoded by the variable genes are
highly diverse (Table 2), and include hypothetical proteins,
transcriptional regulators (AraC- and LysR-type regula-
tors), ATP-binding proteins, DNA metabolism enzymes
(timidylate kinases), degradative enzymes (hydrolases and
lipases) and functions related to mobile elements (restric-

2 kb
Strain _ Phenotype pPHDD1 _hiyA,,

RG-91 LH + +

4020 MH + +

ATCC 33539 - MH + +
401H - NH - +*

162 - SH - +

RM-71 - LH + +
LD-07 - SH - +
ACRP-72.1 - NH - -
DI-21 - NH - -
J3G-801 - NH - -

Fig. 2. Schematic representation of the variable chromosomal region (variable genes represented as white arrows) flanked by the conserved
genes kefA and oxidoreductase (represented as black arrows) in nine Photobacterium damselae subsp. damselae strains and one subsp. piscicida
(DI-21) strain. Homologous regions are connected by diagonal grey bands between pairs of strains. Two serine tRNA genes (represented by grey
arrows upstream from kefA) are present in all strains. This variable region is probably a genome assembly hot spot for indel events, including
those that affected hlyA., gene gain/loss. The haemolytic phenotypes and the genotypes are depicted in the right-hand panels. Note that of the
four nonhaemolytic strains, three lack hlyA., and one (401H) contains an /S element that disrupts hlyA, (). Strains RG-91, 4020, ATCC 33539

and RM-71 harbour plasmid pPHDD1.
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Table 2. Predicted proteins encoded by the variable genes located within the region flanked by conserved kefA and oxidoreductase genes in
nine Photobacterium damselae subsp. damselae strains and one (DI-21) subsp. piscicida strain

Feature ID

RM71_CDS1

RM71_CDS2
RM71_CDS3
RM71_CDS4
RM71_CDS5

RM71_CDS6

ATCC33539_CDS1
ATCC33539_CDS2
ATCC33539_CDS3
ATCC33539_CDS4
ATCC33539_CDS5

ATCC33539_CDS6
ATCC33539_CDS7
ATCC33539_CDS8
ATCC33539_CDS9
RG91_CDS1 (W)
RG91_CDS2
RG91_CDS3
RG91_CDS4

RG91_CDS5

RG91_CDS6

RG91_CDS7
LDO7_CDS1

LD07_CDS2

LDO7_CDS3 (¥)
LDO7_CDS4

LD0O7_CDS5

LD07_CDS6
LDO7_CDS7 (¥)
LD07_CDS8
LDO7_CDS9
LDO7_CDS10
LDO7_CDS11 ()
LDO7_CDS12 (W)
ACRP-72.1_CDS1

ACRP-72.1_CDS2

ACRP-72.1_CDS3 (V)

ACRP-72.1_CDS4

Length
(bp)
393

411
2310
696
873

1809

291
1179
1530

717

876

1059
714
873

1809
327
411
258

1380

1335
2127

1809
900

829

267
2679

915

616
321
942
847
1809
942
162
900

828
246

2685

Function of the
predicted protein

Hypothetical protein

Hypothetical protein

ATPase

Aspartate racemase

AraC family transcriptional
regulator

HiyA"

Hypothetical protein
Hypothetical protein

Transposase

Hypothetical protein
Phage integrase family
protein

Transposase

Hypothetical protein
Hypothetical protein
HlyAh

Hypothetical protein
Hypothetical protein
Hypothetical protein
Deoxyguanosine tri phosphate
triphosphohydrolase
Putative DNA processing
chain A

ATP-dependent DNA helicase
RecQ

HiyA"

LysR family transcriptional
regulator

Metal dependent
phosphohydrolase
GCN5-like N-acetyltransferase
Ankyrin repeat-containing
protein

Molybdenum cofactor
biosynthesis protein

Thymidylate kinase
Hypothetical protein
ATP-binding protein
Glutamyl-tRNA synthetase
HiyA<"

HNH endonuclease
Integrase

LysR family transcriptional
regulator

Metal dependent
phosphohydrolase
GCNS5-like
N-acetyltransferase
Ankyrin repeat-containing
protein
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Homologue matches

Accesion no.

