
Bacteriophages of Vibrio harveyi  

and their potential to  

control V. harveyi infection in 

aquaculture 
 
 
 
 
 
 
 
 
 
 
 

Wasantha L. A. W. Gunawardhana 
BSc (Hons) 

    
    
    
    

This thesis is presented for the degree of Doctor of Philosophy of  
The University of Western Australia 

Discipline of Microbiology and Immunology 
School of Biomedical, Biomolecular and Chemical Sciences 

 
 

 
 
 
 
 
 
 
 
 

2009 
 



 i 

ABSTRACT  
 
Vibrio harveyi is a devastating pathogen in prawn aquaculture and multiple antibiotic 

resistant strains are being reported in prawn hatcheries.  This suggests the use of 

antibiotics in aquaculture to control or prevent V. harveyi infection will become 

progressively less effective.  The use of bacteriophages as biological control agents in 

aquaculture provides an alternative strategy, and was investigated in this study.  

 

Twenty V. harveyi phages were isolated from surface seawater (Fremantle, WA, 

Australia) and characterised using host range, restriction enzyme analysis, pulsed field 

gel electrophoresis (PFGE), transmission electron microscopy and the presence of DNA 

sequences associated with virulence genes.  All phages had double stranded DNA and 

genome sizes (based on PFGE) of 57.5–143.5 kb.  The phages had morphologies 

consistent with the families Siphoviridae (17) and Myoviridae (3).  They had moderate 

host ranges compared with previously studied V. harveyi phages; 38% were able to lyse 

49–58% of the 43 V. harveyi isolates tested but no phage was able to lyse more than 

58% of the isolates.  Based on the studied properties these represent a collection of 

diverse V. harveyi phages. 

 

The V. harveyi isolates (46) used in this study varied in pathogenicity to freshly hatched 

Artemia nauplii.  Two V. harveyi isolates (Vh1 and CO71) were highly pathogenic to 

Artemia, causing 80–100% mortality after 72 h.  All tested V. harveyi isolates showed 

lipase activity, 31 (77.5%) showed protease (caseinase) activity and 32 (80%) showed 

haemolytic activity (on 5% sheep blood).  There was no correlation between the lipase, 

or haemolytic activities of V. harveyi in this study and mortality to Artemia, but a 

moderate negative correlation (p < 0.05) between protease production and Artemia 
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survival was observed, consistent with previous reports on protease as a virulence factor 

in V. harveyi. 

 

A laboratory biocontrol model was developed using Artemia as the test organism, V. 

harveyi as the pathogen, and various phages as the therapeutic agents.  Ten phages (109 

pfu/ml) significantly (p < 0.05) increased the survival of Artemia challenged with low 

concentrations (≤ 103 cfu/ml) of V. harveyi Vh1 (Vh1) under laboratory conditions.  In 

phage treatments Artemia survival was 78–95% at 96 h, and was not significantly 

different (p < 0.05) from survival in the Artemia alone control.  In contrast, Artemia 

survival was 0%–13% at 96 h when challenged with Vh1 in the absence of phage.  In 

phage treatments conferring protection to Artemia, no Vh1 was detected 24 h following 

phage addition, but Vh1 counts increased 1000-fold when Artemia was exposed to Vh1 

in the absence of phage.  If the initial Vh1 concentration was greater than 103 cfu/ml, 

neither individual phages at 1011 pfu/ml, a mixture of 3 different phages at a total 

concentration of 109 pfu/ml, nor repeated addition of phages (at time 0 h and 24 h) 

increased the survival of Artemia.  These data suggest that these V. harveyi phages may 

be effective as prophylactic agents for controlling low numbers of pathogenic V. harveyi 

but may not be effective in controlling high numbers (≥ 104 cfu/ml).  

 

The biocontrol effectiveness of phages VihaA4, VihaA14 and VihaA16 (109 pfu/ml) 

was greater under sterile conditions than in untreated natural seawater.  This coincided 

with a marked decline over time in the number of active phages in untreated natural 

seawater.  The apparently relatively poor stability of these phages in natural seawater 

suggests limitations in their use to control V. harveyi infection in Artemia, and the need 

for a better understanding of this aspect of phage biology and ecology.   
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Development of phage resistant bacteria and phage-mediated virulence transfer to 

bacteria are two main concerns in the use of phages as biocontrol agents.  In this study 

isolates of V. harveyi resistant to phage were found during in vitro testing and 

biocontrol assays.  In some cases this appeared to be due to the formation of an unstable 

lysogenic phage-bacterial relationship, as spontaneous release of progeny phages could 

be detected in 25 h host broth cultures.  Resistance in the other bacteria may have been 

due to the formation of stable lysogenic relationships or mutation.  Development of 

phage resistance in aquaculture pathogens has been reported previously, as has loss of 

virulence in some pathogenic bacteria that have acquired phage resistance. The use of 

virulent phages will avoid problems associated with the development of phage 

resistance through lysogeny.  

 

Phages VihaA3, VihaA8 and VihaA16 had DNA sequences very similar (96%–99%) to 

those of the haemolysin genes vhhA and vhhB of V. harveyi VIB 645 (a serious 

pathogen of salmonids), indicating the potential for V. harveyi phages to transfer these 

genes among V. harveyi strains.  In addition, phage VihaA18 was PCR positive for 

sections of a putative virulence gene of V. harveyi phage VHML (24% of the putative 

active site of ADPRT within a putative Dam gene).  This suggests the potential of some 

V. harveyi phages to carry virulence genes, and the possibility of transfer of those genes 

to susceptible V. harveyi isolates, through lysogenic relationships. 

 

This study investigated and described a diversity of V. harveyi phages.  Phage control of 

V. harveyi infection of Artemia was demonstrated only under some conditions, 

suggesting the need for better understanding of the dynamics of the phage-bacterium 

interactions in aquaculture systems.  The results also point to the need for further studies 

on the presence of virulence genes in phages, the involvement of phages in V. harveyi 
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virulence, and the rate of development of phage resistance in V. harveyi and its stability.  

Study of these aspects of phage interactions with their hosts will be essential if phages 

are to be successfully developed as agents of disease control. 

. 
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CHAPTER 1 
 

General introduction 
 
 

1.1.  Aquaculture and Vibrio harveyi 
 
 
1.1.1.  Introduction 
 
Aquaculture is the cultivation of aquatic animals and/or plants in a controlled 

environment for all or part of their life cycle.  It has a history dating to the fifth century 

B.C.  Whilst China initiated aquaculture, evidence of early aquaculture practices in 

Japan, Rome and Egypt has also been found (Newman, 1993; Stickney, 1994).  During 

the last decade it became the fastest growing food production system in the world and 

potentially provides a solution to the problem of exploitation of wild aquatic 

communities to meet increasing food demand from the rapidly growing world human 

population.  A variety of organisms including crustaceans, molluscs (abalone, clams, 

scallops, oysters, mussels), fin fish, reptiles and aquatic plants are grown under 

extensive, semi-intensive, intensive, or highly intensive culture systems (Bardach, 1997; 

Davenport et al., 2003).  Kelp, carp, oysters and tiger prawns* dominate global 

aquaculture production in volume and value, and most aquaculture takes place in third 

world countries.  Japan, Norway, Canada and the USA are the main developed countries 

where aquaculture is practiced on a large scale.  Competition and intensification in the 

aquaculture industry has posed a number of problems including spread of diseases, 

environmental pollution, genetic pollution and socioeconomic problems (Davenport et 

al., 2003; Lavilla-Pitogo et al., 1998). 

 

(* Throughout this thesis the term 'prawn' is used to refer to both prawns and shrimp.) 
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1.1.2.  Aquaculture in Australia 
 
Aquaculture is one of Australia's fastest growing primary industries.  The gross value of 

aquaculture production rose from about $50 million in 1985 to around $732 million in 

2003/2004 (http://www.daffa.gov.au/fisheries/aquaculture, (Davenport et al., 2003).  At 

present one-fifth of the total value of Australia's fisheries production is from the culture 

of over 40 species of fish, shellfish and aquatic plants.  Australia’s aquaculture is 

focused on high-value species including Atlantic salmon (Tasmania), southern blue fin 

tuna (South Australia), oysters (Tasmania and NSW) and prawns (NSW, Northern 

Territory and Queensland).  Culture of barramundi, silver perch and abalone is also 

becoming increasingly common.  Australia is reputed to have a disease free, clean and 

green aquaculture compared to other countries (http://www.daffa.gov.au/fisheries).  The 

use of modern techniques and technology, sustainable farming practices and low farm 

density along the coastline have resulted in low impact on the environment, and 

minimized disease threats (Davenport et al., 2003).  

 

 

1.1.3. Bacterial diseases in aquaculture 
 
Diseases are a great threat to aquaculture as they cause huge economic losses through 

mass mortality, reduced growth, and the high cost of disease identification, prevention 

and treatment (Davenport et al., 2003).  Intensification in most aquaculture systems 

causes stress to cultured fish and shellfish due to overcrowding, reduced dissolved 

oxygen, excess ammonia and other toxic pollutants in the water, changes in water 

temperature and pH, and through poor handling.  When animals are stressed their 

immune systems are suppressed and resistance to infection is impaired, making them 

more vulnerable to disease.  In aquaculture, diseases are caused by bacteria, fungi, 

viruses, macroparasites and non-infectious agents (Davenport et al., 2003; Lavilla-
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Pitogo et al., 1998).  Opportunistic pathogens are present at low levels in most culture 

systems under normal conditions, but some pathogens are introduced from external 

sources.  Most bacterial diseases are of a secondary nature, occurring as a result of other 

primary conditions including nutritional diseases or extreme stress (Vera et al., 1992). 

 
Bacterial diseases are one of the major constraints in aquaculture.  The Gram negative 

bacteria Aeromonas hydrophila, Aliivibrio salmonicida‡, Edwardsiella ictaluri, E. 

tarda, Flexibacter columnaris, Flavobacterium psychrophilum, Pasteurella piscicida, 

Photobacterium damsela†, Piscirickettsia salmonis, Pseudomonas fluorescens, Yersina 

ruckeri, and members of genus Vibrio have been frequently identified as pathogens of a 

variety of cultured fish, shellfish and molluscs.  Renibacterium salmoninarum and 

Streptococcus spp. are among the Gram positive pathogens that are responsible for 

some serious diseases having significant economic impacts (Dumetz et al., 2006; Kwon 

et al., 2006; Newman, 1993; Stenholm et al., 2008; Wilhelm et al., 2006).   

 
Disease caused by members of the genus Vibrio is a major problem in aquaculture 

world-wide (Montero & Austin, 1999).  An infection caused by a Vibrio species is 

defined simply as ‘vibriosis’ (Egidius, 1987).  Vibrio alginolyticus, V. anguillarum, V. 

cholerae, V. furnissii, V. harveyi*, V. ordalii, V. parahaemolyticus and V. vulnificus 

have all been reported as pathogens of fish (Newman, 1993), while V. alginolyticus, V. 

campbellii, V. harveyi, V. parahaemolyticus, V. splendidus and V.  vulnificus are the 

main pathogenic species of penaeid prawns.  V. campbellii, V. harveyi, V. 

parahaemolyticus and V. penaeicida have all been reported to be involved in mass 

mortalities in prawn hatcheries.  Studies have identified that prawn species and 

development stage, Vibrio species and dose, geographic origin of bacterial isolates, 

*†‡ V. carchariae, V. damsela and V. salmonicida are journior synonyms of V. harveyi, Photobacterium 
damsela and Aliivibrio salmonicida, respectively and authors have used V. carchariae, V. damsela and V. 
salmonicida in their previous publications. 
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environment and method of sampling all affect larval survival (Aguirre-Guzman et al., 

2001; Ruangpan et al., 1999).   

 

 

1.1.4.  Vibrio harveyi 
 

1.1.4.1. General information 
 
Vibrio harveyi is a Gram negative, rod shaped bacterium belonging to the family 

Vibrionaceae (Baumann et al., 1984).  V. harveyi strains produce lateral flagella on 

solid media but are motile by monotrichous or multitrichous polar flagella in liquid 

media (Baumann et al., 1984).  They are facultative anaerobes capable of both 

fermentative and respiratory metabolism (Baumann et al., 1984).  V. harveyi depends on 

organic chemicals for its energy and carbon (chemoorganotrophic) and requires sodium 

ions for growth.  Some strains of V. harveyi emit blue-green bioluminescence which is 

catalyzed by the enzyme luciferase (Baumann et al., 1984).  Synonyms for V. harveyi 

are Achromobacter harveyi (Johnson & Shunk, 1936), Beneckea harveyi, Lucibacterium 

harveyi (O'Brien & Sizemore, 1979), V. carchariae (Gauger & Gomez-Chiarri, 2002; 

Pedersen et al., 1998) and V. trachuri (Thompson et al., 2002).  

 

V. harveyi is a normal component of the bacterial flora of marine and brackish water 

habitats in both temperate and tropical regions, where environmental parameters such as 

temperature, salinity and dissolved oxygen level control its distribution and abundance 

(Balcazar et al., 2006; Cavallo & Stab, 2004).  For example V. harveyi cell counts are 

higher during warmer summer months (Baumann et al., 1984; Pujalte et al., 1999).  

Even though they are commonly termed ‘free-living’ bioluminescent bacteria, they are 

also found attached to surfaces of marine organisms and/or in the intestinal tract of 

marine organisms (O'Brien & Sizemore, 1979).  V. harveyi were found in the mid-gut 
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contents of Penaeus monodon spawners and pond-reared juveniles (Lavilla-Pitogo et 

al., 1990).  V. harveyi is thought to be an opportunistic pathogen in the culture system 

(Lavilla-Pitogo et al., 1990).   

 

 

1.1.4.2. V. harveyi as an aquaculture pathogen 
 
The majority of V. harveyi strains are nonpathogenic.  However, since the early 1980s 

some strains of V. harveyi have been identified as bacterial pathogens in cultured 

prawns (including Penaeus monodon, P. japonicus and P. merguiensis) in countries 

including the Philippines, Indonesia, Thailand, India, Taiwan and Australia (Lavilla-

Pitogo et al., 1998; Robertson et al., 1998a; Thaithongnum et al., 2006).  The disease 

they cause is termed ‘luminescent vibriosis’, as infected larvae become luminescent in 

the dark.  Disease outbreaks occur all year round and epizootics cause major economic 

losses through mass mortality and retarded growth of affected stock, and sometimes 

result in closure of entire farms.  Juvenile prawns are most susceptible to infection and 

this results in high mortalities within a short time (Lavilla-Pitogo et al., 1998).  More 

than 50% mortality within the first month of culture in grow-out ponds due to 

‘luminescent vibriosis’ has been reported (Leano et al., 1998).  During disease 

outbreaks the titre of V. harveyi in rearing waters increases.  The V. harveyi 

concentration and the period of exposure to the bacterium are important for the onset of 

mortality in prawns, with exposure of prawn postlarvae to 102 V. harveyi/ml for three or 

more days causing significant mortality within 48 h (Lavilla-Pitogo et al., 1990).   

 

Infected prawns behave differently from healthy individuals, showing lack of appetite, 

sluggish swimming, reduced escape mechanisms and lethargy (Robertson et al., 1998a).  

Lavilla-Pitogo et al. (1990) reported that moribund larvae settle to the pond bottom and 
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become entrapped in pond sediment, often forming a luminescent mat.  When examined 

by light microscopy the hemocoel of luminescent moribund larvae had a heavy bacterial 

load.  Scanning electron microscope images revealed bacterial colonization in the oral 

region and on feeding appendages.  Severely infected prawns had thick bacterial plaque 

formed due to the multiplication of attached bacteria.  No evidence was found that 

bacteria had penetrated the larval exoskeleton.  Thin sections of infected prawns 

revealed bacteria in the gut (with food particles) and in gill tissues, but they were absent 

in healthy controls.  This suggests that bacteria enter by the oral route during feeding 

and/or through the respiratory system (Lavilla-Pitogo et al., 1990).  Histopathological 

studies of diseased prawns have revealed that the hepatopancreas (hp) is the main target 

organ of infection (Leano et al., 1998), with symptoms generally including an 

inflammatory response in the hepatopancreas tubules, intertubular sinuses crammed 

with hemocytes and fibre cells, necrosis in tubular epithelia, formation of bundles of 

necrotic tissue within the hepatopancreas, dense clumps of bacteria in the lumen, and 

detachment of epithelium from the midgut trunk (Lavilla-Pitogo et al., 1998; Martin et 

al., 2004; Robertson et al., 1998a).  Colonization of the hepatopancreas by luminous 

bacteria can also replace the normal flora of the gut, affecting beneficial associations 

that increase digestive efficiency in the prawn host (Leano et al., 1998).  Leano and 

colleagues (1998) deduced a threshold level of 104 luminous bacteria/hepatopancreas 

and a safe level of 102 luminous bacteria/hepatopancreas to prevent luminous bacterial 

infection within the first 30 days of culture.   

 

In addition to disease in prawn, V. harveyi has been identified as a pathogen of a variety 

of other aquatic organisms including pearl oysters (Pinctada maxima) in Western 

Australia (Pass et al., 1987), seahorses (Hippocampus sp.;(Alcaide et al., 2001), 

phyllosoma larvae of the rock lobster (Jasus verreauxi;(Diggles et al., 2000), spiny 
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lobsters (Jawahar et al., 1996), sea cucumbers (Becker et al., 2004), Hawaiian green 

turtles (Chelonia mydas;(Work et al., 2003), and finfish including brown-spotted 

grouper (Saeed, 1995), cobia (Rachycentron canadum L.;(Liu et al., 2004), salmonids 

(Zhang & Austin, 2000), silvery black porgy (Saeed, 1995) and summer flounder 

(Paralichthys dentatus; Gauger et al., 2006).   

 
V. harveyi is now considered a serious aquaculture pathogen causing diseases in an 

increasing number of fish and invertebrates.   

 

1.1.4.3. Virulence factors 
 
The pathogenicity mechanisms of V. harveyi are not completely understood (Zhong et 

al., 2006).  The extracellular products (ECPs) of pathogenic V. harveyi contain a 

number of biologically active molecules that are believed to be responsible for 

pathogenicity in prawns (Montero & Austin, 1999).  Liu and Lee (1999) identified 

cysteine protease in ECPs as the major virulence factor of V. harveyi pathogenic to P. 

monodon.  Cysteine protease, with an LD50 of 0.3 µg protein per gram of prawn, was 

isolated from pathogenic luminous V. harveyi strain 820514 (Liu & Lee, 1999).  

Montero and Austin (1999) also found that the ECPs of V. harveyi from diseased post-

larval P. vannamei had proteolytic, haemolytic and cytotoxic activity that enabled the 

pathogen to survive and reproduce within the prawn.  They suggested the thermostable 

exotoxin was a low molecular weight lipopolysaccharide that is lethal to P. vannamei.  

Harris and Owens (1999) showed that proteinaceous exotoxins produced by 2 virulent 

V. harveyi were lethal to P. monodon larvae and mice.      

 

Although the vhh/tlh haemolysin gene is widespread in V. harveyi strains (Zhang et al., 

2001), there are varying reports on the role of haemolysin in disease in different hosts. 

Zhang & Austin (2000) reported that haemolytic activity in ECP of V. harveyi is 
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involved in pathogenicity to salmonids.  V. harveyi haemolysin was later identified as a 

phospholipase B (Sun et al., 2007; Zhong et al., 2006) with cytotoxic activity which 

caused necrosis and death in flounders (Zhong et al., 2006). A study of the virulence of 

14 V. harveyi isolates to Artemia franciscana nauplii showed a significant correlation 

between nauplii mortality and bacterial production of proteases, phospholipases or 

siderophores, but no correlation was found between mortality and haemolytic activity, 

hydrophobicity or production of lipase and gelatinase (Soto-Rodriguez et al., 2003a).  

Nakayama et al. (2005) reported virulence in certain V. harveyi isolates is due to 

production of haemolysin, while in others it is due to cysteine proteases.  This was 

evident in the extracellular protein profile analysis of 3 isolates of V. harveyi using 

SDS-PAGE.  Nonpathogenic V. harveyi expressed only one band while two pathogenic 

isolates (VP1 and VT1) produced several bands, some of which may correspond to 

haemolysin protein and cystein protease.  Nakayama et al. (2005) also demonstrated 

that the thermal stability of haemolysin and cytotoxic toxins varies among V. harveyi 

isolates. 

 

It has also been suggested that bacteriophages (phages) can confer virulence to some 

strains of V. harveyi through lysogenic conversion (Austin et al., 2003; Munro et al., 

2003; Oakey & Owens, 2000; Oakey et al., 2002; Ruangpan et al., 1999).  Ruangpan et 

al. (1999) reported the presence of phage particles along with V. harveyi-like bacterial 

cells in hepatopancreatic tissues of black tiger prawns naturally infected with 'tea-brown 

gill syndrome' (TBGS).  Reproduction of TBGS in the laboratory was only possible 

when the prawns were inoculated with bacteria and phage together, and it was suggested 

that phage may be involved in V. harveyi virulence.  The VHML phage isolated from a 

toxin-producing strain of V. harveyi (642) was able to confer virulence to previously 

avirulent strains of V. harveyi (Austin et al., 2003; Munro et al., 2003).  Avirulent 



Chapter 1 - General Introduction 
 

 9 

strains infected with VHML phage showed increased haemolytic activity, increased 

protein excretion along with toxin production, and increased the mortality of Atlantic 

salmon, Artemia nauplii and P. monodon nauplii.  In addition, Vidgen et al., (2006) 

demonstrated that VHML phage infection of V. harveyi caused changes to some 

phenotypic characteristics of the bacterium, such as D–gluconate utilization, γ–glutamyl 

transpeptidase and sulfatase activity.  

 

In addition to the above mechanisms, a quorum sensing system (AI-2 autoinducer) in V. 

harveyi regulates virulence to gnotobiotically cultured Artemia franciscana (Defoirdt et 

al., 2005; Defoirdt et al., 2006).  In challenge tests, V. harveyi mutants (AI-2 non–

producing) were unable to cause significant mortality in Artemia compared to wild type 

V. harveyi, but external addition of AI-2 was able to restore virulence in those mutants.  

V. harveyi produces two other autoinducers in a multi-channel quorum sensing system: 

phenotypes controlled by this system include production of a type III secretion system 

(Henke & Bassler, 2004), extracellular toxin (Manefield et al., 2000), and a siderophore 

(Lilley & Bassler, 2000). 

 

The ability to form biofilms is likely to increase the virulence of V. harveyi.  Pathogenic 

V. harveyi isolates have been found to form biofilms on cement slabs, high density 

polyethylene (HDPE) plastics and on steel surfaces despite the presence of antibiotics 

(chloramphenicol and tetracycline at 50 ppm) (Karunasagar et al., 1996).  Bacteria in 

these biofilms were highly resistant to hypochlorite solution and antibiotics used in 

culture systems, and persisted on surfaces common in culture systems.  Biofilms were a 

source of infection if surfaces were not properly cleaned and dried after each production 

run (Karunasagar et al., 1996).  Cinnamaldehyde and its derivatives, which target AI-2 

based quorum sensing in V. harveyi and inhibit biofilm formation in other Vibrio spp., 
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reduce the virulence of V. harveyi to Artemia (Brackman et al., 2008).  However, direct 

evidence implicating biofilm production with V. harveyi virulence is not yet available.   

