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ABSTRACT-Pseudotuberculosis pathogen, Photobacterium 

damselae subsp. piscicida (Pdp) shows some differences in 

virulence between Japanese and US strains. In this study, we 

analyzeq plasmid DNAs derived from Japanese and US strains 

of Pdp, and found two homologous regions in these plasmids, 

pOT-51443-4/p91-197-1 and p0T-51443-1/p91-197-2. All 

genes in the p91-197-1 from US strain were observed in the 

pOT-51443-4 from Japanese strain. This event might have 

occurred during transmission of the US plasmid to Japanese 

strain. Inhibitor of vertebrate lysozyme (ivy), a known patho-

genicity factor was encoded in the homologous region of pOT-

51443-1/p91-197-2. Thus, the genomic region containing ivy 

may have been horizontally transmitted between the two Pdp 

strains. 

Key words: Photobacterium damse/ae subsp. piscicida, 

plasmid, inhibitor of vertebrate lysozyme (ivy) 

Among fish species, there is more yellowtail (Serio/a 

quinqueradiata) produced by aquaculture in Japan than any 

other species. Export of yellowtail, especially to the United 

States, has increased in recent years. However, since the 

development of aquaculture, various kinds of bacterial infec-

tions have been observed in marine fish with increasing fre-

quency, which has caused severe economic damage over the 

years. One disease of yellowtail that has a relatively high inci-

dence is pseudotuberculosis, caused by the pathogen 

Photobacterium damse/ae subsp. piscicida (Pdp). Affected 

fish appear dark-colored, descaled, and are marked with dark 

spots. They feed poorly, leave the flock, and can often be 

seen lying dead at the bottom of the fish culture enclosure 
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(Nagano et al., 2011; Kanai, 2017). Pseudotuberculosis has 

been reported not only in Japan but also in the United States 

and Europe, and the strains responsible contain some transfer-

able resistance plasmids (R plasmids) encoding drag resis-

tance and virulence factor genes, including a class A 

/3-|actamase gene for ampicillin resistance (Morii et al., 2004), 

cat/ and catl/ genes for chloramphenicol resistance (Morii et al., 

2003), ppflo and f/oR genes for florfenicol resistance, the 

aphA7 gene for kanamycin resistance, the su/2 gene for sulfon-

amide resistance, the erm gene for erythromycin resistance 

(Morii et al., 2012) and a gene cluster (i.e., high-pathogenicity 

island) producing piscibactin as a siderophore (Osorio et al., 

2015). These drug resistance and virulence factor genes are 

often flanked by transposons or insertion sequences (Kim et al., 

1994; Kim et al., 2008; Osorio et al., 2015). However, the 

detailed transmission mechanism of these genes remains 

unclear. Therefore, it is important to improve knowledge on 

the genetic basis for pathogenicity of this bacterium (Balado et 

al., 2013; Del Castillo et al., 2013; Osorio et al., 2015). 

Previously, we determined the whole-genomic sequence of 

Pdp strains from Japan (OT-51443) and the US (91-197) and 

performed a comparative structural analysis of their chromo-

somal genomes. The genomes of strains OT-51443 and 

91-197 consist of two circular chromosomes each, and 5 and 2 

plasmids, respectively. Comparative structural analysis of the 

chromosomal genomes of strains OT-51443 and 91-197 shows 

that each strain carries two circular chromosomes of approxi-

mately 3 Mb and 1 Mb, which show a high degree of homology 

(Teru et al., 2017; Aoki et al., 2017). However, the structure of 

the plasmid DNAs remains unknown despite the need for a 

detailed analysis. 

Most drug-resistance and virulence factor genes are incor-

porated into the chromosomal and plasmid DNA of resistant 

bacteria. Plasmid DNAs can be transmitted, not only within 

the same species but also across bacterial species by conjuga-

tion. Therefore, it is important to understand how the genetic 

information encoded by a plasmid was acquired (Callewaert et 

al., 2005; Vanderkelen et al., 2012; Osorio et al., 2015). In this 

study, we focused on plasmid DNA derived from Japanese and 

US strains, OT-51443 and 91-197. We compared the genetic 

structures of these strains and searched for similar plasmid 

DNAs and genetic regions between Japanese and US strains. 