YP_002019309.1

YP_002019310.1
WP_007467808.1
WP_010431798.1
YP_005049609.1

EEZ41388.1

YP_004188639.1
EEZ41381.1
EEZ41382.1
EEZ41383.1
EEZ41384.1

EEZ41385.1
EEZ41386.1
EEZ41387.1
EEZ41388.1
YP_002019309.1
YP_002019310.1
YP_004188639.1
YP_004313207.1

WP_007464740.1

WP_007464742.1

EEZ41388.1
WP_004744032.1

YP_001472395.1

YP_004111988.1
NP_762834.1

NP_762835.2

WP_006230234.1
YP_003145259.1
WP_010302393.1
WP_004537850.1
EEZ41388.1
YP_751179.1

YP 001448934.1
WP_004744032.1

YP_001472395.1

YP_004111988.1

NP_762834.1

Species

Pelodictyon
phaeoclathratiforme
P. phaeoclathratiforme
Photobacterium sp.
Vibrio cyclitrophicus
Vibrio furnissii

Photobacterium

damselae subsp. damselae
Vibrio vulnificus

P. damselae subsp. damselae
P. damselae subsp. damselae
P. damselae subsp. damselae
P. damselae subsp. damselae

. damselae subsp. damselae
. damselae subsp. damselae
. damselae subsp. damselae
. damselae subsp. damselae
. phaeoclathratiforme

. phaeoclathratiforme
Vibrio vulnificus
Marinomonas mediterranea

T U U v U o

Photobacterium sp.
Photobacterium sp.

P. damselae subsp. damselae
Vibrio tubiashii

Shewanella sediminis

Desulfurispirillum indicum
Vibrio vulnificus

V. vulnificus

Photobacterium profundum
Kangiella koreensis
Pectobacterium carotovorum
Burkholderia pseudomallei

P. damselae subsp. damselae
Shewanella frigidimarina
Vibrio harveyi

V. tubiashii

S. sediminis
D. indicum

V. vulnificus

Identities

40%

57%
95%
78%
61%

99%

78%
100%
100%
100%
100%

100%
100%
100%
100%
38
56%
84%
77%

78%

88%

99%
60%

70%

78%
82%

92%

74%
63%
32%
37%
99%
41%
55%
59%

70%

78%

81%

E value

2.00E-30

1.00E-47
0.0
2.00E-129
9.00E-121

0.0

1.00E-40
0.0

0.0
1.00E-178
0.0

0.0
4.00E-168
0.0

0.0
7.00E-20
5.00E-45
1.00E-41
0.0

0.0

0.0

0.0
1.00E-127

2.00E-143

9.00E-07
0.0

0.0

6.00E-106
9.00E-44
1.00E-42
5.00E-42
0.0
2.00E-38
2.00E-08
2.00E-126

2.00E-143

1.00E-06

0.0
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Table 2. Continued
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Homologue matches

