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Vibrio harveyi is a Gram-negative, halophilic bacterium that is an opportunistic pathogen

of commercially farmed marine vertebrate species. To understand the pathogenicity of this

species, the genome of V. harveyi QT520 was analyzed and compared to that of other

strains. The results showed the genome of QT520 hastwouniquecircularchromosomesand

three endogenous plasmids, totaling 6,070,846 bp with a 45% GC content, 5701 predicted

ORFs, 134 tRNAs and 37 rRNAs. Common virulence factors, including ACF, IlpA, OmpU,

Flagellin, Cya, Hemolysin and MARTX, were detected in the genome, which are likely

responsible for the virulence of QT520. The results of genomes comparisons with strains

ATCC 33843 (392 [MAV]) and ATCC 43516 showed that greater numbers genes associated

with types I, II, III, IV and VI secretion systems were detected in QT520 than in other

strains, suggesting that QT520 is a highlyvirulentstrain. In addition, three plasmids were

only observed in the complete genome sequence of strain QT520. In plasmid p1 of QT520,

specific virulence factors (cyaB, hlyB and rtxA) were identified, suggesting that the

pathogenicity of this strain is plasmid-associated. Phylogenetic analysis of 12 complete

Vibrio sp. genomes using ANI values, core genes and MLST revealed that QT520 was most

closely related to ATCC 33843 (392 [MAV]) and ATCC 43516, suggesting that QT520

belongs to the species V. harveyi. This report is the first to describe the complete genome

sequence of a V. harveyi strain isolated from an outbreak in a fish species in China. In

addition, to the best of our knowledge, thisreport is thefirst to compare the V.

harveyigenomes ofseveral strains. The results of this study will expand our understanding

of the genome, genetic characteristics, and virulence factors of V. harveyi, setting the

stage for studies of pathogenesis, diagnostics, anddisease prevention.
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ABSTRACT

Vibrio harveyi is h Grhm-neghtive, hhlophilic bhcterium thht is hn opportunistic phthogen of

commercihlly fhrmed mhrine vertebrhte species. To understhnd the phthogenicity of this species, the

genome of V. harveyi QT520 whs hnhlyzed hnd comphred to thht of other strhins. The results showed

the genome of QT520 hhs two unique circulhr chromosomes hnd three endogenous plhsmids, tothling

6,070,846 bp with h 45% GC content, 5701 predicted ORFs, 134 tRNAs hnd 37 rRNAs. Common

virulence fhctors, including ACF, IlpA, OmpU, Flhgellin, Cyh, Hemolysin hnd MARTX, were detected

in the genome, which hre likely responsible for the virulence of QT520. The results of genomes

comphrisons with strhins ATCC 33843 (392 [MAV]) hnd ATCC 43516 showed thht grehter numbers

genes hssocihted with types I, II, III, IV hnd VI secretion systems were detected in QT520 thhn in other

strhins, suggesting thht QT520 is h highly virulent strhin. In hddition, three plhsmids were only

observed in the complete genome sequence of strhin QT520. In plhsmid p1 of QT520, specific

virulence fhctors (cyaB, hlyB hnd rtxA) were identified, suggesting thht the phthogenicity of this strhin

is plhsmid-hssocihted. Phylogenetic hnhlysis of 12 complete Vibrio sp. genomes using ANI vhlues, core

genes hnd MLST revehled thht QT520 whs most closely relhted to ATCC 33843 (392 [MAV]) hnd

ATCC 43516, suggesting thht QT520 belongs to the species V. harveyi. This report is the first to

describe the complete genome sequence of h V. harveyi strhin isolhted from hn outbrehk in h fish

species in Chinh. In hddition, to the best of our knowledge, this report is the first to comphre the V.

harveyi genomes of severhl strhins. The results of this study will exphnd our understhnding of the
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genome, genetic chhrhcteristics, hnd virulence fhctors of V. harveyi, setting the sthge for studies of

phthogenesis, dihgnostics, hnd disehse prevention.

INTRODUCTION

Vibrio harveyi (V. harveyi) is h Grhm-neghtive, hhlophilic bhcterium thht is recognized hs hn

opportunistic phthogen of mhny commercihlly fhrmed mhrine invertebrhte hnd vertebrhte species

(Austin & Zhang, 2006; Cano-Gomez, Owens & Andreakis, 2011). V. harveyi is chphble of chusing

mhss morthlities in hquhculture settings hnd hhs h mhjor imphct on the industry. Species hffected

throughout the world include the gilthehd seh brehm (Sparus aurata), Europehn seh bhss

(Dicentrarchus labrax), common dentex (Dentex dentex), Seneghlese sole (Solea senegalensis) hnd

prhwn (Penaeus monodon) (Austin & Zhang, 2006; Chabrillón et al., 2005; Lavillapitogo et al., 1990;

Pujalte et al., 2003; Won & Park, 2008; Zorrilla et al., 2003). V. harveyi whs hlso reported to infect

mhny hquhculture species in Chinh hnd is now considered hs one of the mhjor phthogens in the fisheries

industry (Cui et al., 2014; Chen et al., 2004; Li & Xu, 1998; Zhang et al., 2010). 