Materials and Methods 

Whole genome sequencing of the Japanese (OT-51443) 

and US strains (91-197) of Pdp was previously performed using 

the Pacific Biosciences (PacBio) RS II sequencing platform 

(Macrogen Japan, http://www.macrogen-japan.co.jp)(Aoki et 

al., 2017; Teru et al., 2017), and the data obtained from the 

GenBank database (accession numbers are shown in Table 1). 

The Japanese (OT-51443) and US strains (91-197) were iso-

lated from Pdp-infected yellowtail or striped seabass, and both 

the strains contained multiple plasmid DNAs. Only plasmid 

DNA sequence information was used for this analysis. All 

plasmids were subjected to BLAST search (https://blast.ncbi. 

nlm.nih.gov/Blast.cgi) to find a homologous plasmid which was 

deposited in the GenBank database. 

Comparative and structural analyses of plasmids from the 

Japanese and US strains 

Dot plot analysis for comparing plasmid DNA structures 

was performed with Rapid Annotations using Subsystems 

Technology (RAST) version 2.0 (http://rast.nmpdr.org/rast.cgi) 



Table 1. 

Plasmids of two P. damse/ae subsp. piscicida strains 

Deposited information on plasmid DNAs from Photobacterium damselae subsp. damselae (Pdp) 

19 

No. of 
GenBank 

Homologous plasmid (BLAST search) 

Strain Host fish Plasmid Size (bp) genes 
Acc. No. Homologous plasmid Identity% 

(CDSs) (isolate country) 
GenBank Acc. No. 

(Coverage %) 

pOT-51443-1 145,279 190 BDMQ01000003 p91-197-2 (USA) AP081048 99.70 (9) 

pP99-01 B (Japan) AB277723 99.99 (100) 

Yellowtail pOT-51443-2 138,806 178 BDMQ01000004 pP0855 (Japan) LC225353 100.00 (99) 

OT-51443 (Serio/a pP91278 (USA) AB277724 99.99 (91) 
quinqueradiata) pOT-51443-3 55,613 59 BDMQ01000005 pP9014 (Japan) AB453229 99.89 (100) 

pOT-51443-4 39,759 52 BDMQ01000006 p91-197-1 (USA) AP081047 99.88 (96) 

pOT-51443-5 25,053 35 BDMQ01000007 None None None 

Striped bass p91-197-1 37,140 47 AP081047 pOT-51443-4 (Japan) BDMQ01000006 99.88 (100) 
91-197 

(Marone sp.) p91-197-2 29,328 30 AP081048 pOT-51443-1 (Japan) BDMQ01000003 99.70 (29) 

(Aziz et al., 2008). The genetic structure of homologous 

regions was evaluated by comparing the structure of the plas-

mid DNAs. Structural analysis was performed with drawGene-

Arrows3 (http://www.ige.tohoku.ac.jp/joho/index.html). 

Characterization of the inhibitor of vertebrate /ysozyme (ivy) 

gene 

For characterization of the ivy genes encoded by Pdp pOT-

51443-4 and p91-197-1, the genetic sequences were rear-

ranged. Alignment and comparative analysis with known ivy 

genes from pathogenic bacteria were performed using ClustalW 

ver. 2.1 (http://clustalw.ddbj.nig.ac.jp/)and BioEdit (http://www. 

mbio.ncsu.edu/BioEdit/bioedit.html). A maximum likelihood 

phylogenetic tree of aligned sequences was constructed using 

MEGA? software (http://www.megasoftware.ne切．

Results 

Comparative analysis of plasmids from the Japanese and US 

strains 

The genome of Japanese strain OT-51443 consists of two 

circular chromosomes and five circular plasmid DNAs. Two of 

the plasmid DNAs (pOT-51443-1 and pOT-51443-2) were 

145,279 bp and 138,806 bp long and encoded 190 and 178 

coding sequences (CDSs), respectively. The other three plas-

mid DNAs (pOT-51443-3, pOT-51443-4, and pOT-51443-5) 

were 55,613 bp, 39,759 bp and 25,053 bp long and encoded 

59, 52, and 35 CDSs, respectively (Table 1). 