 

 

1.1.4.4.  Antibiotic resistance   
 
Antibiotics are commonly used as therapeutic and prophylactic agents in intensive 

aquaculture systems, enhancing the potential risk of development of antibiotic resistant 

strains of V. harveyi (Karunasagar et al., 1994).  Strains of V. harveyi resistant to 

streptomycin, chloramphenicol and co-trimoxazole were isolated from diseased P. 

monodon larvae obtained from a farm where chloramphenicol and co-trimoxazole had 

been used regularly to control bacterial infections (Karunasagar et al., 1994).  Resistant 

V. harveyi were only found in larval rearing tanks and not in algal feed, Artemia cysts 

and nauplii, or in intake seawater, suggesting the origin of antibiotic resistance in V. 

harveyi was the hatchery itself.  This hatchery had been in continuous production 

without shutdowns and associated drying of larval tanks, and these conditions may have 

facilitated the development, build–up and establishment of resistant V. harveyi.  In 

addition to antibiotic resistance, these strains had higher virulence than their seawater 

counterparts.  The LD50 value of antibiotic resistant V. harveyi for P. monodon was 2.6 

× 103/ml compared to 1.5 × 105/ml for seawater isolates of V. harveyi (Karunasagar et 

al., 1994).          

 

Multiple antibiotic resistant V. harveyi have been reported from prawn hatcheries in 

Java, Thailand and the Philippines.  These were resistant to ampicillin, tetracycline, 

amoxicillin, erythromycin, kanamycin, penicillin G and/or streptomycin (Nakayama et 

al., 2006a; Teo et al., 2000).  Two ampicillin resistant V. harveyi strains (W3B and 

HB3) possessing new β-lactamase genes were isolated from the coastal waters of Java.  
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As HB3 was isolated from unpolluted seawater, Teo and colleagues suggested that 

antibiotic resistant determinants are widespread in nature (Teo et al., 2000). 

 

 

1.1.5.  Bacterial disease control and treatment 

Effective prevention, control and treatment of disease will be essential if aquaculture is 

to be economically viable.  Prevention is easier and more cost-effective than disease 

treatment (Mosig & Fallu, 2004; Newman, 1993), and should be considered a priority 

during planning, site selection and establishment of aquaculture enterprises (Davenport 

et al., 2003).  Effective management is the best approach to avoiding bacterial infections 

and subsequent epizootics, addressing issues including water quality, water flow and 

exchange, dissolved oxygen levels, use of disease-free stock, selection of disease 

resistant and stress tolerant species, provision of stable environmental conditions, 

manageable stocking densities, diet formulation and processing to ensure complete 

nutrition, and managing for low stress and optimum environmental conditions for the 

cultured species (Davenport et al., 2003).  A range of approaches, described below, are 

adopted as measures for disease prevention and treatment. 

 

 

1.1.5.1.  Sanitation and Disinfection 

Intake of water from the sea, estuaries or rivers is a main source of pathogen entry into 

culture systems (Karunasagar et al., 1994; Lavilla-Pitogo et al., 1990; Lavilla-Pitogo et 

al., 1998).  Ozonization, filtration and ultraviolet irradiation are all effective in reducing 

the level of bacteria and pathogens in intake water (Karunasagar et al., 1994).  Lower 

bacterial counts and the absence of luminous bacteria in filtered seawater have been 

reported from India (Karunasagar et al., 1994).  Retention of water in a reservoir prior 
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to use, treating water with disinfectants, and introducing probiotic bacteria and bacterial 

enzymes have been identified as ways of improving water quality, providing a healthy 

environment and enhancing the survival and growth of cultured organisms (Lavilla-

Pitogo et al., 1998).  Periodic shut down, cleaning, physical removal of biofilms on tank 

surfaces and drying of tanks are recommended to avoid pathogens becoming established 

in aquaculture systems (Karunasagar et al., 1996).  Surface disinfection of fish eggs 

with suitable chemicals is often practiced to reduce bacterial growth on egg surfaces, 

and to diminish the risk of transferring pathogenic bacteria from parent to offspring, and 

between tanks and different hatcheries.  Treating equipment with antiseptics, the use of 

separate uniforms for employees, adoption of sanitation practices by workers, restricting 

visitors and prevention of entry of stray animals and birds into the facility all minimize 

the introduction and spread of disease organisms (Stickney, 1994).   

 

Total eradication of affected stock is recommended where the disease involved is 

sufficiently serious and to prevent spread to other farms or to other countries 

(Davenport et al., 2003). 

 

 

1.1.5.2.  Vaccines and immunostimulants 

Vaccination and the use of immunostimulants are alternatives to the use of 

chemotherapy, which is ineffective in controlling viral infections and pathogenic 

bacteria that have developed resistance to the chemicals.  Recent studies on the 

application of vaccines and immunostimulants in aquatic organisms have revealed their 

potential in preventing and/or controlling bacterial and viral infections in aquaculture, 

although most are still in the experimental stage (Emmenegger & Kurath, 2008; 

Johnson et al., 2008; Schrøder et al., 2006).   
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Most of the available vaccines are bacterins or formalin-inactivated whole cell 

suspensions, some with adjuvants (Newman, 1993).  A number of vaccines have been 

developed to protect against a variety of finfish bacterial infections including vibriosis 

in salmonids; columnaris disease caused by F. columnaris in warm and cold-water fish 

species; Edwardsiellosis due to E. tarda in cultured eel and seabream, and E. ictaluri in 

channel catfish; septicaemia caused by A. hydrophila in carp, channel catfish and 

tilapia; furunculosis in rainbow trout caused by A. salmonicida, and vibriosis in ayu.   

 

Commercially available vaccines are rare as the antigens of many pathogenic bacteria 

are not fully understood, and strains of some pathogens are serologically heterogeneous 

(Karunasagar & Karunasagar, 1999; Stickney, 1994).  The potential application of 

vaccines in penaeid shrimp (P. monodon, P. japonicus), spiny lobster, freshwater 

crayfish and Squilla mantis (stomatopod) has also been investigated, even though the 

immune systems of these organisms are poorly understood.   

 

Vaccination is an efficient mode of disease management in some species.  Nevertheless, 

vaccination effectiveness is affected by environmental factors (e.g. temperature and 

pollutants), host factors (e.g. animal age and general health) and husbandry factors (e.g. 

handling, stress and diet).  In addition, the use of antibiotics and vaccine-related factors 

including dose, the nature of the antigen, the route of administration, and the presence 

of adjuvants have an effect on vaccination success.  A major constraint on the use of 

vaccination is its expense as a mode of disease control, and it is typically only cost 

effective when injected individually into high-value mature fish.  However, individual 

vaccination is stressful to organisms, labour intensive and not suitable for smaller 

organisms in large numbers.  Vaccination by the oral route with feed, immersion or 
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spray is another mode of vaccine administration.  Immersion and spray vaccinations 

have shown variable results, and oral route vaccines must be designed to withstand the 

activity of fish digestive enzymes.  Another limitation of oral administration is that 

cessation of feeding usually occurs at an early stage of an epizootic, so disease 

diagnosis and initiation of oral treatments must occur before organisms stop feeding 

(Stickney, 1994). 

 

Since fish and crustaceans depend more on the nonspecific immune system than the 

humoral and cellular immune systems, immunostimulants potentially have a significant 

role in disease management.  Immunostimulants are compounds that increase the 

activity of some immune functions and induce more effective resistance to pathogens 

and parasites (Davenport et al., 2003).  At least 20 different compounds with potential 

use as immunostimulants, adjuvants and vaccine carriers in fish have been identified.  

For example, glucans from yeast are a good stimulant of non-specific defense in fish, 

and also enhanced the immune response when administered with A. hydrophila vaccine 

(Karunasagar & Karunasagar, 1999). 

 

 

1.1.5.3.  Rapid diagnosis of the pathogen 

Regular monitoring of environmental variables and pathogenic bacterial populations in 

the rearing systems enables forecasting of stressful conditions and detection of shifts in 

the bacterial profile, and helps avoid problems before they arise (Lavilla-Pitogo et al., 

1998).  The presence of viral infections should be monitored regularly, as most bacterial 

diseases are secondary to infection by viral pathogens (Lavilla-Pitogo et al., 1998).  

Once disease occurs, rapid diagnosis of the pathogen enables implementation of 

appropriate actions to limit losses and prevent disease spread.   
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PCR-based methods targeting genes specific to V. harveyi isolates have been 

investigated for rapid identification of V. harveyi from aquaculture environments.  

Thaithongnum et al. (2006) used a PCR screening method along with most probable 

number technique to confirm and enumerate V. harveyi in prawn postlarvae and 

hatchery tank water.  Using specific primers for the gyrB gene in PCR they could detect 

a minimum of 15 V. harveyi cells/ml.  PCR targeting the toxR gene (developed by Pang 

et al., 2006) detected 20 V. harveyi isolates with a minimum detection limit of 4.0 × 

103cells/ml.  Oakey et al., (2003) developed a PCR method targeting the 16S rDNA 

sequence of V. harveyi strains.  It can be used with a limited number of biochemical 

tests to rapidly confirm the identity of V. harveyi.  Hernandez et al. (2004) investigated 

the potential use of PCR targeting 6 genes (txR, vhh-1, vhhB, luxL, luxM and luxN) for 

species-specific identification of V. harveyi, and found only primers targeting the luxN 

gene can be used for this purpose.  They also reported the use of random amplified 

polymorphic DNA (RAPD) to distinguish virulent strains of V. harveyi from avirulent 

strains (Hernandez & Olmos, 2004).  

 

A variety of rapid serological (antibody-based) diagnostic tests have been developed to 

detect common bacterial and viral fish pathogens: these include slide agglutination, co-

agglutination/latex agglutination, immunodiffusion, direct and indirect fluorescent 

antibodies, immunohistochemistry, enzyme-linked immunosorbent assay, dot blot/dip 

stick Western blot.  Polyclonal or monoclonal antibody probes are also available to 

identify A. hydrophila, A. salmonicida, R. salmoninarum, Streptococcus spp., Vibrio 

spp., Edwardsiella spp., Y. ruckeri and other bacteria.  It is likely that in the future more 

sophisticated diagnostic/vaccine methodologies incorporating immunological and 
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molecular biology techniques such as DNA probes and DNA vaccines will be 

developed (Adams, 1999; Kurath, 2008).   

 

 

1.1.5.4.  Genetic selection and genetic engineering 

Genetic selection of disease resistant fish and shellfish strains, and genetic 

transformation (such as transfer of disease resistance genes) are other modern 

approaches to disease management in aquaculture (Davenport et al., 2003; Roch, 1999).  

Microinjection, electroporation, lipofection and aqueous biolistics techniques have been 

successfully applied in gene transformation of aquaculture invertebrates (Roch, 1999). 

 

 

1.1.5.5.  Chemotherapy 

The use of antimicrobial compounds has been an effective method of controlling 

bacterial diseases in aquaculture for over 50 years, and since the 1970s a wide range of 

antibiotics have been applied in increasing quantities as prophylactic and therapeutic 

agents for various bacterial diseases of fish and crustaceans.  Some countries including 

the USA, the UK and Australia have stringent legislation governing the use of 

antibiotics, while in Eastern Europe and Asia the controls on use are less rigorous 

(Inglis, 1999).  Oxytetracycline, oxolinic acid, chloramphenicol, furazolidone, 

nitrofurans, erythromycin and sulfa drugs are used in Philippine prawn grow-out ponds 

against luminescent vibriosis (Tendencia & de la Pena, 2001).  Oxytetracycline 

(Terramycin) has been the drug of choice for treating motile aeromonad septicaemias in 

fish (Cipriano et al., 2001).   
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Unfortunately there have been consequences from overuse of antibiotics in aquaculture, 

including development of antibiotic resistant bacteria, multiple antibiotic resistance, 

resistance transfer to pathogenic bacteria, reduced efficacy of antibiotic treatments, 

toxic effects (farmers, cultured organisms and wild populations) and consumer and 

environmental contamination (Sahul Hameed et al., 2003).  In 1994 Karunasagar and 

colleagues reported mass mortality in P. monodon larvae due to antibiotic resistant V. 

harveyi from a hatchery that had used chloramphenicol and co-trimoxazole 

prophylactically.  The V. harveyi isolated from infected larvae were resistant to 

streptomycin, chloramphenicol and co-trimoxazole (Karunasagar et al., 1994).  Multiple 

antibiotic resistant V. harveyi have also been isolated from prawn ponds where oxolinic 

acid had been used (Tendencia & de la Pena, 2001); this is not unexpected as a 

Norwegian study (Nygaard et al., 1992) had revealed a significant increase in the 

percentage of drug-resistant bacteria in sediment treated with oxolinic acid, which also 

caused cross-resistance to other antibiotics including oxytetracycline and furazolidone.  

Findings from a study of the fresh water prawn Macrobrachium rosenbergii have also 

suggested resistance development as a result of the prophylactic use of antibiotics 

(Sahul Hameed et al., 2003).  More than 90% of bacterial isolates from M. rosenbergii 

larvae and postlarvae developed resistance to erythromycin, oxytetracycline and 

furazolidone.  High concentrations of antibiotics are toxic to cultured organisms.  

Hameed and Rao (1994) found that concentrations of chloramphenicol and 

oxytetracycline greater than 25 ppm and 200 ppm, respectively, caused appendage 

deformities in nauplii and inhibited feeding of protozoea and mysis stages of prawns 

(Hameed & Rao, 1994).  For these reasons Davenport et al. (2003) recommended 

antibiotics not be used prophylactically, and that their use in treating bacterial infections 

should be as a last resort, to minimize the development of resistant strains of bacteria, 
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and with strict control protocols and prescribed withdrawal periods to ensure residues 

do not remain in the cultured species. 

 

Amongst alternatives to antibiotics, the use of immunotherapy, therapies derived from 

complementary and alternative medicine, targeting virulence mechanisms instead of the 

whole bacterial structure, and biological control methods including phage therapy and 

probiotics have been explored (Hamilton-Miller, 2004). 

 

 

1.1.5.6.  Biological control 

Biological control (biocontrol) is the deliberate use of one species of organism to 

control or eliminate populations of another.  Natural enemies including parasites, 

predators, or pathogens of the undesirable species are typically used as biocontrol 

agents.  Biocontrol in aquaculture is an emerging research field as more pathogenic 

bacteria are becoming antibiotic resistant.  The use of phages (discussed below in 

section 1.3) and probiotic bacteria to control pathogenic bacteria in aquaculture are two 

biocontrol strategies of interest.  Probiotics may be defined as "microbial dietary 

adjuvants that beneficially affect the host physiology by modulating the mucosal and 

systemic immunity, as well as improving microbial balance by preventing the 

colonization of undesirable bacteria in the intestinal tract" (Villamil et al., 2003).  There 

are many reports of successful use of probiotics in aquaculture.  For example A. media 

strain A199 was found to prevent V. tubiashii infection in Pacific oysters (Gibson et al., 

1998).  V. alginolyticus, Ps. fluorescens, Carnobacterium divergens, Streptococcus 

lactis, Lactobacillus bulgaricus and Bacillus megaterium are some of the probiotic 

bacteria employed on a variety of cultured aquatic organisms (Verschuere et al., 2000). 
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1.1.6.  Model systems for the study of bacterial diseases  

Animal model systems are often used to study bacterial pathogenicity, test control 

methods and in development of new drugs (Cosson et al., 2002; Santander & Robeson, 

2004).  Mice, calves, pigs, lambs, chickens (Summers, 2001), nematodes (Santander & 

Robeson, 2004) and a soil amoeba Dictyostelium discoideum (Cosson et al., 2002) have 

been used as model systems to study the effectiveness of phages in treating bacterial 

diseases.  Cheap, manageable and reproducible model systems are useful in scientific 

studies (Santander & Robeson, 2004).   

 

 

 

 

1.1.6.1.  Artemia model system 

Artemia is a small crustacean and one of the live foods for culturing fish and 

crustaceans.  Artemia cysts are available throughout the year and can be hatched and 

reared easily using simple procedures.  The ability to culture Artemia under gnotobiotic 

conditions is another advantage of this model (Verschuere et al., 1999), as it enables 

studies of the effects of particular microorganisms without the interference of normal 

microflora of Artemia (Defoirdt et al., 2005).  The physical and nutritional conditions 

for optimum growth and survival of Artemia have been identified (Saygi & Demirkalp, 

2002), and Artemia has previously been used as a model system in aquaculture.  Rapid 

screening of potentially pathogenic bacteria and viruses of crustaceans and 

identification of associated virulence factors have been performed using Artemia (Rico-

Mora & Voltolin, 1995).  Soto-Rodriguez et al. (2003a) used Artemia to establish that 9 

out of 27 bacteria isolated from healthy and diseased prawns were significant pathogens 

of Artemia nauplii.  In addition, Artemia carrying pathogenic bacteria and viruses may 
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act as a vector for transmitting diseases to cultured organisms (Sahul Hameed et al., 

2002; Skliris & Richards, 1998).  The potential of Artemia to act as a reservoir and 

vector of infectious pancreatic necrotic virus (IPNV) has been established (Mortensen et 

al., 1993).  Artemia has also been used to identify bacteria with probiotic activity 

(Suzuki & Tokuda, 2000) and to transfer probiotic bacteria to cultured fish and 

shellfish.  The effectiveness of probiotic lactic acid bacteria; Lactobacillus brevis and L. 

casei in reducing V. alginolyticus in Artemia has been demonstrated (Villamil et al., 

2003).   

 

There have been several reports of the use of an Artemia model system in studies 

involving V. harveyi.  Soto-Rodriguez et al. (2003b) developed a rapid and consistent 

technique to study the uptake, distribution and colonization of crustaceans by 

pathogenic Vibrio spp. by exposing Artemia to fluorescent-labeled V. harveyi.  This 

model has also been used to select effective antibiotics to treat infectious diseases in 

prawns (Roque & Gomez-Gil, 2003).  Roque and Gomez-Gil (2003) reported that 

treatment of Artemia with the antibiotic enrofloxacin was effective in reducing mortality 

due to V. harveyi infection even when the treatment was delayed for 24 h after the 

bacterial challenge.  Austin et al. (2003) used Artemia to demonstrate that the VHML 

phage mediated virulence development in avirulent isolates of V. harveyi.  The Artemia 

model was also used in the studies on V. harveyi quorum sensing by Brackman et al. 

(2008) and Defoirdt et al. (2006; 2008).  
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1.2.  Bacteriophages 

Bacteriophages (phages) are a group of viruses that infect only bacteria (Douglas, 

1975).  They were discovered independently in 1915 by Frederick William Twort, a 

British pathologist, and in 1917 by Felix Hubert d’Herelle, a French Canadian.  Phages 

are the largest viral group in nature.  Over 5568 phages have been examined by electron 

microscopy since 1959 (Ackermann, 2007).  They infect a wide range of prokaryotes 

including eubacteria and archaea, and over 154 genera of bacteria are known to be 

infected by phages (Ackermann, 2007).  

 

 

1.2.1.  Taxonomy 

Substantial diversity in size and morphology exists among phages, but they share a 

basic structure of a nucleic acid genome surrounded by a protein coat termed a head or 

capsid (Douglas, 1975).  There are 4 major phage morphologies (tailed, polyhedral, 

filamentous and pleomorphic) and these are further subdivided into 21 morphotypes 

with respect to gross morphology and the nature of their nucleic acid (Fig. 1.1).  This 

classification of phages into 21 morphotypes is useful in electron microscopic 

identification of phages (Ackermann, 2001).  Most phages contain double stranded 

DNA, with only a few phage groups having single stranded DNA, single stranded RNA 

or double stranded RNA (Ackermann, 2007).  Some phages contain phage-specific 

enzymes involved in infection and replication processes.  A few phages have a lipid 

envelope that contains some phage-specific proteins (e.g. glycoproteins) (Ackermann, 

2007).  Most phages have complex capsid structures such as icosahedral heads and 

helical tails (Fig. 1.2).   
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            Figure 1.1.  Morphotypes of bacteriophages [adapted from (Ackermann, 2001)]. 
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           Figure 1.2.  (a)  Basic structure of a tailed phage.  (b) Electron microscopic  

           image of negatively stained tailed phage.  

           (adapted from http://micro.magnet.fus.edu/cell/virus.html and  

            www.agen.ulf.edu/.../lect/lect_06/lect_06.html, respectively).  
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Based on a recent report of the International Committee on Taxonomy of Viruses 

(ICTV), phages are classified into one order and 20 families (Table 1.1) (Ackermann, 

2007).  The ICTV classifies phages into families on the basis of phage morphology and 

the nature of the nucleic acid, and all other known properties are used to further group 

them into genera and species.  Tailed phages are the largest and the oldest (originated 

~3.5 billion years ago) group containing over 96% percent of described phages.  They 

belong to the order Caudovirales, which comprises 3 large phylogenetically-related 

families: Myoviridae (contractile tail, Fig. 1.1; A1, A2 and A3), Siphoviridae (long, 

noncontractile tail, Fig. 1.1; B1, B2 and B3) and Podoviridae (short tail, Fig. 1.1; C1, 

C2 and C3).  The other phage families comprise small groups of phages with marked 

differences in basic properties and phylogenetic characteristics (Ackermann, 2007).  A 

number of recently isolated archaeal phages with unusual morphologies may be 

included as new phage families in the ICTV classification (Ackermann, 2007).  

 

Phages, like plant and animal viruses, have two stages: a metabolically inert 

extracellular state, and an intracellular state that is initiated as the phage adsorbs to a 

susceptible host cell to commence replication (Madigan et al., 2000). 
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                                     Table 1.1.   Classification and basic properties of bacteriophages (Ackermann, 2007). 
 

Shape  Nucleic acid  Families  Examples  Characteristics  
DNA, 2, L    Myoviridae  T4  Tail contractile  
DNA, 2, L    Siphoviridae  λ  Tail long, noncontractile  Tailed 
DNA, 2, L    Podoviridae  T7  Tail short  
DNA, 1, C     Microviridae  φX174  Conspicuous capsomers 
DNA, 2, C, S     Corticoviridae  PM2  Complex capsid, lipids  
DNA, 2, L     Tectiviridae  PRD1  Inner lipid vesicle, pseudotail  
DNA, 2, L    SHI, group* SH1 Inner lipid vesicle 
DNA, 2, C    STV1, group* STIV Turret-shaped protrusions 
RNA, 1, L     Leviviridae  MS2  Poliovirus-like 

Polyhedral  

RNA, 2, L, seg     Cystoviridae  φ6  Envelope, lipids  
DNA, 1, C     Inoviridae  fd  

MVL1 
a. Long filaments  
b. Short rods  

DNA, 2, L     Lipothrixviridae  TTV1  Envelope, lipids  
Filamentous  

DNA, 2, L     Rudiviridae  SIRV1  TMV-like  
DNA, 2, C, S     Plasmaviridae  L2  Envelope, lipids, no capsid  
DNA, 2, C, S     Fuselloviridae  SSV1  Envelope, lipids, no capsid, lemon-shaped 
DNA, 2, L, S    Salterprovirus His1 Envelope, lipids, no capsid, lemon-shaped 
DNA, 2, C, S    Guttaviridae SNDV Droplet-shaped 
DNA, 2, L    Ampullaviridae* ABV Bottle-shaped 
DNA, 2, C    Bicaudaviridae* ATV Two-tailed, growth cycle 

Pleomorphic  

DNA, 2, L    Globuloviridae* PSV Paramyxovirus-like 
                                    C, circular; L, linear; S, superhelical; seg, segmented; 1, single-stranded; 2, double-stranded; * Awaiting classification. 
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1.2.2.  Bacteriophage replication cycle  

Phages are dependent on living bacterial cells for replication (Madigan et al., 2000).  