Length  Function of the
Feature ID (bp) predicted protein Accesion no. Species Identities  E value
Acrp 72.1_CDS5 916 Molybdenum cofactor NP_762835.2 V. wulnificus 91% 0.0
biosynthesis
J3G801_CDS1 (W) 210 Hypothetical protein YP_002019309.1 P. phaeoclathratiforme 35% 0.32
J3G801_CDS2 1038 Transposase WP_005489462.1  Vibrio parahaemolyticus 96% 0.0
J3G801_CDS3 (¥) 726 Hypothetical protein WP_001923066.1 V. cholerae 30% 7.00E-10
J3G801_CDS4 1995 Lipase WP_001976335.1 V. cholerae 29% 2.00E-37
J3G801_CDS5 482 Unknown protein No homologues
J3G801 CDS6 1941 Type IV secretion WP 001894897.1 V. cholerae 36% 8.00E-107
protein Rhs
501H_CDS1 393 Hypothetical protein YP_002019309.1 P. phaeoclathratiforme 41% 1.00E-30
501H_CDS2 270 Hypothetical protein YP_004188639.1 V. vulnificus 80% 3.00E-39
501H_CDS3 (¥) 191 ATP-binding protein WP_006879706.1 Vibrio brasiliensis 74% 1.00E-15
501H_CDS4 495 Tetrapyrrole methylase WP_009441834.1  Selenomonas sp. 30% 0.23
501H_CDS5 1791 HIyA<" EEZ41388.1 P. damselae subsp. damselae 99% 0.0
501H CDS6 1041 Transposase YP_001436144.1 V. harveyi 92% 0.0
4020_CDsI 270 Hypothetical protein YP_004188639.1 V. vulnificus 80% 3.00E-40
4020_CDS2 (o) 390 Aldose 1-epimerase YP_634029.1 Mlyxococcus xanthus 38% 0.57
4020_CDS3 903 Divergent AAA domain WP_001459743.1  Escherichia coli 44% 6.00E-78
protein
4020_CDS4 1449 Hypothetical protein YP_003157719.1 Desulfomicrobium 57% 0.0
baculatum
4020_CDS5 837 Hypothetical protein WP_010699753.1  Pantoea agglomerans 69% 3.00E-146
4020_CDS6 1809 HlyAh EEZ41388.1 P. damselae subsp. damselae 98% 0.0
162_CDS1 900 Hypothetical protein YP_005049289.1 V. furnissii 60% 4.00E-112
162_CDS2 1809 HlyAh EEZ41388.1 P. damselae subsp. damselae 98% 0.0
DI21_CDS1 426 Transposase IS1 WP_006712141.1 Vibrio ichthyoenteri 84% 9.00E-77
DI21_CDS2 276 Putative transposase CAHO04677.1 P. damselae subsp. damselae  100% 2.00E-52
DI21_CDS3 426 Transposase I1S1 WP_006712141.1 Vibrio ichthyoenteri 84% 9.00E-77
DI21_CDS4 276 Putative transposase CAHO04677.1 P. damselae subsp. damselae ~ 100% 2.00E-52
DI21_CDS5 696 Aspartate racemase WP_010431798.1  Vibrio cyclitrophicus 79% 5.00E-131
DI21_CDS6 873 AraC family transcriptional YP_005049609.1 Vibrio furnissii 60% 7.00E-119
regulator
DI21_CDS7 426 Transposase I1S1 WP_006712141.1 Vibrio ichthyoenteri 84% 9.00E-77
DI21_CDS8 276 Putative transposase CAHO04677.1 P. damselae subsp. damselae ~ 100% 2.00E-52

¥, Pseudogene.

tion endonucleases, phage integrases, Rhs elements and
insertion sequences). Three genes in strain RG-91, dgt,
dprA and recQ, encode functions related to the processing
of single-strand DNA following transformation. A trans-
posase gene truncating hlyA, in strain 501H is likely to be
the cause of the lack of haemolytic phenotype in this strain
(Fig. 2).

Some pairwise comparisons between strains suggest
that genes have been inserted or deleted during evolution.
Strains LD-07 and ACRP-72.1 share a unique cluster of
five genes, but LD-07 has an additional six-gene cluster
that includes hlyA, (Fig. 2). Overall, this variable region
might be considered as a genome assembly hot spot
where indel events have occurred, including those that
affected hlyA., acquisition or loss. Similar situations of
putative genome assembly hot spots have been reported
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recently in other species, as for Oenococcus oeni genes
encoding phosphotransferase functions (Jamal et al.,
2013). Coinfection of marine animals (Zhao et al., 2009;
Labella et al, 2010) and humans (Clarridge & Zighel-
boimdaum, 1985) with different phenotypes of Pdd
simultaneously in a host has been demonstrated. It is thus
tempting to hypothesize that some genetic variants in the
hlyA., region may have originated by recombination
between different Pdd strains coexisting in the same host,
in a similar way as described for Helicobacter pylori (Did-
elot et al., 2013).