The genome of US strain 91-197 consists of two circular 

chromosomes and two plasmid DNAs (p91-197-1 and p91-197-

2), which were 37,140 bp and 29,328 bp long, and encoded 47 

and 30 CDSs, respectively (Table 1). Results from the dot plot 

analyses using RAST showed two homologous regions 

between the plasmids of the two strains (Fig. 1). Homologous 

region 1 showed high similarity between all the regions of pOT-

51443-4 and p91-197-1. Thus, the two plasmids were consid-

ered homologous. Homologous region 2 showed only partial 

homology between pOT-51443-1 and p91-197-2. The homol-

ogous region 2 possessed 1 O CDSs in p91-197-2 (located from 

109,869 to 122,495 bp) identical to the region including 15 

CDSs in p91-197-2 (91 to 8,829 bp), however there was no 

identical region in their plasmids. No homology existed 

between pOT-51443-3 and the two plasmids of strain 91-197, 

however, pOT-51443-3 was highly homologous to pP9014 with 

99.89% identity and 100% coverage (Table 1). Furthermore, 

pOT-51443-2 was highly homologous to two Japanese (pP99-

018 and pP0855) and one US (pP91278) plasmids with 99.99-

100% identities (Table 1), however, no typical homologous 

plasmid was found in pOT-51443-5 (Table 1). In other 
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Fig. 1. Comparison of plasmid DNA structure from two Pdp 

strains by dot plot analysis. The vertical axis shows 

two plasmid DNAs derived from Pdp strain 91-197 and 

the horizontal axis shows the sequences of four plas-

mid DNAs derived from Pdp strain OT-51443. One of 

the plasmid DNAs, pOT-51443-3, was excluded 

because it contained no regions of homology with the 

two plasmids p91-197-1 and -2. The positions of 

homologous genes are indicated by dots. 
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combinations of plasmids, we found scattered homologous 

genes, but no continuous regions of homology were observed. 

DNA structures were different between Japanese and US 

strains except for these homologue regions. The two homolo-

gous regions were also not found in any Pdp-derived plasmids 

[i.e., pP99-018 (Acc. No. AB277723) and pP9014 (AB453229) 

in Japanese strains NP9014 and PT99-018, pP91278 

(AB277724) in the US strain USA91278], and in any of the 

whole genome sequences (WSG) of Pdp strains [i.e., European 
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(A) Comparison of the gene structure in homologous 

region 1 between strains p91-197-1 and pOT-51443-4. 

(B) Comparison of gene structure in identical region 2 

in strains p91-197-2 and pOT-51443-1. Identical 

genes are connected by lines. 

strains MT1415 (Acc. No. SUMH01000001-SUMH01000474), 

SNW-8.1 (SRHD01000001~SRHD01000641), 0121 (AKYG 

01000001~AKYG01001377), L091106-03H (MCFX 

02000001 ~MCFX02000016), and Japanese strain PP3 (SRHT 

01000001~SRHT01000520)] deposited in the Gen Bank data-

base (Data not shown). 

Structural analysis of the identical gene loci between Japanese 

and US plasmids 

All genes encoded by p91-197-1 were also present in pOT-

51443-4, along with an insertion of five genes observed in 

homologous region 1 (Fig. 2A). In contrast, within homologous 

region 2, all genes encoded by the homologous region of p91-

197-2 were in reverse orientation, and two genes were repli-

cated in pOT-51443-1 (Fig. 2B). Moreover, a partial sequence 

coding for a transposase was observed in pOT-51443-1. 

Homologous region 2 contained the sequence for the inhibitor 

of vertebrate lysozyme (ivy) gene, a known virulence factor, in 

both plasmids. Furthermore, the ivy gene was not found in 

any of the Pdp-derived plasmids and also in whole genome 

sequences of Pdp strains deposited in the GenBank database 

by BLAST search (Data not shown). 

Characterization of the ivy gene 

The ivy genes encoded by pOT-51443-1 and p91-197-2 

were 100% identical and showed the functional motif CKPHDC, 

which is characteristic of Ivy. A comparison of the amino acid 

sequences of Ivy from various pathogenic bacteria showed con-

servation of this functional motif. The similarity between the 

Ivy proteins derived from the two Pdp strains and those isolated 

from other pathogenic bacteria was approximately 13.1 to 

26.9%. The highest similarity (26.9%) was observed with 

Serratia marcescens (Fig. 3A). According to phylogenetic tree 

analysis, the ivy genes of Pdp are conserved, and clustered in 

the same genus (Fig. 3B). 