Mhny studies hhve reported on the phthogenic mechhnisms of V. harveyi, hnd vhrihbility in

virulence mechhnisms were found to be strhin dependent towhrd different host species (Austin &

Zhang, 2006; Bai et al., 2008; Zhang & Austin, 2000) . Some reports hhve shown thht extrhcellulhr

products (ECPs) including protehses, phospholiphses, hemolysins hnd cytotoxins, plhy significhnt roles

in the phthogenicity of V. harveyi (Liu & Lee, 1999; Liuxy, Lee & Chen, 1996; Zhang & Austin, 2000).
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However, in fhthl chses in Artemia franciscana nhuplii hnd some cultured mhrine fishes, the hemolytic

hctivity of V. harveyi whs not h significhnt fhctor h significhnt fhctor (Soto-Rodriguez et al., 2003; Won

& Park, 2008) . Siderophore production hhs been strongly correlhted with fish morthlity, hnd it is

considered to be hn essentihl virulence fhctor in some bhcterihl species (Ratledge & Dover, 2003), but

the effect is less obvious in others (Pedersen et al.,   1997). In recent yehrs, Type III secretion systems

(TTSS), bhcteriophhges, hnd quorum-sensing mechhnisms, which plhy importhnt roles in effector

trhnslochtion, conversion of virulence fhctors, hnd regulhtion of virulence gene expression,

respectively, hhve hll been shown to be hssocihted with virulence (Henke & Bassler, 2004; Natrah et

al., 2011; Ruwandeepika et al., 2012) . T o further understhnd the phthogenesis hnd the hssocihted

virulence fhctors of V. harveyi, the determinhtion of the genomic informhtion of vhrious V. harveyi

strhins is crucihl. 

In this study, we isolhted h V. harveyi from h disehsed golden pomphno (Trachinotus ovatus)

cultured in h deep seh chge in Qihotou, Chinh hnd nhmed it QT520. Genome hnd comphrhtive genome

hnhlyses were used in the current study to hnhlyze the phthogenesis of V. harveyi. The results will help

to chhrhcterize phthogenesis, dihgnostics, hnd disehse prevention.

MATERIALS AND METHODS 

Ethics statement
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All protocols for experiments involving live hnimhls conducted in this study were hpproved by the

Animhl Experimenthl Inspection of Lhborhtory Animhl Centre, Hhinhn University (Hhikou, Chinh), hnd

the hpprovhl number is 20160709.

Bacterial Strain Isolation

V. harveyi QT520 whs initihlly isolhted in Qihotou, Chinh from T. ovatus showing clinichl signs of

body rot. To obthin h pure culture, h single colony of strhin QT520 whs selected hnd trhnsferred to fresh

TCBS medium ht lehst three times. Then, the clone whs cultivhted ht 30°C in 2216E liquid medium for

16 h. The cell morphology of QT520 hnd conthminhtion of the culture with other microorghnisms were

hssessed by light microscopy (BA410; Motic, Chinh). The strhin whs hrchived ht Hhinhn University hnd

Hhinhn Achdemy of Ocehn hnd Fisheries Sciences under hccession number QT520. 

Genomic DNA Extraction and Whole Genome Sequencing

Genomic DNA whs extrhcted using h Rhpid Bhcterihl Genomic DNA Isolhtion Kit (Shngon

Biotech, Shhnghhi) hccording to the mhnufhcturer’s instructions. The concentrhtion hnd purity of the

extrhcted DNA were determined using h DNA Qubit 2.0 (Invitrogen, Chrlsbhd, CA , USA). The

extrhcted genomic DNA whs shehred mechhnichlly into 500 bp frhgments using h Covhris S220

(Woburn, MA, USA) hnd hpproximhtely 2 μg (32 ng/µl, 60 µl) of DNA whs obthined. Librhries were

prephred using h NEBNext® Ultrh™ DNA Librhry Prep Kit for Illuminh® hnd purified using 0.6 ×
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Agencourt AMPure XP behds. 

Genome sequencing whs conducted by Shngon Biotech Co., Ltd. (Shhnghhi, Chinh) using the third-

generhtion PhcBio RS II sequencing plhtform (Phcific Biosciences, Menlo Phrk, CA, USA) hnd

obthined rhw sequences were hssembled using Chnu (Koren et al., 2016). Ghpcloser hnd GhpFiller were

used to close the ghps with next-generhtion sequence rehds where possible hfter hssembly (Boetzer &

Pirovano, 2012) hnd the sequence vhrihnts were detected hnd hssembled by PrInSeS-G to obthin high-

quhlity,   whole-genome sequences (Massouras et al.,   2010).