The presence of genes related to DNA mobility as
integrases, insertion sequences, Rhs elements and tRNA
genes (Table 2) suggests that mobile elements may have
driven the hypervariability in this genomic region. It is
well known that tRNA genes play a general role in DNA

FEMS Microbiol Lett 355 (2014) 152-162
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acquisition (Hou, 1999) and direct repeats and insertion
elements flanking pathogenicity islands often overlap with
or are close to tRNA genes (Blum et al, 1994). A com-
parative analysis between Salmonella enterica and E. coli
isolates showed that the region associated with tRNA'"X
is extremely variable, often encoding completely unrelated
DNA sequences and genes among strains (Bishop et al.,
2005). This is the case of the hlyA,-containing DNA
region in P. damselae, where there is no apparent rela-
tionship among genes. Close homologues of the variable
genes belong to different species, and many of them share
little or no relationship to Photobacterium or Vibrio genes
(Table 2).

One characteristic of mobile elements is the presence
of repetitive DNA flanking their sequences (Blum et al.,
1994). By analysing the variable DNA regions close to
hlyA., we found immediately downstream of the two ser-
ine tRNAs a 7-pb DNA sequence (GCAATAC) that
occurs either in single copy or in multicopy in all strains
tested (Fig. 3). Interestingly, while the hlyA-negative
subsp. piscicida strain DI-21 contained a single copy of
this heptamer, the subsp. damselae strains RM-71 and

P
FEFEE

Reductase,

|tggcggagagatagggaﬂtaaancc‘

159

LD-07 showed two copies of this heptamer flanking the
hlyA, gene as a discrete DNA module, and in the case of
LD-07 there was an extra copy of this heptamer (Fig. 3).
Pdd strain ATCC 33539 also showed this 7-pb repeat
flanking hlyA., and cds8 genes.

Integrated genomic islands are usually located down-
stream of a tRNA locus and repetitive sequences compris-
ing 20-30 nt of the 3’ end of the tRNA are usually found
(Dufour ef al., 2011). Interestingly, we observed that
strain LD-07 shows two direct repeats that correspond to
partial serine tRNA sequences of 26 bp (Fig. 3), between
CDS2 and CDS3 and between CDS10 and CDS11. Inter-
estingly CDS11 is a pseudogene of an integrase, and it is
well known that integrase genes are commonly associated
with tRNA genes in genomic islands. Strain ACRP-72.1
also contains this 26-bp partial tRNA sequence between
CDS2 and CDS3 (Fig. 3), a trait that is conserved
between LD-07 and ACRP-72.1 together with a collection
of five genes of the variable fraction. Due to the presence
of genes related to DNA mobility (integrases, transposas-
es, tRNA loci) and to recombination processes and point
mutations, genomic islands constantly undergo structural

2 kb Strain

DI-21

RM-71

ATCC 33539

ACRP-72.1

LD-07

[tggcggagagatagggamgaaccm

Fig. 3. Detailed scheme of the chromosome region containing the variable loci flanked by the conserved genes kefA and oxidoreductase in five
of the strains studied, highlighting DNA features putatively related to insertion of foreign DNA. The copies of the heptamer GCAATAC are
denoted by a vertical black bar pinpointed by a vertical black arrow. Note that this heptamer occurs once in DI-21 and ACRP-72.1, twice in RM-
71 and ATCC 33539, and three times in LD-07. The ‘partial tRNA" sequence repeated in strains ACRP-72.1 and LD-07 and the corresponding

homologous sequence in the complete tRNA gene are also highlighted.
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changes (Schneider ef al, 2011). In Bradyrhizobium
japonicum, duplications of fragments of tRNA genes,
flanked by DNA insertions ranging from 4 to 97 kb, have
been found along the genome, strongly suggesting that
insertion of DNA elements into tRNA genes took place
(Kaneko et al., 2002). Thus, the repeated 26-bp sequence
of a partial tRNA gene found in Pdd might represent a
scar of former genomic islands that have undergone
events of DNA insertions and losses that led to the cur-
rent gene composition.

Phylogenetic analysis suggests that hlyA,, and
hlyA_, have originated by gene duplication
within Pdd following acquisition by horizontal
transfer

Homologues of the Pdd HIyA proteins are encoded in
several species of Vibrionaceae and Aeromonadaceae, most
of them pathogenic for marine animals and some oppor-
tunistic human pathogens. In the present study we con-
structed a phylogenetic tree with the sequences of ten Pdd
HIyA proteins (seven HlyAy, and three HlyA) and with
HlyA homologues from other species, retrieved from pro-
tein databases (Fig. 4). The large genetic distance that
separates the HIlyA homologues from different species
suggests a long-term association of hlyA genes with Vibri-
onaceae and Aeromonadaceae species.