Various replication patterns occur amongst phages, but common steps include 

attachment to the host cell by binding to a specific receptor, penetration or injection of 

phage nucleic acid into the host cell, early processes in replication, replication of the 

phage genome, synthesis of proteins used as structural subunits, assembly, release of 

new phage progeny, and transmission (Madigan et al., 2000).  As the host cell is the 

main resource for phages, the metabolic state of the host is a critical factor in all steps of 

phage particle replication.  Three main replication patterns (described below) are 

recognized among phages: lysis (virulent), lysogeny (temperate) and pseudolysogeny or 

carrier state (Weinbauer, 2004). 

 

 

1.2.2.1.  Lytic cycle 

Phages adsorb to specific receptor sites on the bacterial host cell wall or cell surface 

structures (e.g. pili, flagella, bacterial capsules, different parts of lipopolysaccharide) 

(Ackermann & DuBow, 1987; Skurnik & Strauch, 2006).  A particular phage or group 

of phages will adsorb to particular sites on the surface of a given bacterial cell where 

large numbers of copies of a variety of different receptors are present (Ackermann & 

DuBow, 1987).  Following adsorption, special enzymes in the phage tail or capsid make 

the bacterial cell wall penetrable and, for most phages, the phage nucleic acid is injected 

into the host cell cytoplasm leaving the capsid outside the cell.  The phage genome then 

directs gene expression, genome replication, formation of capsid proteins and tails, and 

packing of the phage genome into the capsid using host cell resources and mechanisms.  

The progeny phages are then released from the host cell.  In tailed phages this involves 

peptidoglycan hydrolases (endolysins), which break down peptidoglycan in the cell 
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wall, and holins, which permeabilize the plasma membrane (Weinbauer, 2004).  The 

phase of a phage infection from adsorption to host cell lysis is termed the latent period.  

The eclipse period is nested within the latent period and lasts from the beginning of the 

latent period until intracellular assembly of the capsid and genome into mature phage.  

In the rise period mature phages are released into the environment due to cell lysis.  The 

burst size is the average number of virions released per infected host cell (Abedon, 

1989; Weinbauer, 2004). 

 

 

1.2.2.2.  Lysogenic cycle 

Lysogeny is a dormant stage of temperate phage (Weinbauer, 2004) where, after host 

penetration the phage genome integrates into one of the host cellular replicons such as 

the chromosome, a plasmid, another phage genome or in a few cases, exists as a self-

replicating plasmid.  At this stage the phage genome is termed a prophage, and during 

host bacterial cell reproduction the integrated phage genome is also replicated and 

passed on to progeny host cells (Williamson et al., 2001).  The lysogenic cycle is not 

pre-determined in phages, with entry to the lysogenic pathway occurring only after 

infection.  Prophages spontaneously re-enter the lytic pathway or can be induced by a 

number of physical or chemical means including UV radiation, temperature, pressure, 

mitomycin C, hydrogen peroxide or polyaromatic hydrocarbons (Weinbauer, 2004; 

Williamson et al., 2001).  When the host cell genome is damaged by an inducing agent, 

lytic genes may be expressed, viral replication activates, and the lytic cycle is initiated 

(Williamson et al., 2001).  During the lysogenic relationship host cells may benefit from 

the presence of the phage genome through expanded metabolic capabilities, antibiotic 

resistance, toxin production and resistance to superinfection by the same, or similar, 

strains of phage (homoimmunity).  The lysogenic state may also be a survival strategy 
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for phages to overcome adverse environmental and biological conditions including 

extremes of water temperature and nutrient concentration.  Lysogeny predominates 

under low nutrient concentrations and high virus to host cell ratios (Williamson et al., 

2001).  According to Freifelder (1983) more than 90% of phages are temperate, and 

Ackermann (2007) also reported that most cultivable bacterial strains contain inducible 

prophages. 

 

 

1.2.2.3.  Pseudolysogeny 

In pseudolysogeny (or 'the phage carrier state') a constant production of phage coexists 

with high host abundance (Ackermann, 1987), without the phage genome being 

integrated into the host genome.  Therefore phage nucleic acid does not replicate and 

segregate equally into all progeny cells following host reproduction.  Unlike the 

prophage state in lysogeny, induction of the lytic state from the pseudolysogeny stage 

cannot be stimulated by chemical or physical agents.  Pseudolysogeny is suggested to be 

an environmental condition in which starved bacterial cells coexist in an unstable 

relationship with infective viruses.  Under these conditions, host cells do not provide 

enough energy for the phage to enter into a true lysogenic or lytic state.  The phage 

enters either cycle with the addition of sufficient nutrient concentrations (Ripp & Miller, 

1998).  There is, however, evidence disputing this explanation for pseudolysogeny 

(Weinbauer, 2004).  The mechanism of pseudolysogeny is unknown but it has been 

speculated that it is a rapid response to environmental changes, or an evolutionary step 

towards the more stable lysogenic state (Wommack & Colwell, 2000).  
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1.2.3.  Marine phages 

Phages are abundant in marine waters, and occur in nearshore, offshore, tropical and 

polar seas, sea ice and sea sediments.  Marine phage concentrations range from < 104 to 

> 108/ml (Paul et al., 1999), but numbers decrease with depth in the ocean and fluctuate 

with time, temperature and bacterial abundance.  Many studies have revealed high 

seasonal variation in phage numbers (Paul et al., 1999), with abundances being higher 

in spring and summer months compared with the colder winter months, where counts 

are very low.  Phages in marine environments have been reported to have short survival 

times (an hour to a few days), and to decay rapidly in nutrient rich waters (Fuhrman, 

1999). 

 

Marine phages are diverse in shape, size and genome size (Fuhrman, 1999).  Borsheim 

(1993) reported that the occurrence of knob-like projections on the heads of marine 

phages is common, unlike phages from other environments.  The majority of marine 

phages occur as prophages in a lysogenic host rather than as free phage particles 

(Ackermann, 2001). 

 

Phages greatly influence the mortality, diversity and genetic composition of bacterial 

populations (Paul et al., 1999; Weinbauer, 2004).  The lytic activity of marine phages is 

thought to contribute significantly to marine food webs and biogeochemical cycles 

(Weinbauer, 2004).  Phage lysis of bacterial cells contributes to release of dissolved 

organic matter (DOM) and other nutrients (C, N, P, S and Fe) that are subsequently 

taken up by prokaryotes in the marine food chain and transferred through small grazers, 

large grazers and on to higher tropic levels.  The high protein and nucleic acid content 

of phages contributes to the biotic nitrogen and phosphorus pool in the ocean 

(Weinbauer, 2004; Wommack & Colwell, 2000). 
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1.2.4.  Vibriophages 

Vibriophages are a subset of phages, which infect bacteria belonging to the genus 

Vibrio.  The long interest in vibriophages is due to the occurrence of some important 

human pathogens in the genus Vibrio including Vibrio cholerae, V. parahaemolyticus 

and V. alginolyticus (Chatterjee & Maiti, 1984).  The first vibriophage, a phage of V. 

cholerae, was discovered by d’Herelle in 1922 from stools of a patient (Chatterjee & 

Maiti, 1984). There ensued great interest in vibriophages, mainly those of V. cholerae, 

and in the 1960s scientists started to investigate the physical, chemical and biological 

properties of vibriophages (Chatterjee & Maiti, 1984).   

 

Vibriophages have been found in fresh water, marine waters, estuarine waters, 

sediments, plankton, molluscs, crustaceans, the intestines of finfish and sewage 

(Ackermann et al., 1984; Comeau et al., 2006; Comeau & Suttle, 2007; DePaola et al., 

1997).  Studies on phages of V. cholerae, V. parahaemolyticus, V. fetus, V. vulnificus 

and V. harveyi have investigated their distribution, abundance, diversity, 

characterization, classification, host range, genome sequence, receptor proteins, 

prophage induction and involvement in bacterial virulence (Bryner et al., 1973; Comeau 

et al., 2006; DePaola et al., 1997; DePaola et al., 1998; Hardies et al., 2003; Inoue et 

al., 1995a; Inoue et al., 1995b; Karaolis et al., 1999; Shivu et al., 2007; Talledo et al., 

2003).  Their heterogeneity was revealed during a survey of 85 vibriophages 

(Ackermann et al., 1984).  Tailed vibriophages belonging to the families Myoviridae, 

Siphoviridae and Podoviridae predominate, and a few filamentous vibriophages of the 

family Inoviridae have also been isolated.  Tailed phages have double stranded DNA 

whereas filamentous phages have single stranded DNA.  Some vibriophages exhibit 

characteristic features such as short, feathery collar appendages (VP1) and heads with 

spherical projections (VP3), and phage 4996 tended to form pairs by aggregation of tail 
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fibres (Ackermann et al., 1984).  Some vibriophages have fragile tails, and upon 

contraction the tail sheath becomes loose and slides along the tail tube and finally off 

the tail (Ackermann et al., 1984).  Comeau et al. (2006) found that the number of V. 

parahaemolyticus phage varied with the environment examined i.e. numbers were low 

in the water column and sediment samples from the Strait of Georgia compared with the 

numbers in oysters; they also varied in morphology, host range and genome size.  

 

Most vibriophages have a narrow host range, which has application in phage typing for 

the identification of different Vibrio strains (Chatterjee & Maiti, 1984).  Interestingly, 

there is evidence that virulent strains of V. vulnificus are more prone to phage attack 

than non-virulent strains, suggesting that phage typing may also assist identification of 

virulent bacterial strains (DePaola et al., 1998).  

 

Phages of V. harveyi and phage mediated virulence in V. harveyi are discussed in 

chapters 4 and 6, respectively. 

 

 

1.3.  Phage Therapy  

Phage therapy is the use of live phages or their products (e.g. phage-encoded enzymes) 

to kill or control bacteria that cause illness or infection in humans or other animals 

(Matsuzaki et al., 2005).  This discussion will focus on phage therapy using live phages.  

Lytic phages (1.2.2.1) are used in phage therapy as they either lyse all the host bacterial 

cells or reduce their population to a level that the host immune system can control 

(Skurnik & Strauch, 2006).  Phage adsorption rate, burst size (1.2.2.1), latent period 

(1.2.2.1), initial phage dose, clearance rate of the phage particles from the body, and the 
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time of phage introduction are important parameters to be considered in effective phage 

therapy. 

 

Phage therapy is increasingly being investigated and used to control harmful bacteria in 

diverse fields including aquaculture, agriculture, human health and the food processing 

industry.  

  

 

1.3.1.  Brief history of phage therapy 

Immediately after the discovery of phages in 1917 their potential importance as 

antibacterial agents was identified by d’Herelle.  He investigated the variation of phage 

numbers in patients to assess their involvement in the pathogenicity of dysentery.  He 

observed few or no phages at the beginning of the illness, a rapid increase in phage 

numbers as the disease progressed, and a very high number of phages during recovery.  

He concluded that phages specific for the pathogenic bacterium caused the recovery of 

patients from dysentery, and called phage “an exogenous agent of immunity” 

(Summers, 2001). 

 

d’Herelle successfully applied phages to treat avian typhoid in chickens, dysentery in 

rabbits and haemorrhagic septicaemia (barbone) in water buffaloes, caused by 

Salmonella gallinarum, Shigella dysenteriae and Pasteurella multocida, respectively.  

These results led d’Herelle to apply phage therapy to humans, where by phage 

suspensions were successfully used to treat bacillary dysentery, bubonic plague, cholera 

and wound infections (Summers, 2001).  As a result, commercial production of phages 

as therapeutic agents commenced in many countries.  During d’Herelle’s time a variety 
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of phage products for several diseases were produced in France, the USA, Georgia, 

Poland, the former Soviet Union and India (Sulakvelidze et al., 2001). 

 

There followed a period during which research on phage therapy was largely 

abandoned.  The reasons for this included the discovery and wide use of antibiotics to 

treat bacterial diseases, the occurrence of World War II, limited knowledge of phages, 

difficulties in making phage preparations, and problems in purification and 

standardisation.  However, phage work continued in the former Soviet Union and 

Eastern Europe (Sulakvelidze et al., 2001; Summers, 2001).   

 

The increasing incidence of antibiotic resistant bacteria in the 1980s has rekindled 

interest in phage therapy in the West (Merril et al., 1996).  Many publications on the use 

of phage therapy in animal husbandry have emerged from the United Kingdom.  Smith 

and Huggins (1982) compared the effectiveness of phage (anti-K1) and antibiotics in 

treating infections caused by the MW strain of E. coli (serotype O18:K1:H7:ColV+).  

Multiple intramuscular doses of antibiotics (streptomycin, tetracycline, ampicillin, 

chloramphenicol or trimethoprim-sulfafurazole) were compared with a single 

intramuscular dose of anti-K1 phage in experimentally infected mice.  Higher survival 

was recorded in phage-treated mice than those treated with antibiotics.  Interestingly, a 

small number of phage-resistant MW E. coli were isolated from the phage-treated mice 

and when tested, K1 antigen was absent from the phage-resistant bacteria, and their 

virulence to mice or chicken was lost (Smith & Huggins, 1982).  Smith et al. (1983) 

later tested the potential of phage therapy in other farm animals including calves, pigs 

and lambs.  Normally fatal diarrhoea caused by 2 strains of E. coli could be controlled 

by introducing phages before or after the onset of diarrhoea.  In this study, less virulent 

phage-resistant E. coli were also isolated.  In a third study (Smith et al., 1987b) calves 
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suffering from severe E. coli diarrhoea were cured by a single oral phage treatment, and 

calves feeding with the phage-treated animals were protected from disease.  Spraying of 

phages onto the feed acted as a prophylactic for the disease.  In contrast to earlier 

findings, a phage resistant K+ E. coli strain with the same virulence as the parental stain 

was isolated from calves.  The production of antibodies against phage in phage-treated 

calves, and inactivation of phage under some physiological conditions (low pH and high 

temperature) were identified as two drawbacks of phage therapy (Smith et al., 1987a; 

Smith et al., 1987b). 

 

Most clinical trials of phage therapy in humans have occurred in eastern Europe and the 

former Soviet Union.  In Poland, 550 patients suffering from septicaemia caused by 

staphylococci, Pseudomonas, Escherichia, Klebsiella or Salmonella, most of whom had 

not respond to antibiotics, were treated using phages with a rate of success that ranged 

from 75 to 100%.  Phage therapy was also successful in treating cerebrospinal 

meningitis in a newborn, skin infections caused by Pseudomonas, Staphylococcus, 

Klebsiella, Proteus or E. coli, and recurrent abcesses and various chronic bacterial 

diseases (Sulakvelidze et al., 2001).  In the Soviet Union during 1963–1964, Shigella 

phages given orally to control dysentery in 17,044 children achieved a 2.3-fold 

reduction in diarrhoeal diseases compared to the placebo group (Sulakvelidze et al., 

2001).   

 

In the USA and Europe many trials on phage therapy have recently been carried out.  In 

a key publication, Merril et al. (1996) found that rapid clearance of phages from the 

circulatory system by the mammalian reticuloendothelial system (RES) could be 

overcome by selecting a phage mutant able to withstand RES, isolated in a serial-

passage technique that they developed.  To achieve better results from phage therapy 
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they emphasized the use of selected bacterial strains, and phages specific to them, and 

purification of phage preparations to get rid of bacterial toxins (Merril et al., 1996).  

McVay et al. (2007) successfully demonstrated the control of potentially fatal Ps. 

aeruginosa infection of burn wounds in mice using a single dose of a mixture of three 

lytic Ps. aeruginosa phages having different phage receptor sites.  They found that the 

intraperitoneal route is more effective than intramuscular and subcutaneous routes for 

phage administration to mice, as the rates of mortality of mice at 72 h following phage 

administration via those routes were 12%, 72% and 78% respectively.  No phage 

resistant bacteria were isolated from mice that died 48 h post-infection, suggesting the 

use of a phage mixture prevented the emergence of phage resistant mutants.  

Danelishvili et al. (2006) showed the potential of the lytic mycobacteriophage TM4 to 

control the intracellular pathogen Mycobacterium avium in mice using avirulent M. 

smegmatis to transfer phages into M. avium-infected macrophages.   

 

 

1.3.2.  Phage therapy in aquaculture 

Infectious bacterial diseases are common to aquaculture, and intensive fish farming has 

exacerbated this problem.  An inability to maintain the microbial balance within the 

culture system has increased the threat from opportunistic bacterial flora.  Antibiotics, 

vaccination and probiotic bacteria have been used to control and prevent diseases in 

aquaculture, but each has limitations.  These include development of multiple drug 

resistant strains due to antibiotic usage, absence of commercially available vaccines for 

many fish and shellfish diseases, and difficulty in establishing the mode of action of 

probiotics (Nakai & Park, 2002).  
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Phages for some fish pathogens including A. salmonicida (Verner-Jeffreys et al., 2007), 

A. hydrophila (Chow & Rouf, 1983), E. tarda (Nakai & Park, 2002), F. psychrophilum 

(Stenholm et al., 2008), Ps. plecoglossicida (Park et al., 2000), V. harveyi (Oakey & 

Owens, 2000; Pasharawipas et al., 2005; Shivu et al., 2007; Vinod et al., 2006), V. 

vulnificus (Cerveny et al., 2002) and Y. ruckeri (Nakai & Park, 2002) have already been 

isolated, and several studies have sought to establish the potential of phages to treat or 

prevent bacterial infections in aquaculture.  Lactococcus garvieae infection in yellowtail 

(Seliora quinqueradiata) (Nakai et al., 1999), Ps. plecoglossicida infection in ayu 

(Plecoglossus altivelis) (Park & Nakai, 2003), E. tarda infection in loaches (Misgurnus 

anguillcaudatus) (Wu & Chao, 1982) and V. harveyi infection in tiger prawns (Penaeus 

monodon) (Karunasagar et al., 2007; Vinod et al., 2006) have been successfully treated 

using phages.  

 

Since 1974 Lactococcus garvieae infection has caused huge economic losses in 

yellowtail aquaculture in Japan.  L. garvieae is an opportunistic pathogen commonly 

found in fish and in culture water.  Poor water quality, overcrowding, overfeeding and 

lack of nutrients increase disease occurrence.  Phages of L. garvieae were isolated from 

diseased fish and seawater in culture cages, and studies were undertaken to assess the 

nature and capabilities of selected phages (Nakai et al., 1999).  These included host 

range, and assessment of in vivo replication and stability under various physicochemical 

conditions.  Three modes of phage administration (intraperitoneal [i.p.] injection, phage-

impregnated feed and phage-infected bacterial cells) were investigated in 

experimentally infected yellowtails.  Improved survival occurred using both i.p. 

injection and phage-impregnated feed, and the former was effective even when 

administrated 24 h after bacterial challenge.  Highest survival occurred when the 

bacterium and phage were introduced simultaneously.  When phage-impregnated food 



Chapter 1 - General Introduction 

 37 

was given to experimentally-infected yellowtail, phage was detected in the intestine and 

spleen at a maximum concentration of 106 pfu/g within 3 to 48 h, and L. garvieae 

disappeared from the spleen within 48 h.  Use of phage-infected bacterial cells as 

vectors to introduce phages was not effective.  Another interesting finding was the 

occurrence of phage-resistant mutants in L. garvieae cultures in vitro, but all L. garvieae 

isolates from dead fish were susceptible to phage attack.  Neutralizing antibodies were 

not detected in yellowtail repeatedly fed with phage-impregnated feed (Nakai et al., 

1999).  

 

Phage therapy experiments designed to control Ps. plecoglossicida infection in ayu have 

provided another successful demonstration of the use of phages to control aquaculture 

bacterial infections.  Ps. plecoglossicida has recently emerged as a devastating pathogen 

of ayu, and no effective chemicals to control or treat this infection are available (Park et 

al., 2000).  Park et al. (2000) and Park and Nakai (2003) investigated host/phage 

interactions using two Ps. plecoglossicida phages (one a Myoviridae phage, the other a 

Podoviridae phage).  Ps. plecoglossicida strains isolated from infected ayu and rearing 

pond water belonged to a single serotype despite temporal and geographical differences 

in isolation.  There were no significant differences in sensitivity to the phages among 

the host bacterial strains.  Important findings of these studies were that (i) the highly 

virulent strains of Ps. plecoglossicida were sensitive to phages, and the phage-resistant 

strains were less virulent to ayu, and (ii) a mixture of phages was more effective than 

individual phages.  In one trial fish were fed with Ps. plecoglossicida-impregnated food 

immediately followed by food impregnated with a phage mixture.  Mortality was 

observed after 2 weeks, but cumulative mortality in controls (fed only Ps. 

Plecoglossicida-impregnated food) was 65%, while in phage-treated fish it was 22.5%.  

A significant (p < 0.001) reduction in mortality was recorded even when the phage 
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treatment was delayed by 1 h or 24 h after bacterial challenge.  Ps. plecoglossicida was 

not found in surviving fish which had received phage treatment, but was isolated from 

dead fish (control and phage-treated) and some survivors in the control group.  Ps. 

plecoglossicida isolated from dead fish in the phage treatment were susceptible to both 

of the phages.  Analysis of the growth dynamics of Ps. plecoglossicida and phage inside 

ayu showed that bacteria in the internal organs (kidney) were killed by the phage, which 

was believed to account for the survival of ayu (Park et al., 2000).  The potential of 

phage therapy in a real aquaculture system was also investigated (Park & Nakai, 2003).  

When phage-impregnated feed was added to a pond (200 m3) containing 120,000 ayu, 

amongst which were diseased individuals, the daily mortality was reduced by 5% and 

after 2 weeks was reduced to one-third of the mortality prior to phage treatment. 

 

In 1982 Wu and Chao examined the effect of phage ΦET-1 on E. tarda, the causative 

agent of Edwardsiellosis in loaches (Misgurnus anguillcaudatus).  A preliminary in 

vitro experiment revealed that phage ΦET-1 was capable of lysing a wide range of E. 

tarda strains and was therefore a good candidate for biocontrol.  In another experiment 

phages and E. tarda were added to culture water, and after varying time intervals (2 

min, 1–2 h and 8 h) loaches were immersed in the water for 1 h, and survival recorded.  