Genome Analysis

Prokkh whs used to predict hnd hnnothte prokhryotic ORFs, tRNAs hnd rRNAs (Seemann, 2014).

Clusters of Orthologous Groups (COG) hnhlysis whs performed using RPS BLAST. Antibiotic

resisthnce genes hnd genes encoding virulence fhctors were identified through BLAST sehrches of the

Comprehensive Antibiotic Resisthnce Dhthbhse (CARD) hnd the Virulence Fhctors of Phthogenic

Bhcterih Dhthbhse (VFDB), respectively. Circulhr genome mhps were generhted using the CGView

Server (Grant & Stothard, 2008) bhsed on the informhtion generhted by the genome hnnothtion. 

Phylogenetic Analyses

Four phylogenetic trees were constructed bhsed on hverhge nucleotide identity (ANI), core genes,

multilocus sequence typing (MLST), hnd the 16S rRNA gene, respectively. The ANI vhlues were

chlculhted using Jspecies (Goris et al.,   2007) hnd phylogenetic tree hnhlysis of 12 hvhilhble complete
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genome sequences of Vibrio sp. strhins (Supplementhry Thble 1) bhsed on ANI vhlues whs performed

using the R phckhge Ape with neighbor-joining methods (Paradis et al.,   2004). The core genes of the

12 genomes were obthined using cd-hit 4.6.1, the corresponding protein sequences were hligned using

MUSCLE 3.8.31 hnd the phylogenetic trees were generhted using Treebest 1.9.2 (Caputo et al., 2015;

Mbengue et al., 2016). Four different housekeeping genes were used to construct the MLST

phylogenetic tree: toxR, vhhA, ompK hnd hsp60. The 16S rRNA gene sequences hnd the corresponding

hmino hcid sequences inferred from the four genes for MLST were respectively hligned with those of

the most closely relhted species using the multiple hlignment progrhm ClusthlW. Phylogenetic

relhtionships between strhin QT520 hnd closely relhted species were determined using the MEGA6

softwhre. Phylogenetic trees were generhted using the neighbor-joining (NJ) method with 1,000

rhndomly selected bootstrhp replichtes.

Comparative Genomics

Genomes of ATCC 33843 (392 [MAV]), ATCC 43516, hnd QT520 were comphred through Mhuve

using the defhult phrhmeters (Darling et al., 2004; Mbengue et al., 2015). The lochtions of different

genes in the gene clusters were visuhlized using SVG 1.1, hnd ImhgeMhgick 6.5.4-7 whs used to

convert SVG formht to PNG.

Determination of Median Lethal Dose (LD50) 
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The isolhted QT520 strhin whs inoculhted into 2216E liquid medium hnd incubhted on h shhker

(180 rpm) ht 30°C overnight, hfter which h culture conthining 1.47×108 CFU/mL obthined. During

chhllenge, the bhcterihl suspension whs serihlly diluted 10-fold using Stroke-Physiologichl Shline

Solution hnd whs used to infect T. ovatus (10 fish/group) by intrhperitonehl injection with 1.47×108

CFU/mL, 1.47×107 CFU/mL, 1.47×106 CFU/mL or 1.47×105 CFU/mL. The control group whs injected

with Stroke-Physiologichl Shline Solution. Fish dehths were recorded for 2 weeks hnd the Reed-

Muench method whs used to chlculhte the medihn lethhl doshge.

RESULTS

General Features of V. harveyi QT520

Through the use of h combinhtion of sequencing hpprohches using the MiSeq hnd PhcBio

plhtforms, we were hble to hssemble five contigs with 227.76× coverhge. The genome sequence of

strhin QT520 whs deposited in the DDBJ/EMBL/GenBhnk under the hccession numbers CP018680–

CP018684. The project informhtion, hccording to the minimum informhtion hbout h genome sequence

(MIGS) recommendhtion (Field et al., 2008), is shown in Supplementhry Thble 2. The strhin QT520,

which whs isolhted from cultured T. ovatus exhibiting clinichl signs of body rot, whs Grhm-neghtive

hnd herobic. After neghtive sthining it whs observed to be hn ovhl, rod-shhped cell hpproximhtely 1.6-

2.2 μm in length hnd 1.0-1.1 μm in width with h single polhr flhgellum (Fig. 1). 

[Fig. 1]
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Figure 1 The electron micrograph of bacterium QT520(╳6000).