Discussion 

In this study, we investigated differences between two 
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Fig. 3. (A) Comparison of Ivy amino acid sequences from Pdp 

and known pathogenic bacteria. The section 

enclosed by a box indicates a functional motif that is 

essential for inhibition of lysozyme activity. The per-

cent similarities of Ivy sequences between Pdp 91-197 

and other species are shown on the right. (B) 

Phylogenetic tree constructed using the aligned 

sequences of Ivy from Pdp and other species. 

Phylogenetic results were tested by bootstrapping 

1,000 times 

strains of Pdp, OT-51443 and 91-197, to better understand 

their genetic structure and identify virulence factors. High sim-

ilarity and gaps were observed in the homologous region 1 of 

the two strains. Thus, the homologous plasmid DNA was pos-

sibly shared between the two strains, and genes not present in 

p91-197-1 were inserted into pOT-51443-4. The homologous 

region 2 in p91-197-2 and pOT-51443-1 displayed high 

sequence identity and had 4 genes inserted in pOT-51443-1, 

including a transposase gene, which suggests that it could be 

related to transmission of the inserted genes in homologous 

region 2. Furthermore, since the two homologous regions 

were not found in any of the plasmids and WGSs of Pdp 

strains, the finding of homologous region 2 was a unique case 

to suggest transmission possibility of the mobile gene between 

countries. In contrast, no homology existed between pOT-

51443-3 and the two plasmids of strain 91-197, but the former 

was almost completely identical to pP9014. Since, both pOT-

51443-3 and pP9014 were derived from Japanese strains, 

these are same plasmids. pOT-51443-2 was also highly 

homologous to Japanese (pP99-018 and pP0855) and the US 

(pP91278) plasmids. These plasmids were probably trans-

ferred between each other within Japan or between the US and 

Japan. 

All genes encoded by p91-197-1 were also present in pOT-

51443-4. In addition, the insertion of a transposase, a hypo-

thetical protein, and a DNA binding protein was observed in 
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pOT-51443-4. These were considered newly acquired by 

strain OT-51443. The homologous region was also conserved 

in p91-197-1 and pOT-51443-4. However, partial deletion of a 

gene encoding a transposase was observed in pOT-51443-4. 

This event might have occurred during the transmission of the 

plasmid DNA to strain OT-51443. 

The presence of ivy, which acts as a virulence factor 

(Kyomuhendo et al., 2008; Liu et al., 2015), was observed in 

both plasmids. Ivy has a characteristic functional "CKPHDC" 

motif to increase the bacterial infectivity, with a histidine residue 

in the motif forming a hydrogen bond with two of the three 

amino acid residues in the active site of lysozyme. The loop 

structure closes the active site of the lysozyme, thereby inhibit-

ing lytic activity (Abergel et al., 2007; Wang et al., 2013). In 

our analysis, we found that the functional motif in Ivy derived 

from Pdp was highly conserved, suggesting that the ivy gene 

conserved in pOT-51443-4 and p91-197-1 is a virulence factor. 

This also suggests that the Pdp strains OT-51443 and 91-197 

may have increased infectivity and pathogenicity. 
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日本および米国株Photobacteriumdamse/ae subsp. 

piscicida由来プラスミド DNAの構造比較解析

土谷晃史・西原輝•佐伯あゆみ・輝祐希
青木 宙•河野智哉・酒井正博・引間順一

類結節症の原因菌である P.damse/aesubsp. piscicida 
(Pdp)は， 日本および米国株における病原性の違いが知

られている。本研究では日本および米国株の Pdp由来プ

ラスミド DNAの構造解析を行った。その結果， pOT-

51443-4とp91-197-1, pOT-51443-1とp91-197-2にそれ

ぞれ相同性の高い領域が検出された。米国由来p91-197-1

上の全ての遺伝子が日本株由来 pOT-51443-4に認められ

たことから，米国株のプラスミドが日本株に伝播したも

のと考察された。また， pOT-51443-1とp91-197-2の相

同領域に病原性因子であるリゾチーム阻害遺伝子 (ivy)

が存在していた。このことから， 日本一米国株間におけ

るプラスミドを介しての病原性因子伝達の可能性が示唆

された。
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