All loaches added at 2 min died after 48 h, 5% of those added after 1–2 h were alive 

after 4 days, and there was 90% survival among loaches added to the phage–bacteria 

mixture after 8 h.  It was concluded that prolonging the incubation period of phage and 

pathogenic bacteria prior to introducing loaches enhanced loach survival, and it was 

assumed this was due to release of large numbers of phages following replication and 

lysis of E. tarda with time (Wu & Chao, 1982). 
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The potential of V. harveyi phages to control pathogenic V. harveyi strains in P. 

monodon hatcheries, and to reduce the level of V. harveyi in biofilms on high density 

polyethylene has very recently been demonstrated in India (Karunasagar et al., 2007; 

Vinod et al., 2006).  In laboratory trials V. harveyi phages (109 pfu/ml) with broad lytic 

activity against host isolates were added in two doses (day 0 and 24 h) to P. monodon 

larvae inoculated with a pathogenic V. harveyi strain (105 cfu/ml).  Luminous bacterial 

counts reduced from 106 to 103 cfu/ml after 48 h and P. monodon survival was 80%.  

When only one dose was added the luminous bacterial counts reduced to 104 cfu/ml and 

P. monodon survival was 70%.  In the control (without added phage) the luminous 

bacterial counts increased from 106 to 107 cfu/ml and P. monodon survival was 25% 

(Vinod et al., 2006).  These laboratory trials showed the potential of phage to control V. 

harveyi and indicated that control was more effective when 2 phage doses were used.  In 

hatchery trials (35,000 P. monodon postlarvae in 500 L tanks) V. harveyi phage (105 

pfu/ml) and antibiotic (oxytetracycline 5 ppm, kanamycin 10 ppm daily) treatments 

were compared for control of luminous bacteria (Vinod et al., 2006).  In phage-treated 

tanks luminous bacteria were not detected during the 16 day trial period, while in 

antibiotic-treated tanks luminous bacteria were detected from day 3, and by day 16 the 

count reached 105 cfu/ml.  In the control tanks (no added phage or antibiotic) the 

luminous bacterial count was 106 cfu/ml by day 16.  Larval survival in the phage-

treated, antibiotic-treated and control tanks was 86%, 40% and 17% respectively.  These 

data suggested the potential for phage control of pathogenic bacteria in hatchery 

environments and showed that phage treatment was more effective than antibiotics.   

 

Karunasagar et al. (2007) also assessed the potential of V. harveyi phages (Viha8 and 

Viha10) to control luminous bacteria in a P. monodon hatchery (0.5 million postlarvae 

in 10 ton tanks).  The phages (2 × 106 pfu/ml) were added to the tanks on alternate days, 
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and P. monodon survival in the phage treatment was compared with survival in two 

antibiotic treatments (oxytetracycline, 5 mg/L; kanamycin, 10 mg/L).  Larval survival in 

phage-treated tanks was 86–88% while in antibiotic-treated tanks it was 65–68%, 

indicating that phages are able to control mortality due to luminous bacteria in P. 

monodon hatcheries, and are more effective than the antibiotics typically used in 

hatcheries.  In addition, phage Viha10 was also effective in reducing V. harveyi counts 

in biofilms on high density polythene, a material commonly use in aquaculture. 

 

Control of Vibrio infections using phages has also been demonstrated in a mammal 

model (mouse) (Cerveny et al., 2002).  Mice simultaneously injected with ten times the 

lethal dose of V. vulnificus and V. vulnificus phages were significantly protected from 

disease (p < 0.015) compared to control mice that received phosphate-buffered saline 

containing 0.01% (w/v) gelatin instead of phage.  These results suggest the potential of 

phage therapy to overcome severe illness caused by the consumption of raw oysters 

contaminated with V. vulnificus. 

 

In view of the above experiments it is apparent that phage therapy has enormous 

potential in controlling bacterial infections in aquaculture.  The environmental setting of 

aquaculture favours phage therapy as the host organisms (fish, molluscs or crustaceans), 

therapeutic phage and the disease-causing bacteria are all present in an aqueous medium 

with close and continuous physical contact, enhancing the treatment regime (Summers, 

2001).   
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1.3.3.  Advantages and limitations of phage therapy 

Advantages 

Most phages are species-specific and infect only the host bacterial species, leaving other 

bacteria, including the normal flora, unaffected.  In contrast, antibiotics are largely non-

specific and kill both pathogen and normal flora indiscriminately, potentially disturbing 

to the natural balance and leading to secondary infections (Sulakvelidze et al., 2001).   

 

Phages do not affect humans or other eukaryotic organisms due to the differences in 

intracellular mechanisms and cell-surface proteins.  Phage therapy is considered safer 

than antibiotics, since no serious complications in humans have been reported after 

phage treatments.  Mild side effects, due to the release of endotoxins by bacteria lysed 

by phage inside the body, have occasionally been documented.  In contrast, intestinal 

disorders, allergies and secondary infection are common after antibiotic treatments 

(Matsuzaki et al., 2005; Sulakvelidze et al., 2001). 

 

As phages replicate and increase in number where host bacteria are present, such as at 

the sites of infection, small and less frequent phage doses may effectively kill targeted 

pathogens.  In contrast, antibiotics may be metabolised and eliminated from a patient’s 

body.  To compensate for these losses, high concentrations and repeated doses of 

antibiotic must be used to achieve appropriate concentrations at sites of infection 

(Skurnik et al., 2007; Sulakvelidze et al., 2001). 

 

Resistance to phage develops more slowly among bacteria than resistance to antibiotics. 

This is because several antibiotic doses must be given before the patient recovers, 

giving sufficient time for mutant bacteria to emerge.  In contrast, a single dose of phage 

is usually sufficient to treat or control an infection (Alisky et al., 1998; Smith & 
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Huggins, 1982).  Even if a bacterium acquires resistance to a particular phage, it is 

usually possible within a few days or weeks to select and purify a new phage having 

lytic activity against that bacterium.  This is a consequence of the high abundance and 

diversity of phages in nature.  This contrasts with the time required to develop a new 

antibiotic, which usually takes years for discovery and final approval for use.  As noted 

above, it is also apparent that phage-resistant bacteria are frequently impaired in 

virulence.  It has been speculated that receptors used by some phages to attach to 

bacteria might be in the capsule region of the cell, an area commonly important in 

virulence of bacteria.  Therefore, although the bacteria may be resistant to phage, 

virulence in the bacterium has been shown to decrease (Levin & Bull, 2004; Smith & 

Huggins, 1982). 

  

Phages replicate only when a susceptible host bacterium is present, and phage is 

eliminated after the host bacteria are removed.  In contrast, antibiotic residues have been 

shown to accumulate in the tissues (Summers, 2001). 

 

 

Limitations 

Because of the specificity of phages and their typically narrow host ranges, phage 

therapy requires that the disease causing bacterium be identified, and confirmation of 

phage susceptibility be determined before phage is administered against a specific 

pathogen.  Antibiotics have the advantage that they can be administered even when the 

disease causing agent has not been identified.  This limitation of phage therapy can be 

overcome by using polyvalent phage cocktails (mixture of phages) capable of lysing the 

majority of likely aetiological agents (Sulakvelidze et al., 2001). 
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Development of bacterial resistance to phages has been known since the very early 

work on phages (Summers, 2001).  Phage resistance may emerge by a number of 

mechanisms, such as possession of phage-resistance plasmids (e.g. E. coli with mutant 

RP4 plasmid were resistant to pili-specific phages PRD1 and GU5), or the presence of 

inner membrane proteins that destabilize phage DNA bound to the cell membrane.  V. 

cholerae El Tor biotype has developed resistance to choleraphage Ф149 though this 

mechanism (Biswas et al., 1992).  These can be prevented by use of engineered phages 

or phage enzymes, or delayed by using a cocktail of phages with different bacterial 

receptors (Lederberg, 1996; Skurnik & Strauch, 2006).  Therefore, it is important to 

isolate new phages and check phage sensitivity to overcome this limitation of resistance 

development (Alisky et al., 1998).  Despite this apparent limitation, phages are capable 

of evolving to overcome any bacterial mutation that has led to resistance (Morrison & 

Rainnie, 2004).   

 

Reticuloendothelial systems of mammals rapidly clear phages from patients, reducing 

the number of phages available at the sites of infection (Merril et al., 1996).  One 

suggested but cumbersome remedy is to select phages that withstand serial passage in 

the mammalian body (Merril et al., 1996): an alternative is repeated administration of 

the same phage to the patient (Barrow & Soothill, 1997). 

 

Development of phage-neutralizing antibodies after prolonged parenteral administration 

of phages is another potential limitation.  However, phage-neutralizing antibodies are 

unlikely to be produced during initial treatment of an acute infection, as phage action is 

much faster than the host’s antibody production.  Suggested ways to overcome this 

include repeated administration of phages where the longevity of antibodies circulating 

in the body is shorter than the time between consecutive phage administrations, or the 
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use of a range of phages having the same spectrum of activity but with different 

antigenic profiles.  Weber-Dabrowska and colleagues (2001) showed that phage-

neutralizing antibodies did not interfere with the efficacy of phage treatment of 

antibiotic-resistant septicaemia in human.  It is also not clear whether phage neutralizing 

antibodies are produced when phage is administered orally and/or locally (Sulakvelidze 

et al., 2001). 

 

Phages are unable to attack pathogens that multiply intracellularly inside higher 

organisms (Sulakvelidze et al., 2001).  Consequently, phages are unlikely to be suitable 

for therapeutic treatment of bacterial infections involving this type of pathogen (e.g. 

Mycobacterium species), but may be useful in prophylactic treatments. 

 

Some phages encode bacterial virulence factors such as toxins and can transfer the 

genes involved to non-pathogenic strains (Austin et al., 2003; Oakey et al., 2002; 

Waldor & Mekalanos, 1996).  When a temperate phage infects a bacterium it can 

contribute to bacterial virulence properties including adhesion, colonization, invasion, 

resistance to immune defenses, exotoxin production, sensitivity to antibiotics and 

transmissibility (Wagner & Waldor, 2002).  Studies carried out by Austin et al., (2003) 

and Munro et al., (2003) revealed that V. harveyi isolates infected with VHML phage 

(Oakey & Owens, 2000) had enhanced haemolytic activity, up-regulated protein 

excretion, produced toxic proteins and resulted in increase mortality in Atlantic salmon 

Artemia or P. monodon larvae.  To address this issue, it has been suggested that 

sequencing of phage genomes be carried out to avoid transmission of virulence genes, 

and that it may be safer to use lytic rather than temperate phages (Skurnik & Strauch, 

2006). 
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When a phage replicates in a particular bacterial strain its DNA may be modified at the 

site specified by the bacterial specific restriction modification system.  If such a phage 

is used to treat a patient infected with the same bacterial species but having a different 

restriction modification system, then the phage DNA is degraded on entry into the 

pathogen (Summers, 2001), and phage therapy will fail.  This problem can be overcome 

by preparation of phage stock using the target pathogenic bacterium isolated from the 

patient or diseased animal (Summers, 2001).   

 

The complex nature of some phage-host systems is another limitation.  Phages will not 

all behave identically in particular in vivo conditions, and their in vitro behaviour may 

differ from that in vivo (Skurnik & Strauch, 2006).  The physical and chemical 

conditions, and other bacteria present in vivo may interfere with phage/bacterial activity 

in an animal model (Skurnik & Strauch, 2006; Weld et al., 2004).   
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1.4.  Aims of the project 
 
The first aim of the project was to enhance understanding of the diversity and 

relationships of marine phages of V. harveyi, with an emphasis on Australian isolates of 

both phages and bacterial hosts. 

 

The second aim was to characterize a collection of V. harveyi phages by phenotypic and 

molecular tests, and electron microscopy. 

 

The third aim was to develop an in vivo model for the testing of phages as biocontrol 

agents for the control of V. harveyi populations, and to assess the potential of the 

collected phages in this biocontrol model.  An Artemia (brine shrimp) model was 

chosen because of its reliability, reproducibility, availability throughout the year and 

importance in aquaculture. 

 

The fourth aim was to test for phage resistance development in the biocontrol model. 

 

The final aim was to study the virulence factors of V. harveyi strains and phage 

mediated virulence in V. harveyi strains. 
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CHAPTER 2 
 

Materials and Methods 
 
 

2.1. Materials 
 
 
2.1.1. Bacterial strains 
 
The V. harveyi isolates used in this study (Table 3.1) were obtained from the Animal 

Health Laboratories, Department of Food and Agriculture, Western Australia (WA), 

Australia (22 isolates): the Oonoonba Veterinary Laboratory, Townsville, Queensland 

(QLD) (15 isolates); the Australian Institute for Marine Sciences, QLD (2 isolates); and 

the Discipline of Microbiology and Immunology, UWA, WA (6 isolates).  The isolates 

were derived from a variety of sources including diseased aquatic organisms, healthy 

aquatic organisms, aquaculture rearing systems and seawater.  All the isolates had been 

identified as V. harveyi based on biochemical tests.  In the present study they were 

routinely grown on LM agar (section 2.1.6.2) at 28°C.  All other non-V. harveyi isolates 

used in this study were obtained from the Animal Health Laboratories, Department of 

Food and Agriculture, WA; and the freeze-dried culture collection of the Discipline of 

Microbiology and Immunology, UWA, WA (Table 2.1).   

 

 

2.1.2. Phage isolates 
 
V. harveyi phages used in this study were isolated from surface seawater samples at 

Fremantle (WA) during February–March 2003 (section 4.2.1, Table 4.1).  Processes for 

phage isolation, partial purification and storage are described in section 4.2.1. 
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              Table 2.1.  Non-V. harveyi bacterial isolates used in this study. 
 

Organism Code Source* 

Aeromonas hydrophila Ah1503 DFA 

A. hydrophila Ah3363 UWA 

A. hydrophila Ah3367 UWA 

A. hydrophila Ah3371 UWA 

A. hydrophila Ah4595 DFA 

A. sobria As3376 UWA 

Escherichia coli Ec101 UWA 

E. coli EcB2100 UWA 

Listonella anguillarum La1977 DFA 

Photobacterium damselae subsp damselae Pd1911 DFA 

P. damselae subsp damselae Pd3123 DFA 

P. damselae subsp damselae Pd3916 DFA 

Photobacterium sp P2572 UWA 

Vibrio alginolyticus Va5 UWA 

V. alginolyticus Va55 UWA 

V. alginolyticus Va85 UWA 

V. alginolyticus Va1181 DFA 

V. alginolyticus Va1910 DFA 

V. alginolyticus Va2945 DFA 

V. cholerae non 01 Vc1638 UWA 

V. damsela Vd1623 UWA 

V. furnissii Vf1621 UWA 

V. mimicus Vm223-5 DFA 

V. parahaemolyticus Vp2428 UWA 

V. parahaemolyticus Vp2974 UWA 

V. parahaemolyticus Vp3024 UWA 

V. parahaemolyticus Vp3517 UWA 

V. parahaemolyticus Vp3696 UWA 

V. splendidus Vs3465 DFA 

V. splendidus Vs1 UWA 

 
*UWA : Discipline of Microbiology and Immunology, The University of Western 
Australia, WA and 1DFA: The Department of Food and Agriculture, WA. 
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2.1.3. Artemia nauplii 
 
Artemia cysts were hatched as described in section 3.2.5.1 and freshly hatched Artemia 

nauplii were used to assess the pathogenicity of V. harveyi isolates (section 3.2.5.3) and 

as the test organism in biocontrol assays (section 5.2.2–5.2.5).  

 

 

2.1.4. Chemicals and reagents 
 
All the chemicals, reagents and culture media used in this study, and their suppliers, are 

listed in Table 2.2.  Other non-chemical items are listed in Table 2.3. 
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Table 2.2.  Chemicals, reagents, culture media and suppliers. 
 
Chemicals or reagents Supplier 

Agarose  Sigma-Aldrich, USA 

Alcian Blue 
British Drug House (BDH) Ltd, 

England (Eng)   

Ammonium chloride (NH4Cl) BDH AnalaR, Australia (AU) 

Ammonium ferric citrate  Ajax Chemicals, AU 

Bacto-agar Difco Laboratories (Difco), USA 

Blue/orange 6 × loading dye Promega, USA 

Bovine Serum Albumin (BSA) acetylated  Promega, USA 

Boric acid BDH AnalaR, AU 

Bromophenol blue BDH, Eng 

Blood Agar plates (sheep and horse; 5%) PathWest, WA 

Calcium chloride dehydrate (CaCl2.2H2O) BDH AnalaR, AU  

DNA ladders 

     1 kb      

     Low molecular weight DNA ladder        

     MidRange PFG marker I 

 

Promega, USA 

New England Biolab, USA 

New England Biolab, USA 

dNTP Fisher Biotec, AU 

Ethylenediamine tetra-acetic acid (EDTA) Analytical UNIVAR 

Ethidium bromide Sigma-Aldrich, USA 

Glycerol BDH AnalaR, AU 

Hydrochloric acid (HCl) BDH AnalaR, AU 

Magnesium chloride Fishers Biotec, AU 

Magnesium chloride hexahydrate (MgCl2.6H2O) BDH AnalaR, AU 

Magnesium sulphate heptahydrate (MgSO4.7H2O) BDH AnalaR, AU 

Nuclease-free water Promega, USA 

'Ocean Nature' sea salt Aquasonic, NSW, AU 

PCR primers GeneWorks, AU 

Polymerase buffer Fishers Biotec, AU 

Potassium chloride (KCl) BDH AnalaR, AU 

Pulsed Field Certified Agarose  

(Ultra Pure Grade Agarose) 
Bio-Rad, USA                            
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Table 2.2.  Continued 
 
Chemicals or reagents Supplier 

Di-potassium hydrogen orthophosphate  
(K2HPO4) 

BDH AnalaR, AU 

QIAquick Gel extraction kit  QIAGEN, AU 

Restriction endonucleases and their buffers 

HindIII, MluI and SpeI 
Promega, USA 

Skim milk (Devondale long life) Murray Goulburn Co-operative, AU 

Sodium chloride (NaCl) BDH AnalaR, AU 

Sodium hydroxide (NaOH) BDH AnalaR, AU 

Sodium silicotungstate TAAB Lab Equipment Ltd, Eng 

Tryptone Soya Agar (TSA) Oxoid™, AU 

Taq polymerase Fishers Biotec, AU 

Tris base Invitrogen, AU 

Tryptone Difco, USA 

Tween 80 Sigma, USA 

Wizard® Lambda Prep DNA Purification System Promega, USA 

Yeast extract Difco,USA 
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Table 2.3.  Non-chemical items used in the study. 
 

Items Supplier 

Artemia cysts Aquaculture Products, Fremantle, WA 

Bottle top filters (0.2 µm) NALGENE®, Nalge Nunc International, NY, 

USA 

Cryotube  

     (size 1.8 ml, round bottom) 

Nunc®, Nalge Nunc International, NY, USA 

Formvar carbon-coated  

     200-mesh copper TEM grids 

ProSciTech, QLD, AU 

96-well plates clear polystyrene 

     microplates with a flat bottom and  

     a low evaporation lid 

BD Falcon™, BD Biosciences, CA, USA 

Syringe filters (0.2 µm and 0.45 µm) Pall Corporation, NY, USA 

Sterile plastic transfer pipette SAMCO® , Samco Scientific Corporation, 

USA 

Wooden swab applicator BDF Australia Ltd 
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2.1.5. Buffers and solutions for culture media preparation 
 
Buffers and solutions for culture media preparation were stored at 4°C and not 

autoclaved.  

 
2.1.5.1.  Artificial seawater (ASW)  

NaCl 17.5 g 

KCl 0.75 g 

MgSO4.7H2O* 6.16 g 

MgCl2.6H2O* 5.08 g 

CaCl2.2H2O* 1.47 g 

Double distilled water 1.00 l 

 
ASW was usually prepared as a 3 × concentrate which was diluted in double distilled 

water as required.  * These chemicals were dissolved separately in double distilled 

water and added to the mixture as solutions. 

 

2.1.5.2.  1M Tris Buffer 

Tris base 60.55 g 

Concentrated HCl 33.25 g 

Double distilled water  500 ml 

 
The pH of 1 M Tris buffer was adjusted to 7.5 using HCl and NaOH.   
 
 
2.1.5.3.  Ammonium ferric citrate stock  
 
Ammonium ferric citrate     0.5 g 

Double distilled water 100 ml 

 

2.1.5.4.  K2HPO4 stock 

K2HPO4   1.4 g 

Double distilled water 100 ml 
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2.1.5.5.  NH4Cl stock 

NH4Cl   20 g 

Double distilled water 100 ml 

 
 
2.1.5.6.  Marine basal medium (BM) 

ASW   1 l 

1M Tris buffer 20 ml 

Ammonium ferric citrate stock   5 ml 

K2HPO4 stock   5 ml 

NH4Cl stock   5 ml 

 
 
 
 
2.1.6.  Culture media 
 
Culture media for growing V. harveyi isolates and to propagate V. harveyi phages were 

sterilized by autoclaving at 121°C for 15 min, and stored at 4°C until use. 

 
2.1.6.1. Luminous broth (LM broth) 
 
BM   1 l 

Glycerol   3 ml 

Yeast extract   5 g 

Tryptone   5 g 

 
The pH of LM broth was adjusted to 7.5 using HCl and NaOH. 
 

2.1.6.2.  2% Luminous agar (2% LM agar) 

LM broth    1 l 

Bacto-agar 20 g 
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2.1.6.3.  Phage luminous agar (Phage LM agar) 

LM broth         1 l 

Bacto-agar 12.57 g 

 

2.1.6.4.  Phage luminous overlay agar 

LM broth      1 l 

Bacto-agar 6.24 g 

 
 
2.1.6.5.  Phage buffer 
 
Phage buffer was used as a diluent to dilute high titre phage stocks and to extract phages 

from agar media.  

 
NaCl 8.77 g 

Tris base 1.20 g 

MgSO4.7H2O 2.46 g 

Double distilled water      1 l 

 
The pH of phage buffer was adjusted to 7.5 using HCl and NaOH.  The buffer was 

sterilized by autoclaving at 121°C for 15 minutes, and stored at 4°C.    

 

 

2.1.7. Storage medium 
 
15% glycerol/LM broth was used for long-term storage of both bacteria and phages at   

–84°C.  It was sterilized by autoclaving at 121°C for 15 minutes, and stored at 4°C.  

 
2.1.7.1.  15% Glycerol/LM broth 

LM broth 100 ml 

Glycerol   15 ml 
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2.1.8.  Culture media to assess enzyme activities of V. harveyi  
 
To test the V. harveyi isolates for the production of protease and lipase, plates of 

Tryptone Soya Agar (TSA) supplemented with 5% (v/v) skim milk and TSA 

supplemented with 1% Tween 80 were used, respectively.  

 

2.1.8.1.  TSA supplemented with 5% (v/v) skim milk 
 
TSA    20 g 

Double distilled water 475 ml 

 
The medium was sterilized by autoclaving at 121°C for 15 min.  It was allowed to cool 

to 50°C and 25 ml of sterile skim milk at room temperature (~22°C) was added.  The 

mixture was mixed and poured into Petri plates. 