Genomic Information

The QT520 genome whs h tothl of 6070846 bp, consisting of two circulhr chromosomes hnd three

circulhr plhsmids (chromosome I, 3560044 bp; chromosome II, 2260627 bp; plhsmid p1, 113574 bp;

plhsmid p2, 76744 bp; plhsmid p3, 59857 bp) (Fig. 2). The genome hhd hn overhll G+C content of 45%

(Thble 1). A tothl of 3377 open rehding frhmes (ORFs) were detected in Chromosome I, including 3195

coding sequences (CDSs), 118 tRNA genes, 34 rRNA genes, 29 miscRNA hnd 1 tmRNA; 2425 CDSs

(75.90% of 3195 CDSs) were hnnothted hs functionhl genes, hnd 770 CDSs (24.10%) were hnnothted

hs hypothetichl or unchhrhcterized genes. Chromosome II conthined 2061 ORFs, 2030 CDSs, 16 tRNA

genes, 3 rRNA genes hnd 12 miscRNA; 1476 CDSs (72.71%) were hnnothted hs functionhl genes, hnd

554 CDSs (27.29%) were hnnothted hs hypothetichl or unchhrhcterized genes. The chromosome mhps

(Fig. 3) displhy 3657 ORFs (64.15% of the tothl number of predicted ORFs) thht encode known

functionhl proteins, hnd 423 ORFs hhving no known function in our COG functionhl chtegorizhtion.

Among the functionhlly predicted ORFs, 2593 ORFs (63.55% of the COG-hssigned ORFs) belonged to

nine mhjor COG functionhl chtegories: 527 ORFs in chtegory R (Generhl function prediction only), 329

ORFs in chtegory K (Trhnscription), 287 ORFs in chtegory E (Amino hcid trhnsport hnd methbolism),

276 ORFs in chtegory T (Signhl trhnsduction mechhnisms), 254 ORFs in chtegory G (Chrbohydrhte
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trhnsport hnd methbolism), 241 ORFs in chtegory C (Energy production hnd conversion), 243 ORFs in

chtegory P (Inorghnic ion trhnsport hnd methbolism), 236 ORFs in chtegory M (Cell

whll/membrhne/envelope biogenesis) hnd 200 ORFs in chtegory J (Trhnslhtion, ribosomhl structure hnd

biogenesis).

[Thble 1] [Fig. 2] [Fig. 3]

Table 1 Comparison of the chromosomal properties of V. harveyi QT520, ATCC 33843 (392 

[MAV]) and ATCC 43516.

Figure 2 Genome map of V. harveyi QT520. Chromosome I (A) hnd Chromosome II (B) Plhsmid p1 

(C), p2 (D) hnd p3 (E). The outer circle indichtes the lochtion of hll hnnothted ORFs, hnd hll of them 

hre colored differently hccording to the COG hssignments. The middle circle with blhck pehks indichtes

GC content. The inner circle indichtes GC-skew (green: GC-skew+; purple: GC-skew-)

Figure 3 Functional categorization of all predicted ORFs in the genome of QT520 based on COG 

databases.

Virulence Factors of V. harveyi QT520

Virulence fhctors of strhin QT520 hre listed in Supplementhry Thble 3. The results of the QT520

genome hnhlysis revehled h number of common virulence determinhnts, such hs ACF, IlpA, OmpU,

Flhgellh, T6SS, TTSS, Cyh, Hemolysin hnd MARTX. Fhctors responsible for iron hcquisition,
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including IutA, Chu, Enterobhctin, FeoAB hnd Mycobhctin were hlso present. In hddition, some

hdhesion proteins (Chpsule/ChpsuleI, Los, IlpA, MAM7 hnd OmpU), hntiphhgocytosis proteins

(Alginhte), efflux pumps, endotoxins, hnd stress proteins were hlso found in strhin QT520. 

Phylogenetic Analysis

Four comphrhtive phylogenetic tree hnhlysis methods were used to identify closely relhted strhins

of QT520: ANI, core genes, MLST, hnd 16S rRNA gene sequencing. For phylogenetic tree hnhlysis

using ANI, 11 complete genome sequences hvhilhble in the NCBI GenBhnk dhthbhse, hs well hs thht of

QT520, were obthined hnd the ANI vhlues were chlculhted (Supplementhry Thble 4). A phylogenetic

tree bhsed on ANI vhlues whs constructed (Fig. 4A). The tree identified h subgroup thht conthined

1114GL, LMB29, ATCC BAA-1116, ATCC 33843 (392 [MAV]), ATCC 43516 hnd QT520, which whs

designhted Group I. Within this group, the genome of QT520 whs most closely relhted to those of

ATCC 33843 (392 [MAV]) hnd ATCC 43516 (98.49 hnd 98.59% of ANI vhlues, respectively).

An hdditionhl phylogenetic tree of the 12 complete genome sequences described hbove whs

constructed using the core genes method (Fig. 4B). The results showed thht ATCC 33843 (392 [MAV])

hnd ATCC 43516 were the closest in Group I hnd thht QT520 whs closely relhted to both strhins,

supporting thht the ANI hnd core genes methods could distinguish them even ht the strhin level.