Phylogenetic analysis yielded two well-defined branches
in Pdd, one comprising HlyA., sequences and one that
includes HIyA, sequences (Fig. 4). The high similarity at
both the nucleotide and the amino acid levels between
the two HIlyA toxins of Pdd compared with their homo-

RG-91

RM-71
4020
RM-71
100]/ 4020

100

ATCC33539

p—

81'ATCC33539 —J

A. ). Rivas et al.

logues in other species suggests that the two gene ver-
sions, hlyAy and hlyA,, have originated from a gene
duplication event and started to diverge within Pdd upon
acquisition of the original gene copy by horizontal trans-
fer. It is interesting to note that so far no plasmid-borne
hlyA homologues have been found outwith Pdd. In addi-
tion, while hlyA is located in chromosome I of Pdd,
other Vibrionaceae species harbour this gene in chromo-
some II, such as Vibrio anguillarum (Naka et al., 2011),
Vibrio cholerae (Heidelberg et al., 2000) and Vibrio fluvi-
alis (Khatri et al., 2013).

The location of the hlyA,; gene immediately upstream
of the damselysin toxin-encoding gene dly in plasmid
pPHDDI seems to obey to a selection pressure for main-
taining (and hence for coregulating) together two genes
whose products have been demonstrated to act in a syn-
ergistic manner to produce haemolysis (Rivas et al.,
2013a). The plasmid location of hlyA, and the strong
variability of the genetic context surrounding hlyA,
might support the hypothesis of acquisition of the hiyA
gene by horizontal transfer and a further gene duplication
event.

Conclusions

The three haemolysins are encoded within unstable gen-
ome regions, namely plasmids and potential genome
assembly hot spots that have contributed to strain differ-
entiation and subspecies evolution in Pdd. Phylogenetic
analysis suggests that hlyA, and hlyA, originated by gene
duplication within Pdd. These observations, together with
the differential distribution of plasmid pPHDDI1 among

[—P. damselae chromosome |

Fig. 4. Molecular phylogenetic analysis of
Photobacterium damselae subsp. damselae
pPHDD1 plasmid- and chromosome I-encoded
HIyA proteins and of homologues in

— P. damselae pPHDD1

P (90328821) (?)

V.

(494020433) (Chr II; . . .
¢ ) (Chrt) Vibrionaceae and Aeromonadaceae species,

with the maximum-likelihood method (log

% is (323312920) (?)
v. ii (260612481) (Chr Il)
V. anguillarum (518112456) (Chr Il)
100 = V. ordalii (515612501) (Chr Il)

V. fluvialis (23663958) (Chr Il)
100 = V. furnissii (260614925) (Chr Il)
V. mimicus (269986047) (Chr Il)
V. campbellii (444238251) (?)
V. cholerae VCC (71041953) (Chr Il)
V. albensis (229336319) (Chr Il)

[

99

0.1
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100" A. aquariorum (498320338) (Chr)

99 [ A. salmonicida subsp. pectinolytica (530715661) (Chr)
A icida subsp. icida (1
100 A. hydrophila subsp. hydrophila (117559666) (Chr)

P, leiognathi subsp. mandapamensis (328492849) (Chr 1l)

( (Chr)

likelihood —3591.8451) with 100 bootstrap
replicates. Bootstrap values higher than 70 are
shown. Vibrio cholerae cytolysin VCC was
used as an external group. GenBank sequence
identification numbers (Gl) are shown in
parentheses. Information on the chromosomal
location of the hlyA gene is provided (Chr I,
chromosome II; Chr, bacteria with a single
chromosome; ?, location unknown). The tree
is drawn to scale, with branch lengths
measured according to the number of
substitutions per site.
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strains, suggest that horizontal gene transfer has played a
main role in shaping the haemolysin gene baggage in this
pathogen.
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