 

2.1.8.2.  TSA supplemented with 1% (v/v) Tween 80 
 
TSA     20 g 

Double distilled water 495 ml 

 
The medium was sterilized by autoclaving at 121°C for 15 min.  It was allowed to cool 

to 50°C and 5 ml of autoclaved Tween 80 was added and mixed.  The mixture was 

poured into Petri plates. 
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2.1.9.  Solutions for staining phages for electron microscopy 
 
2.1.9.1.  1% Alcian blue 

Alcian Blue   0.05 g 

Double distilled water     5 ml 

 
The stain was sterilized by filtering through a 0.45 µm syringe filter. 
 

2.1.9.2.  2% Sodium silicotungstate 

Sodium silicotungstate    1 g 

Double distilled water 50 ml 

 
The pH was adjusted to 6.8 with 1M NaOH. 
 
 
 
 
2.1.10.  Buffers and solutions for gel electrophoresis 
 
2.1.10.1.  1 × TBE buffer     

Tris base  54.62 g 

Boric acid  27.82 g 

EDTA (pH 8.0)      3.72 g 

Double distilled water    5.00 l 

 
 
2.1.10.2.  Ethidium bromide (10 mg/ml) stock   

Ethidium bromide     1 g 

Deionized water 100 ml 

 
 
2.1.10.3.  Agarose gel (1% and 1.5%) containing ethidium bromide (0.5 µg/ml)   

Agarose 0.5 g (1%), 0.75 g (1.5%) 

1 × TBE buffer 50 ml 

Ethidium bromide (10 mg/ml) 1.5 µl   
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2.1.11. Buffers and solutions for pulsed field gel electrophoresis 
(PFGE) 

 
2.1.11.1.  0.5 × TBE buffer  

Tris base 27.31 g 

Boric acid 13.91 g 

EDTA (pH 8.0)    1.86 g 

Double distilled water  5.00 l 

 
The pH of the buffer was adjusted to 8.3 using NaOH 
 
 
 
2.1.11.2.  1% Agarose  

Pulsed Field Certified Agarose       1 g 

0.5 × TBE buffer 100 ml 

 
The gels were cast according to the manufacturer’s instruction manual and applications 

guide for the CHEF-DR® III Pulsed Field Electrophoresis System (catalog numbers 

170-3690 through 170-3703, Bio-Rad). 

 
 
 
 
2.1.12.  'Ocean Nature' seawater  

'Ocean Nature' sea salt    33 g 

Double distilled water  1 l 

 

The pH of the 'Ocean Nature' seawater was adjusted to 8.25 using NaOH or HCl, and 

was sterilised by filtering through 0.2 µm bottle top filters under vacuum. 
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2.2.  General methods 
 
2.2.1.  Bacteria 
 
Growth, maintenance of working cultures, and storage of V. harveyi cultures are 

described in Chapter 3, section 3.2.1.  Other non-V. harveyi bacterial isolates (Table 

2.1) used in phage host range studies (section 4.2.2) were grown on LM agar (section 

2.1.6.2) at 28°C overnight (~16 h) or in LM broth (section 2.1.6.1) at 28°C overnight 

(~16 h) without shaking.  For long-term storage bacteria were stored in 15% 

glycerol/LM broth (section 2.1.7.1) at –84°C at the same concentration as for the V. 

harveyi isolates. 

 
 
 
 
2.2.2.  Phage assays 
 
 
2.2.2.1.  Whole plate assay  
 
The whole plate assay was used to isolate and enumerate phages in seawater samples, to 

produce high titre phage preparations, and to determine the titre of a phage preparation.  

Sample (0.5 ml) containing phages (or a phage dilution in sterile phage buffer, section 

2.1.6.5; or phages in sterile 'Ocean Nature' seawater, section 2.1.12) and 0.5 ml of 

overnight V. harveyi broth culture (LM) were added to a Bijoux bottle, vortexed and 

allowed to stand for 10 min to facilitate phage adsorption to V. harveyi cells.  To this 

mixture a 2.5 ml aliquot of pre-melted (48°C) phage luminous overlay agar was added, 

and the solution was mixed gently and overlaid evenly onto a dry phage LM plate.  The 

overlay was allowed to set and the plate was incubated overnight at 28°C.  The 

following day plates were observed for the presence of plaques in the bacterial lawn that 

developed.  
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2.2.2.2.  Drop on plate assay  
 
The drop on plate assay was used to assess the host range of phages and the presence of 

spontaneously released phages from putative lysogens.  The phage luminous overlay 

agar plates for use in the drop on plate assay were overlaid in the same way as for the 

whole plate assay (section 2.2.2.1), except that the 0.5 ml phage sample was replaced 

with 0.5 ml of sterile phage buffer (section 2.1.6.5).  The overlay was allowed to dry, 

and 10–20 µl of phage suspension (or diluted phage sample) was placed on the overlay.  

A 10–20 µl drop of sterile phage buffer was placed on the overlay as a negative control.  

The plates were incubated overnight at 28°C.  The following day plates were observed 

for the presence of plaques within the phage drop.   
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CHAPTER 3 
 

Pathogenicity of Vibrio harveyi to Artemia, and 
enzymatic activity of V. harveyi 

 
 

3.1.  Introduction   
 
V. harveyi is a phenotypically and genetically diverse species (Caccamo et al., 1999; 

Gomez-Gil et al., 2004; Oakey et al., 2003; Vandenberghe et al., 2003), and the 

presence of plasmids and phages in some strains of V. harveyi enhances their 

phenotypic heterogeneity (Oakey & Owens, 2000; Oakey et al., 2003; Pasharawipas et 

al., 2005; Vidgen et al., 2006).  Consequently, identification of V. harveyi using 

phenotypic characteristics requires a large number of time-consuming biochemical tests 

(Gomez-Gil et al., 2004; Oakey et al., 2003).  Other approaches used to identify V. 

harveyi include ELISA (Robertson et al., 1998b), amplified fragment length 

polymorphisms (AFLPs) (Vandenberghe et al., 1999), PCR targeting species-specific 

genes (luxN, rpoB, toxR) (Dahllof et al., 2000; Hernandez & Olmos, 2004; Pang et al., 

2006), sequencing of 16S rDNA (Oakey et al., 2003), atpA (Thompson et al., 2007) and 

dnaJ (Nhung et al., 2007).  

 

16S rDNA sequencing has been commonly used with biochemical tests for rapid and 

reliable identification of V. harveyi (Caccamo et al., 1999; Gauger & Gomez-Chiarri, 

2002; Oakey et al., 2003).  16S rDNA in eubacteria is used as a genetic marker.  It 

contains small regions of high nucleotide sequence variation (signature regions) that can 

be used for identification of bacterial genera and/or species.  The use of 16S rDNA 

sequencing to identify V. harveyi is rapid and economical compared to the use of a large 

number of biochemical tests (Oakey et al., 2003). 

 



Chapter 3–Pathogenicity of V. harveyi 

 62 

Vibrio harveyi agar (VHA) is a selective and differential medium developed for the 

isolation and enumeration of V. harveyi (Harris et al., 1996).  The high NaCl (30 g/L) 

content, high incubation temperature (28°C), high pH (9.0) and absence of magnesium 

ions in VHA favour growth of marine Vibrio species on this medium.  Differences 

among Vibrio species in utilisation of cellobiose and ornithine, and subsequent pH 

changes in the medium, have been used to differentiate V. harveyi from 15 other marine 

Vibrio species.  Decarboxylation of ornithine produces a change to basic pH in the 

medium, and colonies appear blue.  Fermentation of cellobiose produces an acid pH 

change that results in green colonies, sometimes with the presence of a yellow halo 

when illuminated from below.  V. harveyi strains that can utilize cellobiose as a carbon 

source and decarboxylate ornithine develop distinctive colony morphology on VHA; 

small (2–5 mm in diameter) light green colonies with a dark green centre and a yellow 

halo (Harris et al., 1996).   

 

Some strains of V. harveyi are highly virulent to cultured aquatic organisms (e.g. 

prawns) while others are avirulent (Alvarez et al., 1998; Harris & Owens, 1999; 

Lavilla-Pitogo et al., 1990; Prayitno & Latchford, 1995).  Pathogenicity mechanisms of 

V. harveyi are not completely understood (Zhong et al., 2006).  Extracellular products 

(ECPs) of V. harveyi have been associated with virulence (Montero & Austin, 1999), 

and virulence factors of vibrios to Artemia nauplii have been reported to include 

production of proteases, phospholipases and siderophores (Soto-Rodriguez et al., 

2003a).   

 

In this study V. harveyi isolates from Western Australia and Queensland were grown on 

VHA and their 16S rDNA genes were partially sequenced to confirm their identity.  The 
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pathogenicity of the isolates to freshly hatched Artemia nauplii was tested, and potential 

virulence factors of the pathogenic V. harveyi isolates for Artemia were assessed.  

 

 

3.2.  Experimental procedures    
 
3.2.1.  Sources of V. harveyi and storage 
 
The V. harveyi isolates (46) used in this study were obtained from the Department of 

Food and Agriculture, Western Australia (WA); the Discipline of Microbiology and 

Immunology, UWA; the Oonoonba Veterinary Laboratory, Queensland (QLD); and the 

Australian Institute of Marine Science, QLD (Table 3.1).  V. harveyi cultures were 

initially grown on LM agar or in LM broth, and working cultures of V. harveyi were 

maintained on LM plates at 4°C for 3 days.  For long-term storage of each isolate, a 

fresh overnight culture was grown on LM, the growth was scraped off with a sterile 

loop and suspended in 1.5 ml of 15% glycerol/LM broth in a 2 ml cryotube (Nunc), and 

the tube was stored at –84°C.   

 

3.2.2.  V. harveyi growth on V. harveyi agar (VHA)   
 
Following initial culture of the V. harveyi isolates obtained from the sources noted in 

3.2.1, well-separated colonies of 43 isolates on LM plates were used to inoculate VHA 

plates (V. harveyi isolates 3662, CO36 and CO71 were not grown on VHA as they were 

obtained later in the project).  The inoculated VHA plates were incubated at 28°C for 2–

5 days and colony morphologies were recorded.  More than one colony morphology 

was observed on VHA for a number of the V. harveyi isolates, suggesting the possibility 

of mixed and contaminated cultures.  In these cases each colony type was sub-cultured 

separately onto VHA until a single colony morphology was obtained.  Each colony type 
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was given a unique identification number and was cultured on LM agar and stored in 

15% glycerol/LM at –84°C, as described in section 3.2.1.   

 

3.2.3.  Extraction of V. harveyi nucleic acid    
 
For nucleic acid extraction, V. harveyi isolates were cultured overnight on LM plates at 

28°C.  For each isolate a small portion of a well-separated colony from the resulting 

growth was suspended separately in 200 µl of nuclease-free distilled water in a sterile 

microfuge tube (1.5 ml).  The tube was vortexed, heated in a boiling urn for 10 min to 

lyse the bacterial cells, cooled on ice, and microfuged at 10,000 rpm (Hettich 

Mikroliter) for 5 min at 4°C.  The aqueous portion containing bacterial nucleic acids 

was used for PCR amplification of 16S rDNA.  

 

3.2.4.  Amplification and sequencing of the 16S rDNA of V. harveyi  
 
Primers 27f (5'-GAGTTTGATCCTGGCTCAG-3') (Wilson et al., 1990) and 1512r (5'-

GGTAGGGATACCTTGTTACGACT-3') (Brown et al., 1995) were used for 

amplification of the 16S rDNA of the V. harveyi isolates.  The PCR reaction mixture 

consisted of 25 mM magnesium chloride, 10 µl of 10 × polymerase buffer, 2.5 mM of 

each dNTP, 2.5 U Taq polymerase, 4 µl of DMSO, 200 ng of each primer, 10 µl of 

bacterial nucleic acid extract (section 3.2.3), and nuclease-free distilled water to a final 

volume of 100 µl.  The following cycling conditions were used; initial denaturation at 

94°C for 5 min, 35 cycles of denaturation at 94°C for 60 s, annealing at 50°C for 60 s, 

extension at 72°C for 2 min, and final extension at 72°C for 5 min.   

 

The resulting PCR amplicons were mixed with blue/orange 6 × loading dye and 

visualized by gel electrophoresis at 80 V using 1% agarose gels containing ethidium 
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Table 3.1.  V. harveyi isolates used in this study, their sources of isolation and growth characteristics on VHA. 
Colony type selected for 16S rDNA sequencing V. harveyi 

isolates Source of isolate Supplier* No. of colony 
types on VHA Colony morphology on VHA Colony diameter 

on VHA (mm) 
Colony 

code 
Vh1 Surface of a sea mullet 1UWA 1 Green colony with dark green centre 1.0–2.5 Vh1 
Vh6 Cottesloe seawater UWA 1 Green colony with dark green centre 0.5–1.0 Vh6 
Vh8 Cottesloe seawater UWA 1 Green colony with dark green centre 0.5–1.0 Vh8 
Vh12 Fremantle harbour seawater UWA 1 Light green colony with a dark green centre 1.0–3.0 Vh12 
Vh16 Shoalwater bay seawater UWA 1 Light green colony 0.5 Vh16 
3662  UWA – Not determined    
QL1 Green turtle OVL 3 Green colony with a dark green centre 0.5–5.0 QL1a 
QL2 Green turtle OVL 1 Blue green colony 0.2 QL2 
QL5 Mud crab OVL 3 Light green colony with a dark green centre 5.0 QL5a 
QL7 Prawn (P. monodon) OVL 3 Light green colony with a dark green centre 0.5–5.0 QL7a 
QL9 Barramundi OVL 3 Green colony with a dark green centre 0.5–4.0 QL9c 
QL10 Barramundi OVL 2 Light green colony with a dark green centre 0.5–5.0 QL10a 
QL12 Barramundi OVL 2 Light green colony with a green centre 0.5–3.0 QL12b 
QL13 Barramundi OVL 2 Light green colony with a dark green centre 0.5–4.0 QL13b 
QL14 Turtle OVL 2 Green colony with a green centre 0.5–4.0 QL14b 
QL15 Mollusc (Pinctada maxima) OVL 2 Light green colony with a green centre 0.5–3.0 QL15a 
QL17 Slipper lobster OVL 3 Yellow green colony 0.5–3.0 QL17a 
QL18 Slipper lobster OVL 4 Yellow green colony with green centre 0.5–3.0 QL18a 
QL24 Flat back turtle OVL 4 Light green colony with a dark green centre  0.5–5.0 QL24a 
QL25 Flat back turtle OVL 4 Light green colony with a dark green centre 0.5–3.0 QL25c 
QL26 Flat back turtle OVL 3 Light green colony with a dark green centre 0.5–5.0 QL26a 

100.1 Black bream lesion DFA 2 
Light green colony with a green centre and 
a yellow halo 

0.5–1.5 100.1b 

*UWA: The University of Western Australia, Discipline of Microbiology and Immunology, WA; 1OVL: The Oonoonba Veterinary Laboratory, QLD;  

  DFA: The Department of Food and Agriculture, WA and AIMS: The Australian Institute of Marine Science, QLD.
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Table 3.1.  Continued 
Colony type selected for 16S rDNA sequencing V. harveyi 

isolates Source of isolate Supplier* No. of colony 
types on VHA Colony morphology on VHA Colony diameter 

on VHA (mm) 
Colony 

code 
100.3 Black bream lesion DFA – No growth on VHA   
173.1 Mahi Mahi fin DFA – No growth on VHA   

173.2 Mahi Mahi fin DFA 3 
Light green colony dark green centre and a 
yellow halo 

0.5–3.0 173.2a 

181.2 Pink snapper kidney DFA 2 Light green colony with a yellow halo 0.5–3.0 181.2a 

273.2 Barramundi gill DFA 3 
Light green colony with a green centre and a 
yellow halo 

0.5–2.0 273.2a 

273.3 Barramundi gill DFA 1 
Green colony with a yellow green centre and a 
yellow halo 

0.5–2.0 273.3 

273.4 Barramundi kidney DFA – No growth on VHA   
354.8 Pearl oyster DFA 2 Green colony with a dark green centre 0.5–4.0 354.8b 
417.8 Dhufish gill DFA – No growth on VHA   

417.9 Dhufish tank water DFA 2 
Green colony with a yellow green centre and a 
yellow halo 

0.5–3.0 417.9b 

513.3 Snapper liver DFA 2 
Light green colony with a green centre and a 
yellow halo 

0.5–1.0 513.3a 

610.1 Leafy sea dragon liver DFA 2 
Light green colony with a dark green centre and 
a yellow halo 

0.5–2.0 610.1b 

610.2 Leafy sea dragon liver DFA 1 
Light green colony with a green centre and a 
yellow halo 

0.5–2.0 610.2 

618.1 Lobster tail blister DFA 1 White light green colony with a green centre 0.5–1.5 618.1 

643.1 Snapper lesion DFA 2 
Light green colony with a yellow green centre 
and a yellow halo 

0.5–5.0 643.1b 

654.3 Sea hare gonad DFA 3 

Dark green colony 
Yellow green colony with a dark yellow green 
colony and a yellow halo 
Light green colony with a dark green centre  

0.5–3.0 
0.5–1.5 

 
0.5–4.0 

654.3a 
654.3b 

 
654.3c 
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Table 3.1.  Continued 

 
 
 
 
 

Colony type selected for 16S rDNA sequencing V. harveyi 
isolates Source of isolate Supplier* No. of colony 

types on VHA Colony morphology on VHA Colony diameter 
on VHA (mm) 

Colony 
code 

937.1 Finfish blood DFA 3 
Light green colony with a dark green centre and 
a yellow halo 

0.5–3.0 937.1c 

1738.3 Mahi Mahi liver lesion DFA 1 Light green colony with a dark green centre 0.5–4.0 1738.3 

1778.1 Dhufish skin lesions DFA 2 
Light green colony with a green centre and a 
yellow halo 

0.5–2.0 1778.1b 

2902.1 Snapper blood DFA 2 Light green colony with a dark green centre 0.5–2.0 2902.1b 
2902.2 Snapper blood DFA 2 Green colony with a dark green centre 0.5–2.0 2902.2b 
4027.1 Fish skin lesion DFA – No growth on VHA   
CO36 Aquaculture environment AIMS – Not determined   
CO71 Aquaculture environment AIMS – Not determined   
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bromide.  A 1 kb DNA ladder was used as the DNA size marker.  After electrophoresis 

the bands were visualised using a UV transilluminator (UVP Ultraviolet).  The PCR 

bands (~1500 bp) were purified using a QIAquick Gel Extraction kit, following the 

manufacturer’s protocol.  Purified DNA was partially sequenced using the 343 reverse 

primer (5'-ACTGCTGCCTCCCGTA-3') (Hauben et al., 1997) at the Australian 

Neuromuscular Research Institute (QEII Medical Centre, WA).  The partial sequences 

of 16S rDNA from the V. harveyi isolates were analysed using Biomanager 

(http://www.angis.org.au.) and MEGA4 software (http://www.megasoftware.net).  As 

cited in section 3.2.2, many isolates plated on VHA gave rise to a number of colony 

morphologies.  For isolate 654.3, for example, 3 colony morphologies (a, b and c) were 

consistently obtained following subculture of 654.3 on VHA.  Comparison of the 16S 

rDNA sequences of 654.3a, 654.3b and 654.3c showed they were identical, suggesting 

that the different colony morphologies did not represent contaminants, and that the 

strain 654.3 was a pure culture showing phase variation on VHA.  Consequently, for the 

remaining isolates colonies typical of V. harveyi on VHA were selected for further 16S 

rDNA analysis.  The resulting partial 16S rDNA sequences of these isolates were 

compared with 16S rDNA sequences of V. harveyi AY046956 (GenBank), V. cholerae 

ATTC14035T (GenBank), V. parahaemolyticus X56580 (GenBank), and E. coli J01859 

(GenBank) to detect sequences common only to V. harveyi.  

 

 

3.2.5.  Selection of V. harveyi isolates pathogenic to Artemia 
 
To identify isolates pathogenic to Artemia for use in later experiments, the 

pathogenicity of the isolates for Artemia nauplii was assessed. 
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3.2.5.1.  Hatching of Artemia (brine shrimp) cysts 
 
Artemia cysts were hydrated in sterile distilled water (20 ml) for 1 h with intermittent 

shaking at room temperature (~20°C).  Hydrated cysts were transferred into 200 ml of 

filter sterile (0.2 µm, NALGENE®) 'Ocean Nature' seawater in a 250 ml glass 

measuring cylinder and incubated with constant aeration (fine bubble air stone) and 

under fluorescent light for 24 h in a water bath at 24°C.  Hatched Artemia nauplii were 

immediately separated from hatching water by filtering the water through filter paper 

(standard grade Whatman filter papers, Grade 1 circle 18 mm) placed in a sterile plastic 

funnel.  When most of the hatching water had been removed, the concentrated Artemia 

nauplii were transferred to a beaker containing 200 ml of filter sterile 'Ocean Nature' 

seawater through a small hole made in the filter paper using a sterile wooden stick.  The 

Artemia nauplii in the 200 ml beaker were washed by gently stirring the water with a 

sterile wooden stick for 5 min.  The washed Artemia nauplii were concentrated by 

filtration as described above, and the washing step was repeated.  The nauplii were 

finally transferred to a beaker with 200 ml of filter sterile 'Ocean Nature' seawater, and 

were used in subsequent assays within 2 h.   

 

 

3.2.5.2.  Preparation of V. harveyi inoculum for Artemia pathogenicity testing 
 
An overnight culture of each V. harveyi isolate grown in LM broth (10 ml) at 28°C was 

centrifuged at 3000 g for 15 min (Hettich universal benchtop centrifuge).  The 

supernatant was discarded and the cell pellet was resuspended in 10 ml of filter sterile 

(0.2 µm, NALGENE®) 'Ocean Nature' seawater.  The centrifugation step was repeated 

twice and the cell pellet was then resuspended in 10 ml of filter sterile 'Ocean Nature' 

seawater.  The optical density of the cell suspension was adjusted to 0.44 at 460 nm.  

This procedure generated a cell suspension containing ~1 × 109 cfu/ml, determined by 
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serial dilution in sterile 'Ocean Nature' seawater, spread plating onto LM agar, and 

colony counts after overnight incubation at 28°C.   

  

 

3.2.5.3.  Artemia pathogenicity test    
 
For pathogenicity tests, ~300 freshly hatched and washed Artemia nauplii (section 

3.2.5.1), sterile 'Ocean Nature' seawater and the V. harveyi test isolate were transferred 

to a 250 ml sterile measuring cylinder to achieve a total volume of 200 ml with a final 

concentration of the V. harveyi test isolate of 106 cfu/ml.  The contents of the measuring 

cylinder were transferred to a beaker, stirred gently with a sterile wooden stick and 

allowed to stand for 5 min.  Using a sterile plastic Pasteur pipette (1 ml) Artemia nauplii 

were transferred individually to wells of a 96-well plate (one per well) from the beaker, 

and the wells were filled with solution from the same beaker.  Artemia nauplii in filter 

sterile 'Ocean Nature' seawater without added V. harveyi were included as a control.  