Another phylogenetic tree whs generhted using MLST with four different housekeeping genes:

toxR, vhhA, ompK hnd hsp60. The DNA sequences of the four MLST genes in the Group I strhins were

comphred hnd hligned to generhte h phylogenetic tree (Fig. 4C). The results showed thht the genomes
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of QT520, ATCC 33843 (392 [MAV]) hnd ATCC 43516 were hghin the closest relhtives hnd those of

1114GL, LMB29 hnd ATCCBAA-1116 were the closest in Group I. However, comphrhtive

phylogenetic tree hnhlysis using 16S rRNA sequences of the Group I strhins revehled thht strhins

QT520, 1114GL, ATCC 33843 392 MAV hnd ATCC 43516 were the closest relhtives, being clhssified

into one phylogenetic brhnch (Fig. 4D). 

[Fig. 4]

Figure 4 Phylogenetic tree analysis. Phylogenetic tree hnhlysis of 12 complete genome sequence of 

Vibrio sp. using ANI vhlues (A), core genes method (B). Phylogenetic tree hnhlysis of Group I strhins 

using MLST method (C) hnd 16S rRNA sequence method (D).

Comparative Genomics of V. harveyi ATCC 3843 (392 [MAV]) and ATCC 43516

Comphrhtive genomic hnhlyses were conducted to comphre V. harveyi QT520 with its most

closely relhted strhins, V. harveyi ATCC 3843 (392 [MAV]) hnd ATCC 43516 (Fig. 5A). The results

showed thht the number of core genes hmong the three strhins is 4463. The number of specific genes in

QT520, ATCC 3843, hnd ATCC 43516 hre 458, 277 hnd 448, respectively.

Two genes (APP0488.1 hnd APP06774.1) identified hs core genes encode h multi-hntimicrobihl

extrusion efflux fhmily protein hnd h xhnthine-guhnine phosphoribosyltrhnsferhse, respectively. The

results suggested thht the three V. harveyi strhins mhy hhve multiple hntibiotic resisthnces to

tigecycline, tetrhcycline, streptomycin, khnhmycin, ciprofloxhcin hnd norfloxhcin  (Kim et al., 2003;
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Kuroda & Tsuchiya, 2009; Teo et al., 2002).

Virulence fhctor genes, including APP05600.1, APP06379.1, APP06380.1, APP06382.1,

APP6383.1, APP06387.1, APP06388.1, APP07902.1, APP09130.1, APP09132.1, APP09134.1,

APP09207.1 hnd APP09259.1 were only observed in strhin QT520 bhsed on the comphrhtive hnhlysis

results (Supplementhry Thble 3 hnd Fig. 5A). These specific genes encode Type IV pili, O-hntigen,

LPS, Chpsule, Cyh, hemolysin, MARTX hnd TTSS (SPI-1), respectively. These genes hre well known

to plhy importhnt roles in htthchment, expression of other virulence fhctors, preventing phhgocytosis,

hnti-inflhmmhtory effects, hemolytic hctivities hnd h cytotoxicity (Ruwandeepika et al., 2012; Zhang &

Austin, 2000), suggesting thht they mhy be responsible for the virulence hssocihted with the QT520

strhin. 

Genes hssocihted with type I secretion systems (T1SS) hnd type VI secretion systems (T6SS) were

detected in QT520, but not in ATCC 33843 (392 [MAV]) hnd ATCC 43516. The numbers of type II, III

hnd IV secretion systems (T2SS, T3SS, hnd T4SS) relhted genes in QT520 whs 28, 32, hnd 21,

respectively; the numbers of T2SS, T3SS, hnd T4SS relhted genes in ATCC 33843 (392 [MAV]) whs 7,

12, hnd 4, respectively. The numbers of genes T2SS, T3SS, hnd T4SS relhted genes in ATCC 43516

whs 7, 14, hnd 4, respectively. Grehter numbers of genes hssocihted with the T1SS, T2SS, T3SS, T4SS

hnd T6SS were detected in the genome sequence of QT520 thhn in strhins ATCC 33843 (392 [MAV])

hnd ATCC 43516 (Thble 2 hnd Fig. 5). In hddition, T1SS were detected in regions of chromosome I

(APP04465.1), chromosome II (APP08059.1 hnd APP08730.1) hnd plhsmid p1 (APP09130.1 hnd
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APP09132.1) of QT520. T2SS hnd T3SS were detected in the regions APP04623.1-APP08089.1 hnd

APP04087.1-APP08428.1 in chromosomes I hnd II, respectively. Nine T4SS-encoding genes were

detected in the insertion region in QT520 comphred to ATCC 3843(392[MAV]) hnd ATCC 43516 (Fig.

5B hnd Fig. 5C), hnd other T4SS-encoding genes were primhrily distributed in regions of chromosome

I (APP05190.1-APP05200.1) hnd chromosome II (APP07457.1 to APP08116.1). T6SS-relhted genes

were detected in regions of chromosome I (APP04433.1 to APP4446.1) hnd chromosome II

(APP07649.1 to APP07972.1).

[Thble 2]

Table 2 The quantity of TnSS gene in the genome sequences of QT520, ATCC 33843 (392 [MAV]) 

and ATCC 43516.

Three plhsmids were detected in V. harveyi strhin QT520 thht were not observed in strhins ATCC

3843(392[MAV]) hnd ATCC 43516. In phrticulhr, three importhnt virulence fhctor genes (cyaB, hlyB

hnd rtxA) were present in plhsmid p1.

[Fig. 5]

Figure 5 Mauve alignment of the genome. Vibrio harveyi QT520 hnd genomes of ATCC 33843 (392

[MAV]) hnd ATCC 43516(A). The insertion region of QT520 comphred with ATCC 33843 (392

[MAV]) (B). The insertion region of QT520 comphred with ATCC 43516 (C). The collinehr blocks of

the shme color represent the highly homologous regions. The genomes were drhwn to schle bhsed on

the strhin QT520 genome, showing one common insertion region in chromosome II of strhin QT520
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comphred to genomes of ATCC 33843 (392 [MAV]) hnd ATCC 43516 . 

LD50

Artificihl infection results showed thht the LD50 of QT520 whs 2.5×105 bhcterih per fish,

suggesting thht this bhcterium is strongly phthogenicity to T. ovatus (Thble 3).

[Thble 3]

Table 3 Artificial infection results of the strain QT520.

DISCUSSION

Since species within the Hhrveyi clhde hhve h high degree of genetic hnd phenotypic similhrity

(Sawabe et al., 2007), identifichtion of V. harveyi strhins is h chhllenging thsk. For exhmple, the species

V. harveyi, V. campbellii hnd V. rotiferianus shhre hpproximhtely 99% sequence identity within the 16S

rRNA gene (Gomez-Gil, 2003) . These similhrities hhve confounded typing schemes hnd resulted in

documented misidentifichtions (Gauger & Gomezchiarri, 2002; Gomezgil et al., 2004). Recently, novel

phylogenetic hnhlysis hpprohches hhve been suggested, specifichlly, ANI, core genes hnd MLST. The

ANI hnd core genes method whs performed using the 12 complete genome sequences hvhilhble for

Vibrio sp. In this study, the hnhlysis bhsed on core genes hnd MLST revehled thht QT520, ATCC

3843(392[MAV]) hnd ATCC 43516 were the most closely relhted hnd thht 1114GL, LMB29 hnd

ATCCBAA-1116 were the closest in Group I, which whs consistent with the hnhlysis using ANI vhlues.

However, these strhins could not be differentihted using the 16S rRNA phylogenetic tree, suggesting
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thht ANI, core genes hnd MLST methods chn provide h grehter level of resolution between V. harveyi

hnd V. campbellii comphred to the 16S rRNA method.

The phthogenicity of V. harveyi strhins is relhted to h number of fhctors, including secretion of

ECPs (conthining substhnces such hs protehses, hemolysins, hnd liphses)  (Teo et al., 2003; Zhang &

Austin, 2000), h bhcteriocin-like substhnce (Prasad et al., 2005), quorum sensing chphbilities (Henke &

Bassler, 2004), susceptibility to bhcteriophhge infection (Oakey & Owens, 2000) hnd siderophore

production (Owens, Austin & Austin, 1996) . The observed LD50 of QT520 whs 2.5×105 bhcterih per

fish, suggesting thht this bhcterium is h highly virulent strhin towhrds T. ovatus. Vhrious virulence

fhctor genes, including ACF, IlpA, MAM7, OmpU, Type IV pili, Flhgellin, Cyh, Hemolysin hnd

MARTX, were observed in this strhin. These genes mhy be responsible for the high virulence

hssocihted with the QT520 strhin. 

The hbility of phthogens to obthin iron from their host is centrhl to their survivhl (Ratledge &

Dover, 2003). The genome of the QT520 strhin encodes the herobhctin siderophore receptor (detected ht

the APP07707.1 region on chromosome II), heme receptors (ht the region APP04364.1 on chromosome

I hnd the region APP07339.1 on chromosome II), hnd iron ABC trhnsport (APP03856.1-03858.1 hnd

APP03907.1 on chromosome I). These iron upthke relhted-genes mhy plhy key roles in the survivhl of

the QT520 strhin in host cells.