The 96-well plates were incubated at 24°C for 4 days and Artemia survival was 

recorded every 24 h.  All experiments were carried out in triplicate.  To determine the 

pathogenicity of V. harveyi isolates to Artemia, the mean survival of Artemia at 72 h in 

the treatment was compared with the mean survival in the control at 72 h using the 

following equation. 

 

 % survival = Number of live Artemia exposed to V. harveyi (72 h) × 100 
                       Number of live Artemia in the control (72 h) 
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3.2.6.  Enzymatic activity of V. harveyi 
 
3.2.6.1.  Protease  
 
To test the V. harveyi isolates for the production of protease, plates of TSA 

supplemented with 5% (v/v) skim milk were inoculated with 10 µl volumes of an 

overnight LM broth culture.  The plates were incubated at 28°C for 96 h.  Aeromonas 

sobria M3376 and E. coli M2424 were used as the positive and negative controls, 

respectively.  Protease (caseinase) positive isolates produced a clear zone around the 

bacterial colony, while protease negative isolates had no zone of clearing.  

 

3.2.6.2.  Haemolysin 
 
To test the V. harveyi isolates for the production of haemolysin, sheep blood (5%) and 

horse blood (5%) agar plates (PathWest, WA) were inoculated with 10 µl of fresh 

overnight LM broth culture  of the V. harveyi isolates and incubated at 28°C for 72 h.  

Haemolysin positive isolates produced a lytic halo around the bacterial colony on the 

blood medium, while haemolysin negative isolates did not.  

 

3.2.6.3.  Lipase activity (Tween 80) 
 
To test the V. harveyi isolates for the production of lipase, plates of TSA supplemented 

with 1% Tween 80 were inoculated with 10 µl of an overnight LM broth culture of the 

V. harveyi isolates, and incubated at 28°C for 48 h.  Aeromonas hydrophila M3366 and 

E. coli M2424 were used as positive and negative controls, respectively.  Lipase 

positive isolates produced a circular zone of precipitation of salts of fatty acids around 

the bacterial colony, while lipase negative isolates did not. 
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3.2.7.   Statistical analysis 

In order to investigate the correlation between the percentage survival of Artemia 

exposed to V. harveyi isolates and V. harveyi enzyme production, Spearman’s Rank 

correlation coefficient (Spearman’s test) was used 

(http://udel.edu/~mcdonald/statspearman.html).  A p value of ≤ 0.05 was considered 

significant. 

 

 

3.3.  Results 
 
3.3.1.  V. harveyi growth on VHA  
 
Thirty-eight of the 43 (88%) V. harveyi isolates grew on VHA medium after incubation 

at 28°C for 5 days (Table 3.1; three V. harveyi isolates 3662, CO36 and CO71 were not 

grown on VHA as they were obtained later in the project).  On this medium many 

isolates had a colony morphology similar to that reported for V. harveyi by Harris et al. 

(1996); small (diameter 2–5 mm), light green colony with a dark green centre and a 

yellow halo.  On initial subculturing, the majority of V. harveyi isolates obtained from 

the Department of Food and Agriculture, WA and the Oonoonba Veterinary Laboratory, 

QLD developed 2–4 slightly different colony morphologies during incubation.  Each 

colony type was sub-cultured separately onto VHA until a single colony morphology 

was obtained and was given a unique identification number.  In contrast, a single colony 

type was observed for V. harveyi isolates from the Discipline of Microbiology and 

Immunology, UWA.  Most V. harveyi isolates had circular colonies with entire margins, 

but 3 had crenellated edges (QL24.1a, QL24.1b, 100.1a).  The colony diameters of the 

V. harveyi isolates varied from ~ 0.2–5.0 mm.  Five of the isolates (100.3, 173.1, 273.4, 

417.8 and 4027.1) from the Department of Food and Agriculture, WA did not grow on 

VHA.   
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3.3.2.  16S rDNA amplification and sequencing 
 
Forty colony morphologies arising from the 38 V. harveyi isolates that grew on VHA (3 

colony morphologies of V. harveyi 654.3 and one colony morphology of each of the 

other 37 V. harveyi isolates) were used in the 16S rDNA analysis, and all 40 strains 

gave a PCR product of approximately 1500 bp during amplification.  Partial nucleotide 

sequences of 16S rDNA (sequenced using the 343 reverse primer) of the 3 colony types 

(654.3a, 654.3b and 654.3c) derived from initial culture of V. harveyi isolate 654.3 were 

identical over 314 bp.  Partial 16S rDNA sequences of all strains were used to construct 

a phylogenic tree (Mega4, Neighbor-joining tree, p-distance).  This clustered the 40 V. 

harveyi strains with V. harveyi AY046956 (GenBank), and separate from V. cholerae 

(ATTC14035T), V. parahaemolyticus (X56580) and E. coli (J01859) (Fig. 3.1).  

Comparison of the partial 16S rDNA sequence of the 40 V. harveyi strains with these 4 

species revealed that the region between 198 and 306 bp (corresponding to numbering 

of E. coli JO1859 16S sequence) was common to all 40 V. harveyi strains used in this 

study and to V. harveyi AY046956, but not to V. cholerae ATTC14035T, V. 

parahaemolyticus X56580 or E. coli J01859 (Fig. 3.2).  Comparison of the 59–87 bp 

region of the strains showed that 29 of the 40 strains had a sequence identical to those 

described by Oakey et al. (2003) for V. harveyi (Fig. 3.3).  Seven strains differed by 

only one base.  Strains differing by two bases (QL9c, QL18a, 513.3a and QL26a) all 

had colony morphology typical of V. harveyi on VHA (Table 3.1.). 
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Figure 3.1.  The phylogenic tree of 41 V. harveyi isolates (40 isolates from this study 
and AY046956 from GenBank), V. cholerae, V. parahaemolyticus and E. coli 
constructed using the Neighbor-Joining method in MEGA4 software.   
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                           197       207       217       227       237       247        

consensus                  GAGGGGGACCTTCGGGCCTCTCGCGTCAGGATATGCCTAGGTGGGATTAGCTAGTTGGTG 

V. harveyi 273.2a          ............................................................ 

V. harveyi 173.2a          ............................................................ 

V. harveyi 937.1c          ............................................................ 

V. harveyi 181.2a          ............................................................ 

V. harveyi QL10a           ............................................................ 

V. harveyi QL9c            ............................................................ 

V. harveyi QL24a           ............................................................ 

V. harveyi QL12b           ............................................................ 

V. harveyi QL18a           ............................................................ 

V. harveyi QL17a           ............................................................ 

V. harveyi 513.3a          ....................................N....................... 

V. harveyi QL14b           ............................................................ 

V. harveyi QL26a           ............................................................ 

V. harveyi QL13b           ............................................................ 

V. harveyi QL15a           ............................................................ 

V. harveyi 354.8b          ............................................................ 

V. harveyi 2902.2b         ............................................................ 

V. harveyi QL25c           ............................................................ 

V. harveyi 2902.1b         ............................................................ 

V. harveyi 643.1b          ............................................................ 

V. harveyi QL1a            ............................................................ 

V. harveyi QL5a            ............................................................ 

V. harveyi 100.1b          ............................................................ 

V. harveyi 273.3           ............................................................ 

V. harveyi 1778.1b         ............................................................ 

V. harveyi 417.9b          ............................................................ 

V. harveyi 610.2           ............................................................ 

V. harveyi QL2             .................................................N.......... 

V. harveyi 610.1b          ............................................................ 

V. harveyi 1738.3          ............................................................ 

V. harveyi Vh1             ............................................................ 

V. harveyi 654.3a          ............................................................ 

V. harveyi 654.3b          ............................................................ 

V. harveyi 654.3c          ............................................................ 

V. harveyi QL7a            ............................................................ 

V. harveyi vh6             ............................................................ 

V. harveyi vh8             ............................................................ 

V. harveyi vh12            ............................................................ 

V. harveyi Vh16            ............................................................ 

V. harveyi 618.1           ............................................................ 

V. harveyi AY046956*       ............................................................ 
V. cholerae ATTC14035T*    .CA................TG...TA.C.........C...................... 
V. parahaemolyticus X56580*............T........................C..............N....... 
E. coli J01859*            .....................T..CATC....G....C..A..............A.... 
 

Figure 3.2.  Comparison of the 198–306 bp region (numbering corresponding to the 
16S sequence of E. coli JO1859) of the 16S rDNA sequences of 40 V. harveyi isolates 
used in this study and other bacteria from GenBank. 
*  Indicates the data for the bacterial isolates obtained from GenBank. 
. Indicates base identity to the consensus 
N Indicates any of the nucleotides; A, G, C or T  
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                           257       267       277       287       297       307        
consensus                  AGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGGTCTGAGAGGATGATCAGC-CACAC 
V. harveyi 273.2a          ............................................................ 

V. harveyi 173.2a          ............................................................ 

V. harveyi 937.1c          ............................................................ 

V. harveyi 181.2a          ............................................................ 
V. harveyi QL10a           ............................................................ 

V. harveyi QL9c            ............................................................ 

V. harveyi QL24a           ............................................................ 

V. harveyi QL12b           ............................................................ 

V. harveyi QL18a           ............................................................ 

V. harveyi QL17a           ............................................................ 

V. harveyi 513.3a          ............................................................ 
V. harveyi QL14b           ............................................................ 

V. harveyi QL26a           ............................................................ 

V. harveyi QL13b           ............................................................ 

V. harveyi QL15a           ............................................................ 

V. harveyi 354.8b          ............................................................ 

V. harveyi 2902.2b         ............................................................ 

V. harveyi QL25c           ............................................................ 

V. harveyi 2902.1b         ............................................................ 

V. harveyi 643.1b          ............................................................ 

V. harveyi QL1a            ............................................................ 

V. harveyi QL5a            ............................................................ 

V. harveyi 100.1b          ............................................................ 

V. harveyi 273.3           ............................................................ 

V. harveyi 1778.1b         ............................................................ 

V. harveyi 417.9b          ............................................................ 

V. harveyi 610.2           ............................................................ 

V. harveyi QL2             ............................................................ 

V. harveyi 610.1b          ............................................................ 

V. harveyi 1738.3          ............................................................ 

V. harveyi Vh1             ............................................................ 

V. harveyi 654.3a          ............................................................ 

V. harveyi 654.3b          ............................................................ 

V. harveyi 654.3c          ............................................................ 

V. harveyi QL7a            ............................................................ 

V. harveyi vh6             ............................................................ 

V. harveyi vh8             ............................................................ 

V. harveyi vh12            ............................................................ 

V. harveyi Vh16            ............................................................ 

V. harveyi 618.1           ............................................................ 

V. harveyi AY046956*       ............................................................ 
V. cholerae ATTC14035T*    ......G..................................................... 
V. parahaemolyticus X56580*......G.......T...................T......................... 
E. coli J01859*            G.....C........T.................................C.......... 
 
 
 
Figure 3.2.  Continued 
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                              59        69        79      87 
Consensus                     AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 273.2a             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 173.2a             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 937.1c             AAGNCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 181.2a             AAGTCGAGCGGAAACGAGTTATCTGACCC 
V. harveyi QL10a              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL9c               AAGTCGAGCGGAAACGAGTTATTTG-ACC 
V. harveyi QL24a              AATTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL12b              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL18a              AAGTCGAGCGGAAACGAGTTATTTG-ACC 
V. harveyi QL17a              AAGTCGANCGGAAACGAGTTATCTGAACC 
V. harveyi 513.3a             AAGTCGAGCGGAAACGAGTTTTCTG-ACC 
V. harveyi QL14b              AAGTCGAGCGGAAACGAGTTATCTG-ACC 
V. harveyi QL26a              -AGTCGAGCGGAAACGAGTTATTTGAACN 
V. harveyi QL13b              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL15a              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 354.8b             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 2902.2b            AAGTNGAGCGGAAACTAGTTATCTNAACC 
V. harveyi QL25c              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 173.1              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 643.1b             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL1a               AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL5a               AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 100.1b             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 273.2c             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 1778.1b            AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 417.9b             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 610.2              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 273.4              AAGTCGAGCGGAAACGAGTTATCTNAACC 
V. harveyi 610.1b             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 1738.3a            AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi Vh1                AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 654.3a             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 654.3b             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi 654.3c             AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi QL7a               AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi Vh6                AAGTCGAGCGGAAACGACTTAACTGAACC 
V. harveyi Vh8                AAGTCGAGCGGAAACGACTTAACTGAACC 
V. harveyi Vh12               AAGTCGAGCGGAAACGACTTANCTGAACC 
V. harveyi Vh16               AAGTCGAGCGGAAACGACTTAACTGAACC 
V. harveyi 618.1              AAGTCGAGCGGAAACGAGTTATCTGAACC 
V. harveyi AY046956*         AAGTCGAGCGGAAACGAGTTATCTGAACC 
V.parahaemolyticus X56580*    AAGTCGAGCGGAAACGAGTTATCTGAACT 
V. cholerae ATTC14035T*       AAGTCGAGCGGCAGCACAGAGGAACTTGT 
E. coli J01859*               AAGTCGAACGGTAACAGGAAGAAGCTTGC 

Figure 3.3.  Comparison of the 59–87 region (numbering corresponding to the 16S 
sequence of E. coli JO1859) of the 16S rDNA sequence of 40 V. harveyi isolates used in 
this study, and for other bacteria in GenBank. 
*  Indicates sequences obtained from GenBank. 
Bases that are different to V. harveyi isolates in Fig. 1 of Oakey et al. (2003) are bolded 
and underlined. 
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3.3.3.  Pathogenicity of V. harveyi isolates to Artemia 
 
The pathogenicity of V. harveyi isolates to Artemia was determined from the mean 

survival of Artemia at 72 h in each pathogenicity test, relative to the control (Artemia 

alone).  Six V. harveyi groups were delineated based on the percentage survival of 

Artemia at 72 h relative to the control (0–20%, 21–40%, 41–60%, 61–80%, 81–100% 

and > 100%; Table 3.2 and 3.3).  Compared with the control the survival of Artemia 

exposed to V. harveyi isolates Vh1 and CO71 was 0–20%, the survival of Artemia 

exposed to 3 isolates (7.5%; Vh6, 173.2a and 643.1b) was 21–40%, the survival of 

Artemia exposed to 3 isolates (QL9c, 354.8b and 2902.2b) was 41–60%, the survival of 

Artemia exposed to 8 isolates (20%) was 61–80% and the survival of Artemia exposed 

to 20 isolates (50%) was 81–100%.  For four isolates (10%; QL7a, QL12b, QL24a and 

QL26a), all from the Oonoonba Veterinary Laboratory, there was higher survival than 

in the control.  

 
 
 
 
3.3.4.  Enzymatic activity of V. harveyi 
 
3.3.4.1.  Protease activity 

Protease (caseinase) activity was evident for 31 (77.5%) of the V. harveyi isolates as 

clear zones around the bacterial growth on TSA supplemented with 5% (v/v) skim milk.  

However, the width of the clear zone from the edge of the bacterial colony to edge of 

the halo varied among the isolates.  Twenty percent of the isolates showed a 2.5–3.0 

mm wide lytic zone around the colonies, 37.5% isolates showed a 2.0–1.5 mm lytic 

zone, 17.5% had an approximately 1 mm lytic zone, and nine (22.5%) isolates (QL2, 

QL7a, QL12b, 100.3, 273.2a, 513.3a, 610.1b, 1778.1b and 2902.2b) had no protease 

activity.  Nine isolates took a longer time (72–96 h) than others (48 h) to produce a lytic 

halo around the colonies (Table 3.3). 
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Table 3.2.  Pathogenicity of V. harveyi isolates to Artemia. 
Survival of Artemia (72 h) 

V. harveyi 
isolates 

Exposed to 
V. harveyi1 Control*2 

% survival 
relative to 
the control 

Vh1  6 ± 1.5 66 ± 2.6 9 
CO71  9 ± 1.0 60 ± 2.5 15 
Vh6 17 ± 2.1 66 ± 2.6 26 
173.2a 19 ± 2.3 78 ± 2.1 24 
643.1b 27 ± 2.6 78 ± 2.1 35 
QL9c 33 ± 2.0 77 ± 5.5 43 
354.8b 40 ± 2.1 78 ± 2.1 51 
2902.2b 42 ± 2.5 78 ± 2.1 54 
Vh8 62 ± 3.5 94 ± 4.0                                  66 
Vh12 70 ± 3.2 94 ± 4.0 74 
QL10a 48 ± 2.1 77 ± 2.1 62 
QL17a 59 ± 1.0 77 ± 2.1 77 
QL25c 61 ± 3.1 77 ± 2.1 79 
417.9b 55 ± 4.4 75 ± 2.5 73 
513.3a 52 ± 2.6 78 ± 2.1 67 
654.3a 54 ± 4.0 77 ± 3.0 70 
Vh16 83 ± 4.6 94 ± 1.0 88 
QL1a 63 ± 3.0 77 ± 3.0 82 
QL15a 65 ± 1.5 77 ± 3.0 84 
QL18a 63 ± 5.0 77 ± 3.0 82 
100.1b 76 ± 2.1 94 ± 3.6 81 
181.2a 78 ± 2.1 94 ± 3.6 83 
273.2a 67 ± 2.5 75 ± 3.0 89 
273.3 67 ± 4.6 75 ± 3.0 89 
610.1b 67 ± 1.5 75 ± 3.0 89 
937.1c 84 ± 3.6 94 ± 2.0 89 
1738.3 82 ± 2.1 94 ± 2.0 87 
1778.1b 85 ± 4.2 94 ± 2.0 90 
2902.1b 69 ± 3.5 77 ± 3.1 90 
QL5a 74 ± 4.0 77 ± 3.1 96 
QL13b 75 ± 2.5 77 ± 3.1 97 
QL14b 73 ± 4.6 77 ± 3.1 95 
100.3 90 ± 4.0 94 ± 0.6 96 
QL2 70 ± 4.7 75 ± 2.5 93 
610.2 92 ± 3.8 94 ± 0.6 98 
618.1 89 ± 3.6 94 ± 0.6 95 
QL7a 80 ± 2.0   77 ± 1.0 104 
QL12b 79 ± 1.5 77 ± 1.0 103 
QL24a 87 ± 2.0  77 ± 1.0 113 
QL26a 87 ± 2.0 77 ± 1.0 113 

 
*Control: Artemia alone 
1 and 2: mean ± standard deviation 
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3.3.4.2.  Haemolytic activity 
 
Haemolytic activity was more evident in an agar medium supplemented with (5%) 

sheep blood than (5%) horse blood.  Only one V. harveyi isolate (Vh8) was able to lyse 

horse blood, in contrast to 80% that produced a haemolytic halo around the bacterial 

growth in the sheep blood medium.  Seven (17.5%) V. harveyi isolates (QL2, QL5a, 

QL7a, Vh6, 273.3, 513.3a, 1778.1b) did not lyse sheep blood, and V. harveyi 610.1b 

only partially hydrolysed the sheep blood, giving a green halo around the colony (Table 

3.3).  

 

 

3.3.4.3.  Lipase activity 
 
All the V. harveyi isolates had lipase activity, evident as a circular zone of precipitation 

around the bacterial colony after growth for 24 h at 28°C on TSA agar supplemented 

with 1% Tween 80.  Four V. harveyi isolates (Vh6, 513.3a, QL5a and 618.1) showed 

relatively less precipitation than the other isolates (Table 3.3). 
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Table 3.3.  Selected enzyme activities of V. harveyi. 
V. 

harveyi 
isolate 

% survival of Artemia 
at 72 ha 

Protease activity 
(caseinase)b 

Haemolytic activity 
(sheep blood)c 

Lipase activity 
(Tween 80)d 

Vh1 0–20 +++ + ++ 
CO71 0–20 +++* ++ ++ 
Vh6 21–40 ++* – + 
173.2a 21–40 +++ +++ ++ 
643.1b 21–40 + ++ ++ 
QL9c 41–60 +++ +++ ++ 
354.8b 41–60 +++ ++ ++ 
2902.2b 41–60 – ++ ++ 
Vh8 61–80 +++* +++ ++ 
Vh12 61–80 + + ++ 
QL10a 61–80 ++++ +++ ++ 
QL17a 61–80 +++ + ++ 
QL25c 61–80 ++++ +++ ++ 
417.9b 61–80 +++* + ++ 
513.3a 61–80 – – + 
654.3a 61–80 ++* +++ ++ 
Vh16 81–100 ++ + ++ 
QL1a 81–100 ++* +++ ++ 
QL15a 81–100 +++ ++ ++ 
QL18a 81–100 ++++ +++ ++ 
100.1b 81–100 +++* + ++ 
181.2a 81–100 ++++ + ++ 
273.2a 81–100 – + ++ 
273.3 81–100 + – ++ 
610.1b 81–100 – +/- ++ 
937.1c 81–100 ++++ +++ ++ 
1738.3 81–100 +++++ +++ ++ 
1778.1b 81–100 – – ++ 
2902.1b 81–100 +++ + ++ 
QL5a 81–100 + – + 
QL13b 81–100 ++++ +++ ++ 
QL14b 81–100 ++* + ++ 
100.3 81–100 – + ++ 
QL2 81–100 – – ++ 
610.2 81–100 + ++ ++ 
618.1 81–100 ++++ + + 
QL7a 104 – – ++ 
QL12b 103 – +++ ++ 
QL24a 113  +* +++ ++ 
QL26a 113 + +++ ++ 

 

a % survival of Artemia= Number of live Artemia exposed to V. harveyi (72 h) × 100 
                                        Number of live Artemia in the control (72 h) 
 

b Protease activity: distance from edge of bacterial colony to edge of lytic halo: +++++, 3 mm; ++++, 2.5 
mm; +++, 2 mm; ++, 1.5 mm; +, 1 mm; –, 0 mm; *, delayed activity (72 h–96 h). 
 

c Haemolytic activity: distance from edge of bacterial colony to edge of lytic halo:  +++, lysis halo >1 
mm; ++, lysis halo 1 mm; +, lysis halo < 1 mm; +/-, partial lysis; – , no lysis. 
 

d Lipase activity: relative estimate of degree of precipitation of crystals in the agar around bacterial 
colony: ++, many crystals evident around the bacterial growth; +, few crystals around the bacterial 
growth; – no crystals evident. 
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3.4.  Discussion 
 
In this study 46 V. harveyi isolates from a variety of sources (Table 3.1) were obtained 

for use as hosts for the isolation of V. harveyi phages, and for selection of pathogenic 

isolates for use in the Artemia biocontrol assays.  All the V. harveyi isolates had been 

previously identified as V. harveyi, based on biochemical tests.  Since V. harveyi is a 

phenotypically diverse species, identification of V. harveyi using biochemical 

characteristics requires a large number of biochemical tests, which are time-consuming 

(Gomez-Gil et al., 2004).   