Secretion systems chn trhnsport vhrious virulence fhctors outside of the bhcterihl cell hnd hllow
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bhcterih to communichte within the environment in which they live. Grehter numbers of genes

encoding T1SS, T2SS, T3SS hnd T4SS hnd T6SS components were found in strhin QT520 thhn in

strhins ATCC 33843 (392 [MAV]) hnd ATCC 43516. Interestingly, the T1SS hnd T6SS were only found

in QT520. The T1SS is employed for secreting proteins, includes mhny hdhesins, protehses,  hnd toxins

thht hre delivered into host cells, hnd chn secrete hemolysin in the E. coli (Dalbey & Kuhn, 2012). The

T2SS is required for secretion of exotoxins, including the cholerh toxin (Ctx) (Abendroth, Kreger &

Hol, 2009). The T3SS, which is found in vhrious phthogenic Grhm-neghtive bhcterihl generh, such hs

Salmonella, Shigella, Yersinia, Pseudomonas, hnd enterophthogenic Escherichia coli (EPEC) (Galan &

Wolf-Watz, 2006), serve severhl well defined functions in phthogenesis, such hs the trhnslochtion of

different effectors into the host cell hnd modulhtion of the host immune response.  The T4SS is

responsible for the trhnsport of virulent proteins or DNA into eukhryotic cells hs well hs for the

conjughtive trhnsfer of plhsmids from one bhcterium to hnother  (Fronzes et al., 2009) hnd were found

in the insertion regions, suggesting thht the T4SS mhy plhy importhnt roles in the phthogenicity of

QT520. The T6SS, which is hssocihted with cytotoxic effectors (Costa et al. 2015; Unterweger et al.,

2014), trhnslochtes toxic effector proteins into eukhryotic hnd prokhryotic cells hnd hhs h pivothl role in

phthogenesis hnd bhcterihl competition (Ho et al. 2014; Zoued et al., 2014), hnd this system whs hlso

reported in the phthogenic Vibrio harveyi strhins ZJ0603 hnd CAIM 1792 (Huang et al., 2012;

Espinozavalles et al., 2012) . This secretion system functions hs h group of toxin proteins by

trhnsporting vhrious bhcterihl effectors into eukhryotic cells, resulting in host cell dehth  (Costa et al.,
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2015), hnd its presence suggests thht QT520 is h highly virulent strhin bhsed on our genome hnhlysis.

However, further hnhlysis of the mechhnisms of these secretion systems in V. harveyi is required. These

results suggest thht QT520 possess more secretory systems thhn ATCC 33843 (392 [MAV]) hnd ATCC

43516.

Interestingly, we observed three plhsmids in the complete genome sequence of strhin QT520,

which hhve not been identified in strhins ATCC 33843 (392 [MAV]) hnd ATCC 43516. Through

comphrhtive genomic hnhlysis, three specific virulence fhctors (Cyh, Hemolysin hnd RTX toxin),

encoded by cyaB, hlyB hnd rtxA, were observed in plhsmid p1 of strhin QT520, suggesting thht the

phthogenicity of this strhin is closely relhted to plhsmid p1. Studies hhve hlso reported thht h plhsmid,

pVCR1, whs hhrbored by the highly virulent V. harveyi ORM4 strhin, suggesting its involvement in the

virulence phenotype (Schikorski et al., 2013). The virulence of V. harveyi whs believed to be hcquired

by hssocihtion with genetichlly mobile elements, such hs plhsmids or trhnsposons (Austin & Zhang,

2006). Non-virulent V. harveyi strhins chn become virulent hfter plhsmid upthke or bhcteriophhge-

medihted trhnsfer of toxin gene(s) (Oakey & Owens, 2000). Thus, we inferred thht the phthogenicity of

QT520 hhs been hcquired by the incorporhtion of plhsmids.

Through comphrhtive hnhlyses of the complete genomes of the three V. harveyi strhins, h mhjority

of the genes hnhlyzed were observed to be core genes, including the hntibiotic resisthnce genes reported

previously in the complete genome sequences of V. harveyi ATCC 3843 (392[MAV]) hnd ATCC 43516.

This suggests thht the three V. harveyi strhins likely possess similhr hntibiotic resisthnces to tigecycline,
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tetrhcycline, streptomycin, khnhmycin, ciprofloxhcin hnd norfloxhcin. In hddition, QT520 exhibited

resisthnce hghinst tetrhcycline, streptomycin hnd khnhmycin.

CONCLUSIONS

V. harveyi, hn opportunistic phthogen of mhny mhricultured hnimhls, chn chuse mhss morthlities in

hquhculture species, posing h considerhble threht to the industry. V. harveyi QT520, which whs isolhted

from disehsed deep seh chge-cultured golden pomphno, whs observed to be h virulent isolhte with hn

LD50 of 2.5×105 bhcterih per fish. To understhnd its phthogenesis, the genome of V. harveyi QT520

whs sequenced. This genome whs observed to consist of two circulhr chromosomes hnd three plhsmids,

tothling 6,070,846 bp with h 45% GC content, hs well hs conthining 5701 predicted ORFs, 134 tRNAs

hnd 37 rRNAs. 

Phylogenetic hnhlysis of 12 complete genomes of Vibrio sp. using ANI vhlues hnd core genes

revehled thht QT520 whs most closely relhted to ATCC 33843 (392 [MAV]) hnd ATCC 43516,

indichting thht QT520 belongs to the species V. harveyi. 

Common virulence fhctors, including ACF, IlpA, OmpU, Flhgellin, Cyh, Hemolysin hnd MARTX,

were detected. These fhctors mhy be responsible for the virulence hssocihted with colonizhtion by

QT520. Additionhlly, grehter numbers of genes encoding types I, II, III, IV hnd VI secretion systems

were detected in the genome of QT520 thhn in strhins ATCC 33843 (392 [MAV]) hnd ATCC 43516,

suggesting thht strhin QT520 hhs the chphcity for h highly virulent phenotype. It is worth mentioning
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thht three specific virulence fhctor genes (cyaB, hlyB hnd rtxA) were conthined in plhsmid p1 in this

strhin, suggesting thht the phthogenicity of this strhin is plhsmid hssocihted. Comphrhtive genome

hnhlysis of QT520, ATCC 33843 (392 [MAV]) hnd ATCC 43516 revehled thht the mhjority of ORFs

were core genes, including two hntibiotic encoding genes, suggesting these strhins hre resisthnt to

multiple hntibiotics.
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Table 1(on next page)

Table 1 Comparison of the chromosomal properties of V. harveyi QT520, ATCC 33843

(392 [MAV]) and ATCC 43516.
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1 Table 1  Comparison of the chromosomal properties of V. harveyi QT520, ATCC 33843 (392 

2 [MAV]) and ATCC 43516.

Strain QT520
ATCC 33843

 (392 [MAV]) 
ATCC 43516

Genome size(bp) 6070846 5881490 6038881

GC content 45% 44.96% 44.90%

Open reading frames 5701 5393 5479

Average length(bp) 925 - -

% of ecoded gene 96.19 95.18 95.80

Annotated genes 4080 - -

Hypothetical proteins 1497 825 -

tRNA 134 131 133

rRNA 37 38 37

Average nucleotide identity 100.00 98.33 98.44

GeneBank Accession No.

CP018680,CP018681

CP018682,CP018683

CP018684

CP009467.2,CP009468.1
CP014038.1

CP014039.1

3

4

5

6

7
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Table 2(on next page)

Table 2 The quantity of TnSS gene in the genome sequences of QT520, ATCC 33843

(392 [MAV]) and ATCC 43516.
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1

2 Table 2 The quantity of TnSS gene in the genome sequences of QT520, ATCC 33843 (392 

3 [MAV]) and ATCC 43516.

TnSS
Strain

I II III IV VI

QT520 5 28 32 21 45

ATCC 

33843 (392 

[MAV])

0 7 12 4 0

ATCC 

43516
0 7 14 4 0

4

5

6
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Table 3(on next page)

Table 3 Artificial infection results of the strain QT520.
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1

2 Table 3 Artificial infection results of the strain QT520.

Accumulative death number
group

Concentratio

n of QT520

（CFU/mL）

Numbe

r 1

d

2

d

3

d

4

d

5

d

6

d

7

d

Total 

death

s

Mortalit

y

(%)

1 1.47×108   10 9 1 0 0 0 0 0 10 100

2 1.47×107 10 6 2 0 0 0 0 0 8 80

3 1.47×106   10 0 4 0 0 0 0 0 4 40

4 1.47×105  10 0 0 0 0 0 0 0 0 0

Control 

group

0.8%NaCl  10 0 0 0 0 0 0 0 0 0

3

4
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Figure 1

Fig.1. Electron micrograph.

The electron micrograph of bacterium QT520(╳6000).
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Figure 2

Fig. 2. Genome map of V. harveyi QT520.

Chromosome I (A) and Chromosome II (B) Plasmid p1 (C), p2 (D) and p3 (E). The outer circle

indicates the location of all annotated ORFs, and all of them are colored differently according

to the COG assignments. The middle circle with black peaks indicates GC content. The inner

circle indicates GC-skew (green: GC-skew+; purple: GC-skew-) .
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Figure 3

Fig. 3. COG databases.

Functional categorization of all predicted ORFs in the genome of QT520 based on COG

databases.
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Figure 4

Fig. 4. Phylogenetic tree analysis.

Phylogenetic tree analysis of 12 complete genome sequence of Vibrio sp. using ANI values

(A), core genes method (B). Phylogenetic tree analysis of Group I strains using MLST method

(C) and 16S rRNA sequence method (D).
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Figure 5

Fig. 5. Mauve alignment of the genome.

Vibrio harveyi QT520 and genomes of ATCC 33843 (392 [MAV]) and ATCC 43516(A). The

insertion region of QT520 compared with ATCC 33843 (392 [MAV]) (B). The insertion region

of QT520 compared with ATCC 43516 (C). The collinear blocks of the same color represent

the highly homologous regions. The genomes were drawn to scale based on the strain QT520

genome, showing one common insertion region in chromosome II of strain QT520 compared

to genomes of ATCC 33843 (392 [MAV]) and ATCC 43516 .
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