 

Some strains of V. harveyi are bioluminescent emitting light of a blue-green colour 

(Baumann et al., 1984).  Among the V. harveyi isolates used in this study only one 

isolate, Vh1, developed luminescent colonies on LM; the remaining 98% of isolates 

were non-luminescent.  As V. harveyi is commonly referred to as one of the 

'luminescent Vibrios', this was initially of some concern.  However, Defoirdt et al. 

(2008), Nakayama et al. (2006a), Nakayama et al. (2006b) and Soto-Rodriguez et al. 

(2003a) also found that V. harveyi strains vary in luminescence production, noting that 

33%, 83%, 62% and 7%, respectively were non-luminescent.  Nakayama et al. (2006b) 

suggested that an inability to produce autoinducer explains non-bioluminescence, but 

Defoirdt et al. (2008) demonstrated that this is not the case for some strains, and 

hypothesized that defects in a gene or genes in the lux operon, or in luminescence 

regulation, explains V. harveyi non-luminescence.   

 

Vibrio harveyi agar (VHA) is a selective and differential medium developed for 

isolation and enumeration of V. harveyi (Harris et al., 1996).  To verify that the bacterial 

isolates received from the Department of Food and Agriculture, (WA), the Discipline of 

Microbiology and Immunology, UWA, and the Oonoonba Veterinary Laboratory, 
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(QLD) were V. harveyi isolates, they were initially cultured on LM and then tested on 

VHA.  Thirty-eight of the bacterial isolates grew on VHA, but took longer (5 days) than 

the 48 h reported (Harris et al., 1996) to be necessary for the development of visible 

colonies.  Most V. harveyi isolates had circular colonies with entire margins on VHA.  

However, 3 isolates had colonies with crenellated edges (QL24.1a, QL24.1b, 100.1a; 

Table 3.1).  Harris et al. (1996) also reported colonies of 2 V. harveyi strains with 

crenellated edges.  Five V. harveyi isolates (100.3, 173.1, 273.4, 417.8 and 4027.1) from 

the Department of Food and Agriculture, WA did not grow on VHA medium.  These 

may be mutants of V. harveyi that are unable to utilize ornithine or cellobiose in VHA, 

or they may be other species (e.g. V. vulnificus, V. anguillarum, V. pelagius, 

Pseudomonas spp. or Flavobacterium spp.) that do not grow on VHA (Harris et al., 

1996).   

 

Among the V. harveyi isolates that grew on VHA, a single colony type was observed for 

V. harveyi isolates from the Discipline of Microbiology and Immunology, UWA.  

However, the majority of V. harveyi isolates from the Department of Food and 

Agriculture, WA, and the Oonoonba Veterinary Laboratory, QLD, developed 2–4 

colony morphologies on VHA during incubation.  This could have been due to (a) 

samples being mixed cultures of related Vibrio species, (b) samples being mixed 

cultures of V. harveyi strains or (c) samples being pure cultures showing phase 

variation.  To assess whether the variation in colony morphology was due to 

contamination, the different colony types were subcultured on VHA until a single 

colony morphology was observed, at which time the isolate was subjected to DNA 

extraction and partial 16S rDNA sequencing.  The partial 16S rDNA sequences of the 3 

colony types (654.3a, 654.3b and 654.3c) derived from V. harveyi 654.3 were identical 

(314 bp), indicating that the colony variability of V. harveyi isolate 354.3 on VHA was 
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not due to contaminants, and that the strain is a pure culture showing phase variation 

affecting colony morphology on this medium.  Phase variation is population 

heterogeneity arising from genetic rearrangements or variable expression patterns in a 

genetically identical population.  Bacteria use phase variations to increase population 

diversity and survival in diverse environments, and to maximize evolutionary success 

(Sinem Beyhan, 2007; van der Woude & Baumler, 2004).  Van der Woude and Baumler 

(2004) reported that variations in the colour of colonies grown on specific media can be 

due to phase variation of proteins that interact with the dye.  Ziebuhr et al. (1997) found 

that black to red colony variation of Staphylococcus epidermidis on Congo red agar is 

due to phase variation.  Phase variation in colony colour of V. harveyi has not been 

reported previously.  However, V. parahaemolyticus (Guvener & McCarter, 2003) and 

V. vulnificus (Hilton et al., 2006) have been reported to have opaque and translucent 

colony morphologies due to phase variation in capsular polysaccharide production.  On 

the basis of the identical sequence results found for colony variants of isolate 654.3, for 

the remaining V. harveyi isolates colonies with morphologies typical of V. harveyi on 

VHA, as described by Harris et al. (1996), were selected and used in subsequent 

experiments.   

 

Sequencing and comparison of variable regions of 16S rDNA have been used in the 

rapid identification of V. harveyi (Caccamo et al., 1999; Oakey et al., 2003).  In the 

present study amplification of the 16S rDNA of V. harveyi using the 27f and 1512r 

primers gave a product of approximately 1500 bp for all the tested V. harveyi isolates.  

This product size is consistent with size of the gene (1564 bp) in the sequenced V. 

harveyi strain ATCC BAA-1116 (gene ID 5558009: NCBI) and with the positions of 

the primers used in this study.  Oakey et al. (2003) found 2 variable 16S rDNA regions 

(59–87 and 453–473; corresponding to the numbering of E. coli; GenBank accession 
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J01859) in the 16S rDNA gene of vibrios.  The primers based on these regions, and 

optimization of the PCR reaction, enabled confirmation of the identity of V. harveyi 

isolates in less than 24 h.  However, the sequences in these 2 regions are not unique to 

V. harveyi, as some V. alginolyticus isolates also produced a similar PCR product, and it 

was suggested that this may be due to a high 16S rDNA similarity between these two 

species.  Biochemical testing was also necessary to distinguish the 2 species (Oakey et 

al., 2003).  In the present study the 16S rDNA of 40 V. harveyi isolates was partially 

sequenced, and the presence of common sequences in the 198–306 region 

(corresponding to the numbering of E. coli; GenBank accession J01859) was assessed 

(Fig. 3.2).  In addition, 72% of the V. harveyi isolates in this study had the same 

sequences in the 59–87 region as those reported by Oakey et al. (2003) to be found in V. 

harveyi (Fig. 3.3).  In the constructed phylogenic tree (Fig. 3.1), all the V. harveyi 

isolates clustered together, and were separated from V. parahaemolyticus X56580, V. 

cholerae ATTC14035T and E. coli J01859.  However, limitations in using 16S rDNA 

similarities include the fact that several Vibrio species have nearly identical 16S rDNA 

sequences and similar phenotypic features (Gomez-Gil et al., 2004), so 16S rDNA 

sequences alone are not adequate for identification of some species and strains.  In 

particular, V. alginolyticus and V. campbellii are highly related to V. harveyi on the 

basis of 16S rDNA sequence.  Another complication is the presence of multiple copies 

of 16S rDNA (polymorphism) which are different in sequence within a single organism 

(Moreno et al., 2002; Oakey et al., 2003; Ueda et al., 1999).  Sequences of the rpoA, 

ropB, recA and pyrH genes have been demonstrated to provide greater accuracy in 

identification of Vibrio species (Dahllof et al., 2000; Thompson et al., 2005).  Use of 

PCR amplification of the luxN gene has recently been demonstrated as a rapid 

identification tool for V. harveyi strains (Hernandez & Olmos, 2004), with V. harveyi 

(ATCC14126) giving a single PCR product (2,048 bp) while all the other Vibrio type 
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species and non-Vibrio spp. produced no bands.  Other genes that show promise as 

identification markers for V. harveyi include atpA, toxR and dnaJ (Nhung et al., 2007; 

Pang et al., 2006; Thompson et al., 2007). 

 

The present work commenced in 2003, at a time when there were fewer alternatives to 

16S rDNA available, and it was not possible to return to this section of the project due 

to time and financial constraints.  Based on the previously performed biochemical 

identifications, colony morphologies typical of V. harveyi on VHA, and their 16S rDNA 

sequence similarities, it was assumed that the bacterial isolates used in this study were 

V. harveyi. 

 

The V. harveyi isolates varied in pathogenicity to Artemia nauplii.  At a concentration of 

106 cfu/ml 5 V. harveyi isolates (Vh1, Vh6, CO71, 173.2a, and 643.1b) were highly 

pathogenic to Artemia nauplii, resulting in 0% to 40% survival of Artemia at 72 h.  

These were derived from diverse sources including the surface of a sea mullet (WA), 

seawater from Cottesloe (WA), an aquaculture environment (QLD), the fin of Mahi 

Mahi (WA), and a lesion on snapper (WA), suggesting V. harveyi pathogenic to Artemia 

are present in many habitats.  Eleven (27.5%) V. harveyi isolates resulted in 41–80% 

Artemia survival, and 24 (60%) resulted in higher than 80% survival of Artemia at 72 h 

exposure.  There was no obvious association between source of isolate and 

pathogenicity to Artemia: the five water isolates included the highly pathogenic isolate 

Vh6 (26% Artemia survival), three moderately pathogenic isolates (61–80%) and isolate 

Vh16 with low pathogenicity (88% Artemia survival).  The pathogenicity of V. harveyi 

to Artemia and prawns has been the subject of a number of studies (Defoirdt et al., 

2008; Hernandez & Olmos, 2004; Soto-Rodriguez et al., 2003a), and it has been found 

that V. harveyi strains vary in pathogenicity.  Six V. harveyi isolates studied by Defoirdt 
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et al. (2006) resulted in 48–62% Artemia survival after 2 days exposure at a 

concentration of 105 cfu/ml.  Soto-Rodriguez et al. (2003a) reported that only 9 of 19 V. 

harveyi isolates caused significant mortality (45–80%; p < 0.05) in Artemia exposed to 

a concentration of 105–106 cfu/ml.  Lavilla-Pitogo et al. (1990) reported that some V. 

harveyi strains at 102 cfu/ml caused 100% mortality of P. monodon protozoea but other 

V. harveyi isolates were not pathogenic to P. monodon at a concentration of 106 cfu/ml 

(Pizzuto & Hirst, 1995).  Hernandez et al. (2004) also demonstrated V. harveyi isolates 

Z2 and Z3 caused 100% mortality of juvenile Liptopenaeus vanamei prawns in a 

challenge test involving intramuscular injection of 105 cells per prawn, while V. harveyi 

M1 and the control strain (ATCC 14126) resulted in 50% and 100% survival, 

respectively.  The mortality rate for L. vanamei also varied. V. harveyi Z2 took twice as 

long to cause mortality as isolate Z3 (Hernandez & Olmos, 2004).   

 

The pathogenicity mechanisms of V. harveyi in cultured aquatic organisms have not 

been completely elucidated (Austin & Zhang, 2006).  Several virulence factors have 

been identified including extracellular products (cysteine protease, phospholipase, 

haemolysin) (Liu et al., 1996; Liu et al., 1997; Soto-Rodriguez et al 2003a; Zhang et 

al., 2001), lipopolysaccharide (Montero & Austin, 1999), exotoxins (Harris & Owens, 

1999), quorum sensing factors (Defoirdt et al., 2008; Henke & Bassler, 2004), 

siderophores (Soto-Rodriguez et al 2003a) and biofilm formation (Karunasagar et al., 

1994).  In addition, bacteriophages (Austin et al., 2003; Munro et al., 2003; Ruangpan 

et al., 1999) and bacteriocin-like substances (Prasad et al., 2005) have been reported to 

contribute to the virulence of some V. harveyi strains.  In the present study lipase, 

haemolysin and protease activities of the V. harveyi isolates were tested to assess if 

there was a correlation between the presence of these enzyme and pathogenity to 

Artemia.   
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All the V. harveyi isolates were positive for lipase (Tween 80) and showed a similar 

degrees of lipase activity.  Soto-Rodriguez et al. (2003a) also reported that all of 16 V. 

harveyi isolates in their study showed lipase activity at 48 h. 

 

The V. harveyi isolates used in this study exhibited variable haemolytic activity in agar 

medium supplemented with 5% sheep blood.  Only V. harveyi Vh8 produced a 

haemolytic halo around colonies on 5% horse blood agar, but 80% of V. harveyi isolates 

produced haemolytic halos around the colonies on sheep blood agar.  The degree of 

haemolytic activity varied among the tested isolates.  Sheep erythrocytes (2%) and 

yellowfin sea bream erythrocytes (2%) were used by Liu et al. (1996) to assess the 

haemolytic activities of the six V. harveyi isolates, and stronger haemolysis was 

reported for the former.  Montero and Austin (1999) also reported that the strongest 

haemolytic activity of V. harveyi occurred for sheep erythrocytes relative to rabbit and 

donkey erythrocytes.  

 

Thirty-one (77.5%) of the V. harveyi isolates in this study showed protease activity on 

TSA supplemented with 5% (v/v) skim milk, while 9 (22.5%) isolates did not show any 

protease activity.  However, the protease activity varied among the isolates, as 

determined by the width of the lytic halo around the bacterial colony, ranging from 

approximately 1–3 mm.  Nine isolates had delayed protease activity, taking 72–96 h to 

produce a lytic halo, while others took only 48 h (Table 3.2).  Soto-Rodriguez et al. 

(2003a) and Liu et al. (1996) also reported 80% and 100%, respectively of the V. 

harveyi isolates, used in their studies had protease (caseinase) activity.   
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In this study there was a moderate negative correlation observed between percentage 

survival of Artemia exposed to V. harveyi for 72 h and production of protease 

(Spearman test, ρ = –0.320, p = 0.0416, n = 40), and no correlation between percentage 

survival of Artemia exposed to V. harveyi for 72 h and production of haemolysin 

(Spearman test, ρ = –0.117, p = 0.4711, n = 40) or lipase (Table 3.3) by V. harveyi 

isolates.  Some previous studies have shown correlations between pathogenicity of V. 

harveyi isolates and their enzyme activities.  Soto-Rodriguez et al. (2003a) found a 

positive correlation between Artemia mortality and protease (caseinase) activity of V. 

harveyi isolates.  Liu and Lee (1999) also suggested that cysteine protease present in 

extracellular products of V. harveyi 820514 causes mortality to P. monodon.  Liu et al. 

(1996) demonstrated that four V. harveyi isolates from diseased prawns (Penaeus 

monodon) had stronger proteolytic (caseinase), phospholipase, haemolytic activity and 

virulence for P. monodon (lower LD50 value) than the two reference strains (isolated 

from non-penaeid sources; seawater and diseased Talorchestia sp.).  Extracellular 

products of the virulent bacteria also had stronger enzymatic and haemolytic activities 

than those of the reference strains.  Montero et al. (1999) also found that extracellular 

products of V. harveyi isolated from diseased Penaeus vannamei had proteolytic, 

haemolytic and cytotoixc activities, and were lethal to Dublin Bay prawns (Nephrops 

norvegicus).  They hypothesized that some or all of the biologically active molecules 

(protease, haemolysins and cytotoxins) and/or thermostable low molecular weight 

lipopolysaccharides in the extracellular products of V. harveyi are associated with 

virulence (Montero & Austin, 1999).  Nakayama et al. (2005) reported that virulence in 

some V. harveyi isolates is due to production of haemolysin, while in others it is due to 

cysteine proteases.  This was evident in the extracellular protein profile analysis of 3 

isolates of V. harveyi, using SDS-PAGE.  Non-pathogenic V. harveyi expressed only 

one band while the two pathogenic isolates (VP1 and VT1) produced several bands, 
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some of which may correspond to haemolysin protein and cystein protease.  They also 

demonstrated that the thermal stability of haemolysin and cytotoxins varies among V. 

harveyi isolates.  Harris and Owens (1999) demonstrated that exotoxins produced by 2 

luminous V. harveyi strains pathogenic to P. monodon larvae may be the virulence 

factor involved.  Soto-Rodriguez et al. (2003a) found a strong correlation between 

Artemia mortality and production of proteases, phospholipases (1% Tween 80) or 

siderophores, and no correlation between mortality and lipase (0.2% egg yolk), 

gelatinase production or haemolytic activity.   

 

The results of this study support the hypothesis that protease (caseinase) production is a 

good indicator of V. harveyi virulence to Artemia.  Protease may play a role in the 

destruction of enzymatic haemolymph clotting in prawns, as is the case for the related 

pathogens V. parahaemolyticus and V. alginolyticus (Soto-Rodriguez et al., 2003a).  

Haemolysis of sheep erythrocytes, on the other hand, was not an indicator of V. harveyi 

virulence to Artemia in this study.  VHH haemolysin is clearly a virulence factor in fish 

pathogenesis, including turbot (Sun et al., 2007) and flounders (Zhong et al., 2006).  It 

may be that fish erythrocytes provide a more suitable model for haemolysis in V. 

harveyi, and that the VHH haemolysin is not active on sheep erythrocytes, or that 

another haemolysin is also being detected using these cells.  Munro et al. (2003) used 

sheep erythrocytes in their demonstration of phage mediated virulence to P. monodon 

and up-regulation of haemolysin and other toxic proteins. 

 

In summary these findings suggest that virulence factors in pathogenic V. harveyi 

isolates vary among strains, and that there is no common virulence factor.  The V. 

harveyi isolates used in this study gave results consistent with these findings.  In 

addition, the occurrence and degree of proteolytic, haemolytic and cytotoxic activities  
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are influenced by culture conditions (Montero & Austin, 1999).  This indicates the 

importance of using standardised assays to assess virulence factors of V. harveyi 

isolates. 

 

Pathogenicity testing showed that some of the V. harveyi isolates obtained from diverse 

locations were good candidate agents for use in Artemia bioassays, as they caused 

significant mortality in Artemia compared to unchallenged Artemia controls.  In this 

study there was a moderate negative correlation observed between survival of Artemia 

exposed to V. harveyi and production of protease.  However, there was little or no direct 

correlation between Artemia mortality and haemolytic or lipase activities of the V. 

harveyi isolates used in this study.  Some other pathogenicity mechanism or 

mechanisms may be involved in the pathogenicity of these isolates to Artemia. 
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CHAPTER 4 
 

Characterisation of V. harveyi phages 
 
 

4.1.  Introduction 
 
During the last three decades the use of direct counting methods has revealed phages are 

abundant in marine environments (104–107 particles per ml) (Wichels et al., 1998; 

Wommack et al., 1999b).  From the studies to date based on culturing and culture-

independent methods (i.e. pulsed field gel electrophoresis, electron microscopy), marine 

phage diversity is high with respect to morphology, genetics and distribution 

(Borsheim, 1993; Jiang et al., 2003; Kellogg et al., 1995; Steward et al., 2000; Wichels 

et al., 1998; Wommack et al., 1999a; Wommack et al., 1999b).  However, this diversity 

is still not completely understood (Paul et al., 2002; Wichels et al., 1998) as the 

majority of marine phages and bacteria are unable to be cultured (Breitbart & Rohwer, 

2005). 

 

Wichels and colleagues (1998) investigated the morphological and genetic diversity of 

22 tailed marine phages isolated from the North Sea.  These phages had morphologies 

typical of the families Myoviridae (7 phages), Siphoviridae (11 phages) and 

Podoviridae (4 phages).  Among the Siphoviridae phages, one had a hook at the end of 

the tail, which had not previously been reported in marine phages, and another five had 

knob-like structures on their capsids.  Four of the Myoviridae phages had collar-like 

structures between the head and tail.  The remaining Siphoviridae and Myoviridae 

phages, and all the Podoviridae phages, had no special appendages.  All the phages had 

double stranded DNA.  Of the 22 phages, 15 had DNA homology with one or more of 

the other phages, while seven did not share DNA similarity with any other phage 

(Wichels et al., 1998).  There was no DNA homology among phages belonging to 



Chapter 4 – Characterisation of V. harveyi phages 

 93 

different families, and not all phages within a family were genetically related.  The G+C 

content of phage genomic DNA was less variable among Siphoviridae phages (40.1–

51%) than among Myoviridae and Podoviridae phages, where it ranged from 33.7–

64.7% and 38.4–57.6%, respectively.  Host ranges were also diverse: all the Myoviridae 

phages had broad host ranges, the Siphoviridae phages had narrow host ranges, and all 

the Podoviridae phages were highly host specific.  These genetically and 

morphologically diverse marine phages were assigned to 12 species according to the 

criteria of Ackermann et al. (1992); phages in the same family and with DNA 

homology belong to the same species (Wichels et al., 1998).  Using pulsed field gel 

electrophoresis and nucleic acid probe hybridization, Wommack and colleagues (1999b) 

suggested that the distribution of marine viruses with similar genome sizes is related to 

depth of the water column, as the probe designed from the nucleic acid of deep water 

viruses from Chesapeake Bay did not hybridize with the nucleic acid of surface water 

viruses from the same location.  In addition, marine phage diversity has been shown to 

vary with time and geographical location (Wommack et al., 1999a). 

 

Marine phages play a significant role in the distribution, diversity and mortality of 

marine bacterial populations (Paul et al., 1999; Weinbauer, 2004).  In addition, the 

phenotypic and genotypic diversity of phages and their bacterial hosts may be linked to 

interactions (Cottrell & Suttle, 1995; Wichels et al., 1998) that include gene transfer 

between phages and bacteria (Paul & Sullivan, 2005).  The study of phage diversity and 

distribution is important from both ecological and aquaculture viewpoints.  In 

aquaculture systems bacterial diseases may arise due to changes to the natural bacterial 

populations as a result of intensive aquaculture practices, allowing opportunistic 

pathogens to increase in numbers.  Knowledge of phage diversity, distribution and their 
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ability to control potentially pathogenic bacteria will enable assessment of the use of 

phages to prevent and/or control bacterial disease in aquaculture.   

 

Phages of Vibrio spp. are present in marine environments, fresh water and sewage 

(Ackermann et al., 1984; Baross et al., 1978; Borsheim, 1993; DePaola et al., 1998).  

Phages of human pathogenic vibrios (V. cholerae, V. parahaemolyticus, V. alginolyticus 

and V. vulnificus) have been studied in detail (Ackermann et al., 1984; DePaola et al., 

1998; Koga et al., 1982) and some have been used in phage typing of these pathogens 

(Chattopadhyay et al., 1993).  To study phage diversity Kellogg et al. (1995) isolated 67 

Vibrio phages from various marine locations around Florida and Hawaii (USA), using a 

single strain of Vibrio parahaemolyticus as the host bacterium.  All were Myoviridae 

phages with similar capsid size (head diameter 50–65 nm, tail length 60–100 nm), and 

having a double stranded DNA genome.  The phages were not genetically related and 

were grouped into six clusters according to the banding patterns obtained from the use 

of a 1.5 kb EcoR1 fragment of phage Ф16 (type phage) as a probe in Southern 

hybridization.  Oysters from the Gulf of Mexico also yielded morphologically diverse 

V. vulnificus phages (DePaola et al., 1998), and electron microscopy of 43 phages 

indicated they were members of the Myoviridae, Siphoviridae and Podoviridae families.  

Some phage morphologies were unusual, with one Podoviridae phage having an 

unusually elongated head (mean head length and width of 258 nm and 47 nm, 

respectively).   

Interest in V. harveyi phages has been aroused recently because of the worldwide 

occurrence of disease due to V. harveyi in cultured aquatic organisms, and the rise of 

antibiotic resistant V. harveyi strains (Karunasagar et al., 1994).  Studies on V. harveyi 

phages are limited to a Myoviridae-like phage (VHML) from Australia (Oakey & 

Owens, 2000; Oakey et al., 2002), two phages from Thailand (Khemayan et al., 2006; 
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Pasharawipas et al., 2005; Pasharawipas et al., 2008; Ruangpan et al., 1999), and 12 

phages from India (Karunasagar et al., 2007; Shivu et al., 2007; Vinod et al., 2006).  

These studies have investigated aspects including phage involvement in V. harveyi 

virulence, phage-host relationships, phage diversity, and the potential of phages as 

biocontrol agents in aquaculture.  In addition, Passmore (1998), Thatcher (1999), 

Hinkley (2000) and Crozier (2001) isolated 79 V. harveyi phages from different 

geographical locations in Western Australia, and collectively investigated phage 

diversity and the ability of phages to control V. harveyi under laboratory conditions. 

Various approaches including electron microscopy, plaque morphology, host range 

studies, restriction enzyme analysis and sequencing of phage genomes, phage-host 

relationships, temperature and pH stability, structural protein profiles, burst sizes and 

latent periods have been used by various research groups to study V. harveyi phages.  

The phages isolated by Vinod et al. (2006) and Karunasagar et al. (2007) exhibited 

broad lytic activity against 50–100 V. harveyi isolates, and showed potential for 

biocontrol of V. harveyi in the hatchery environment.  In contrast, Ruangpan et al. 

(1999) and Oakey et al. (2002) suggested that the phages they studied may confer 

virulence to some strains of V. harveyi.  Vidgen et al. (2006) found changes to some 

phenotypic characteristics (D–gluconate utilization, γ–glutamyl transpeptidase and 

sulfatase activity) of various V. harveyi strains following infection by phage VHML.  In 

addition, Austin et al. (2003) and Munro et al. (2003) showed that V. harveyi isolates 

infected with VHML phage had enhanced haemolytic activity, up-regulated protein 

excretion, produced toxic proteins and increased mortality in Atlantic salmon, Artemia 

or P. monodon larvae.  Khemayan et al. (2006) found the interaction between phage 

VHS1 and V. harveyi (strain VH114) produced low numbers of lysogens with varying 

stability.  These results demonstrate the importance of a sound understanding of phage-

V. harveyi relationship before phage application for bacterial control. 
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The present study was designed to enhance the understanding of phage diversity and 

host-phage relationships among marine phages of V. harveyi, with an emphasis on 

Australian isolates of both phages and bacterial hosts.  This chapter describes the 

isolation of phages of V. harveyi from Fremantle surface seawater, and partial 

characterization of 20 V. harveyi phages based on phage morphology, genome size, 

restriction enzyme digestion patterns and host ranges.  

 

 

4.2.  Experimental procedures 
 
 
4.2.1.  Phage isolation, partial purification and stock culture 
 
V. harveyi phages were isolated on two occasions from surface seawater at Fremantle, 

WA (latitude 32° 04′ S, longitude 115° 44′ E) during February–March 2003.  Water 

samples were collected in 20 l plastic carboys, transported to the laboratory within 30 

min.  Samples (1 l) were filtered (0.2 µm) under vacuum to remove bacteria and other 

particles greater than 0.2 µm (filtered seawater).  

 

The phages were isolated using the whole plate assay method (2.2.2.1) with 43 V. 

harveyi isolates (Table 3.1; excluding QL2, CO36 and CO71) as hosts.  The V. harveyi 

isolates were from two geographically distant locations in Australia: Western Australia 

and Queensland.  For each bacterial isolate, 1 ml of the filtered seawater was mixed 

with 0.5 ml of an overnight broth culture of the bacterium and incubated at room 

temperature (~20°C) for 20 min to allow phage adsorption.  Molten overlay agar (2 ml) 

was added, and the solution was vortexed and immediately poured onto a layer of phage 

LM agar in a 27 mm plastic Petri dish, forming a thin overlay.  For each bacterium a 

total of 5 ml of filtered seawater was plated (5 plates).  Plates were incubated overnight 
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at 28°C and examined for the appearance of plaques in the bacterial lawn, indicating 

host bacterial cell lysis.   

 

On the basis of plaque morphology and size, 76 plaques from 20 V. harveyi isolates 

were chosen for phage isolation.  For phage isolation, a well-separated plaque was 

touched with a sterile wooden swab applicator which was transferred to 1 ml of sterile 

phage buffer (section 2.1.6.5) and shaken.  The resulting phage suspension was filtered 

(0.2 µm syringe filter) to remove bacteria (termed a 'filtered phage suspension').  A 

dilution series of the filtered phage suspension of each phage was prepared in phage 

buffer, and aliquots of each dilution were re-inoculated back onto the V. harveyi isolate 

from which the phage had been isolated, using the overlay plating technique noted 

above.  This procedure was repeated twice to ensure the purity of each isolated phage.  

The filtered phage suspension from the final phage isolation was used for preparation of 

phage stock solutions for storage and subsequent experimentation.   

 

For preparation of phage stock solution, ten-fold dilutions of each filtered phage 

suspension from the final phage purification step were inoculated onto the same host 

bacterium used for initial isolation (whole plate assay; section 2.2.2.1) and incubated at 

28°C for 16 h.  Phage buffer (5 ml) was poured onto the surface of inoculated plates 

showing semi-confluent lysis, and incubated for 2 h at room temperature (~20°C) with 

intermittent shaking to facilitate diffusion of phages into the liquid phase.  The liquid 

was poured off and centrifuged at 3000 rpm for 15 min (Hettich universal benchtop 

centrifuge) to pellet bacterial debris, and the supernatant was filtered (0.2 µm syringe 

filter) to remove bacteria.  For long-term storage the resulting phage suspension (1011-12 

pfu/ml) was mixed with an equal volume of 15% glycerol LM and stored at –84°C.  For 

short-term storage the filtered phage suspension was stored at 4°C without addition of 
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15% glycerol LM.  To make high titre phage stocks (> 1012 pfu/ml), phage suspensions 

(1011-12 pfu/ml, not in 15% glycerol LM) were ultracentrifuged (Beckman J2–21M/E) at 

200,000 g for 2 h at 4°C, and the resulting phage pellet was suspended in a small 

volume (approximately 0.1–0.5 ml) of sterile phage buffer (for biological control 

experiments) or sterile nuclease free water (for electron microscopy).  The titre of each 

phage stock was determined using the whole plate assay (section 2.2.2.1). 

 

 

4.2.2.  Phage host range  
 
The host ranges of the 76 isolated phages were determined by their ability to lyse the 43 

V. harveyi isolates used for V. harveyi phage isolation (Table 3.1), 17 isolates of seven 

other Vibrio species reported to be aquaculture pathogens (Table 2.1), and 13 isolates of 

four other bacterial genera (six species) (Table 2.1).  Drops of each filtered phage 

suspension (neat and 10–2 dilution) were placed on lawns of each of the bacterial 

isolates on phage LM plates, using a flame-sterilized multi-point inoculation device (32 

stainless steel pins attached to a flat platform).  Plates were incubated at 28°C for 24 h 

and observed for the formation of plaques under the phage drops.  Sterile phage buffer 

was used as the negative control and the experiment was repeated twice. 

 
 
 
 
4.2.3.  Phage morphology 
 
The morphology of 20 phages was determined using transmission electron microscopy 

(TEM) of negatively stained phage preparations.  A Formvar carbon-coated 200-mesh 

copper TEM grid was placed Formvar-side down on a drop of alcian blue for 2 min, 

then rinsed in distilled water and the edge of the grid touched to a piece of Whatman 

filter paper to remove any excess liquid.  The grid was then placed on a drop of freshly 
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prepared high titre phage suspensions (>1012 pfu/ml) and left for 5–10 min.  For TEM, 

phage stocks were ultracentrifuged and the phage pellet was suspended in 0.1–0.5 ml of 

sterile distilled water.  Excess phage suspension was removed and the grid placed on a 

drop of 2% sodium silicotungstate for 5–10 min.  Excess stain was removed as above 

and the grid was air-dried overnight prior to microscopic examination using a JEOL 

2000FX TEM at 100–150K magnification.  Digital images were obtained from TEM 

photographic negatives.  Five to ten phage particles were measured to obtain 

dimensions of each phage, and 'Image J' software was used to insert scale bars into the 

images.  

 

 

4.2.4.  Characterisation of phage nucleic acid  
 
4.2.4.1.  Extraction of phage nucleic acid 
  
Nucleic acids of the 20 phages examined by TEM were extracted using Wizard® 

Lambda Preps DNA Purification system, following the manufacturer's protocol.  

Briefly, a 10 ml aliquot of each phage suspension was digested at 37°C for 15 min with 

each of RNase A and DNase 1.  Phage particles were precipitated on ice with phage 

precipitant for 30 min and ultracentrifuged at 10,000 × g for 10 min at 4°C.  The 

resulting phage pellet was resuspended in 500 µl of kit-supplied phage buffer.  The 

phage suspension was mixed with 1 ml of purification resin, passed through the 

minicolumn and washed with 2 ml of 80% isopropanol to purify the phage nucleic acid.  

Phage nucleic acid was eluted from the minicolum using water pre-heated to 80°C, and 

stored at 4°C until used for restriction enzyme digestion, pulsed field gel electrophoresis 

and other genomic studies. 
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4.2.4.2.  Restriction enzyme digestion of phage nucleic acid  
 
The phage nucleic acid was digested separately using HindIII, MluI and SpeI restriction 

enzymes following the manufacturer's instructions.  The reaction mixture consisted of 

2–12 µl of phage nucleic acid extract, 1 µl of restriction enzyme, 2 µl of appropriate 

restriction enzyme buffer, 1 µl of BSA (acetylated bovine serum albumin) and nuclease-

free water in a total volume of 20 µl.  The resulting nucleic acid fragments were 

separated using gel electrophoresis.  Agarose gels (1%) were used for the HindIII and 

MluI digests, and 1.5% agarose was used for the SpeI digests.  Restriction enzyme-

digested phage nucleic acid (2–8 µl) was mixed with 2 µl of blue/orange 6 × loading 

dye and electrophoresed at 80 V for 1.5 to 2.0 h.  A 1 kb DNA ladder was used as the 

DNA size maker.  After electrophoresis the gel was placed in 1 × TBE buffer containing 

0.5 µg/ml ethidium bromide for 30–45 min, de-stained by placing in water for 20 min, 

and visualized using a UV transilluminator.  Banding patterns were analysed and 

dendrograms were produced using molecular analysis software, version 1.6, Bio-Rad, 

Hercules, CA. 

 

 

4.2.4.3. Determination of phage genome size by pulsed field gel electrophoresis 
(PFGE)   

 
Phage genome sizes were determined using PFGE.  Aliquots (1–3 µl) of sufficiently 

diluted phage genome extract were mixed with 5 µl of blue/orange 6 × loading dye and 

loaded into separate wells of a 1% agarose gel (Pulsed Field Certified Ultra Pure Grade 

Agarose, Bio-Rad).  MidRange PFG marker I was included as the molecular size 

marker.  Gels were run in a CHEF-DRII Pulsed Field Electrophoresis system (Bio-Rad) 

in 0.5 × TBE at 14°C, 6 Vcm-1 and a 120° angle for 22 h with a 0.05–10 s switch time.  

The gels were stained with 0.5 µg/ml ethidium bromide solution for 20–30 min.  

Genomic nucleic acids were visualized using a UV transilluminator (254–360 nm) and 
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digital images were obtained using Kodak ID 3.5 USB software.  The genome size of 

each phage was determined using a standard curve plotted for the molecular size 

marker, and average genome sizes were obtained from three replicate gels. 

 
 
 
 
4.2.5. Determination of phage similarity to known V. harveyi phages 

using PCR and sequencing 
 
4.2.5.1.  Determination of similarity to VHS1 V. harveyi phage   
 
A plasmid carrying the DNA polymerase gene of VHS1 phage, obtained from Professor 

Tim Flegel (Centex Shrimp, Thailand), was used as a positive control in the PCR.  PCR 

reactions were carried out according to the protocol of Khemayan et al. (2006).  The 

primers (PH102 F8/2 5'–AAA CGA CTT CGC GCA TGT T–3' and PH102 R2/2 5'–

GAC TCG CTT TTA ACT GCT A–3'), designed from the VHS1 DNA polymerase 

gene (Khemayan et al., 2006; Pasharawipas et al., 2005), were obtained from 

GeneWorks.  The PCR reaction mixture consisted of 2.5 mmol l-1 magnesium chloride, 

5 µl of 10 × polymerase buffer, 200 µmol l-1 of each dNTP, 1 U Taq polymerase, 10 

pmol of each primer, 50–250 ng template DNA, and nuclease free distilled water in a 

final volume of 50 µl.  The following cycling conditions were used; initial denaturation 

at 94°C for 5 min, 35 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 

min and extension at 72°C for 2 min, and final extension at 72°C for 7 min.  

 

The resulting PCR amplicons were mixed with blue/orange 6 × loading dye and 

separated by gel electrophoresis at 80 V using 1% agarose gels containing ethidium 

bromide.  A 1 kb DNA ladder was used as the DNA size maker.  After electrophoresis 

the bands were visualized using a UV transilluminator.  Phages having 2.5 kb bands 

were considered PCR positive for the DNA polymerase gene of VHS1 phage.  Positive 

bands were purified using an QIAquick Gel Extraction kit, following the manufacturer’s 
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protocol.  Purified DNA was sequenced by the West Australian Genome Resource 

Centre (Royal Perth Hospital, Perth).  The similarity of sequences to VHS1 was 

determined using the Blast2 program (http://www.ncbi.nlm.nih.gov). 

 

 

4.2.5.2.  Determination of phage similarity to VHML phage 
 
4.2.5.2.1.  Isolation of VHML phages and extraction of phage nucleic acids 
 
V. harveyi 642 (reported to be a lysogen of phage VHML; Oakey and Owens, 2000) 

was obtained from Associate Professor L. Owens (James Cook University, Queensland) 

and induced to release VHML phages as described below.  V. harveyi 642 was 

inoculated into sterile LM broth (10 ml) and incubated in a shaking water bath (110 rev 

min-1) at 28°C for 12 h.  Mitomycin C (50 ng ml-1) was added and the mixture 

incubated for 12 h to induce the lytic cycle of the VHML prophages (Vidgen et al., 

2006).  Phages were subsequently separated from the bacterial cell debris by 

centrifugation at 3000 rpm for 15 min (Hettich universal benchtop centrifuge) and 

filtration of the supernatant (0.2 µm syringe filters).  Phages in the supernatant were 

concentrated by ultracentrifugation (Beckman J2-21M/E) at 200,000 g for 4 h at 4°C, 

and the phage pellet was resuspended in a small volume of sterile phage buffer (Oakey 

et al., 2002).  The extraction of VHML nucleic acid was carried out as described in 

section 4.2.4.1, using the Wizard® Lambda Preps DNA Purification system.  The 

extracted VHML genomic nucleic acid was used as the positive control in the PCR to 

assess the presence of the VHML genome in the 20 V. harveyi phages used in this 

study. 

 
 
 
 
 
 



Chapter 4 – Characterisation of V. harveyi phages 

 103 

4.2.5.2.2. PCR determination of the presence of the VHML genome in V. harveyi 
phages 

 
Primers (VMF1; 5'–TTC CGG CGA AGC GTT TGA–3' and VMR1; 5'–CGT GCT 

CGG CCT TAA TCC ATA–3') designed from the VHML genome were obtained from 

GeneWorks, and PCR was carried out as described by Vidgen et al. (2006).  The PCR 

reaction mixture consisted of 2.5 mmol l-1 magnesium chloride, 5 µl of 10 × polymerase 

buffer, 200 µmol l-1 of each dNTP, 1 U Taq polymerase, 10 pmol of each primer, 50–

250 ng template DNA, and nuclease-free distilled water was added to give a final 

volume of 50 µl.  The following cycling conditions were used; initial denaturation at 

94°C for 7 min, 36 cycles of 94°C for 50 s, 59°C for 50 s and 72°C for 1 min, and final 

extension at 72°C for 7 min.  

 

The resulting PCR amplicons were mixed with blue/orange 6 × loading dye and 

separated by gel electrophoresis at 80 V using 1% agarose gels containing ethidium 

bromide.  A low molecular weight DNA ladder was used as the DNA size maker.  After 

electrophoresis the bands were visualized using a UV transilluminator.  Phages having 

250 bp bands were considered PCR positive for VHML phage.  
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4.3.  Results    

4.3.1.  Isolation of V. harveyi phages  
 
A total of 238 plaques formed on 20 of the 43 V. harveyi isolates (Table 4.1) used to 

culture phages from Fremantle surface seawater.  Some isolates (Vh1, 100.1, 654.3 and 

QL5) produced more plaques than others.  No plaques formed on 23 of the V. harveyi 

isolates under the test conditions.  Initially 76 plaques were selected for phage isolation 

and purification, based on differences in plaque morphologies and sizes, and of these 20 

(VihaA1–VihaA20) were selected for detailed study, based on their host ranges.  The 

phage naming system is described in Appendix A. 

 

4.3.2.  Host range 
 
Three types of plaques were observed, and host ranges were categorized on this basis: 

(1) plaques with defined edges with no or little bacterial growth within the plaque (host 

susceptible), (2) no plaque formation (host not susceptible) and (3) plaque turbid 

(partial clearance of bacterial growth within the plaque, resulting in thinner bacterial 

growth than in the normal bacterial lawn).  Phage-host interactions in the latter category 

were not considered in establishing host range patterns, as these may be due to 

pseudolysogeny or unstable lysogenic relationships between the phage and host 

(Khemayan et al., 2006).  Sixty-eight different host range patterns were observed for the 

76 phages.  These included 8 groups containing 2 phages with identical patterns and 60 

groups containing single phage.  While 38% of the phages were able to lyse 21–25 of 

the 43 V. harveyi isolates tested, no phage was able to lyse more than 25 (58%) of the 

isolates (Fig. 4.1).  Eleven (26%) of V. harveyi isolates were resistant to all the phages.  

Of the other bacteria tested, V. alginolyticus Va5, V. parahaemolyticus Vp3024, V. 

splendidus Vs1 and Photobacterium sp. P2572 were susceptible to 6%, 43%, 32% and 

82% of the phages, respectively.  
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Table 4.1.  Plaque formation and phage selection from Fremantle seawater on V. 
harveyi isolates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. harveyi 
isolates 

Number of 
plaques 

obtained from 
5 ml of seawater 

Number of 
phages 

used in the host 
range study 

Number of 
phages 

selected for 
detailed study 

Vh1 53            12            2 
QL5 26  5            – 
QL9   9  6            4 
QL13   2  2            1 
QL17   2  2 – 
QL18   1  1 – 
QL24   1  1 – 
QL26   7  6  1 
100.1 48  6  1 
181.2   3  1  1 
273.3  14  6  2 
417.8  16  4  1 
513.1   1  1  1 
610.1   1  1  – 
610.2   3  3  2 
618.1   1  1  1 
654.3 27  6  1 
937.1   3  3  – 
1738.3 11  3  – 
2902.1   9  6  2 
Total           238            76 20 
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Figure 4.1.  Susceptibility of V. harveyi isolates to marine phages.   

A total of 76 phages were assessed for host range on 43 V. harveyi isolates.  Each 

column represents the percentage of V. harveyi phages that lysed the specified range of 

V. harveyi isolates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

0
5

10
15

20
25
30

35
40

45
50

1–5 6–10 11–15 16–20 21–25

% of phages

Number of phage-susceptible V. harveyi isolates  

%
 o

f V
. 

h
a

rv
e

yi 
ph

ag
es

 



Chapter 4 – Characterisation of V. harveyi phages 

 107 

To establish the degree of similarity amongst the phages, susceptibility results were 

selected and analysed (Bionumerics software, the integral study of biological 

relationships, Applied Maths, Kortijk, Belgium, Version 3.5) for 21 bacterial isolates 

(V. harveyi [18], V. parahaemolyticus Vp3024 [1], V. splendidus Vs1 [1] and 

Photobacterium sp. P2572 [1]) that did not have turbid clearance with any phage.  This 

resulted in identification of 11 phage clusters (Table 4.2; Complete data given in 

Appendix B) based on host range.  Some phages within a cluster had identical host 

ranges while some had slight host range differences (Appendix A).  For further 

characterization by phage morphology, genome size and restriction enzyme digestion 

analysis, 2 phages with wide host ranges were selected from each cluster, except for 

clusters 5 and 9, where a single phage was selected giving a total of 20 phages (Table 

4.2).  

 

Among the putative Siphoviridae phages found (section 4.3.3 and 4.3.4) host ranges 

were typically high (6–18 hosts) and only one (VihaA19) had a host range less than 6.  

In contrast, among the putative Myoviridae phages no phage had a host range 

comprising more than 3 hosts (Table 4.2).  
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           Table 4.2.  Susceptibility patterns of 21 bacterial isolates to phages selected from 11 phage clusters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 x–bacterial isolate is susceptible to the phage,  blank–bacterial isolate is resistant to the phage.             

Bacterial isolates 

 V. harveyi isolates Others 
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1 VihaA9  x   x  x x x x x    x x  x   x 11 52 

  VihaA16  x x  x  x x x   x   x x  x x  x 12 57 

2 VihaA5 x  x  x  x x x x x  x x x x  x   x 14 67 

  VihaA12 x x x  x x x x x x x  x x x x  x x  x 17 81 

3 VihaA3  x x  x x x x x   x x x x x x x x x x 17 81 

  VihaA6 x x   x  x x x x x   x x x x x  x x 15 71 

4 VihaA4 x x x  x  x x x x x x x x x x x x  x x 18 86 

  VihaA11 x x x x x  x x x x x x   x x x x x  x 17 81 

5 VihaA10  x x    x x x x x    x  x x   x 11 52 

6 VihaA7 x x x  x  x x  x x    x x  x   x 12 57 

  VihaA8 x x   x  x x x x x x    x  x    11 52 

7 VihaA13 x x x   x x   x     x x  x x  x 11 52 

  VihaA14 x  x   x  x  x x x  x  x x x   x 14 67 

8 VihaA2   x    x x  x        x   x 6 28 

  VihaA15   x  x  x x  x     x   x    7 33 

9 VihaA1   x x x   x           x  x 6 28 

10 VihaA17     x                 1 5 

  VihaA20       x               1 5 

11 VihaA18     x                 1 5 

  VihaA19     x                 2 10 
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4.3.3.  Phage morphology  
 
The 20 phages (VihaA1–VihaA20), representing the 11 phage clusters defined by host 

range, were negatively stained and observed using TEM at the Centre for Microscopy 

and Microanalysis, UWA.  Digital images of these phages (Fig. 4.2 and 4.3) were 

recorded, and phage morphologies and particle sizes were determined.  Seventeen 

phages had characteristics typical of the family Siphoviridae, including an icosahedral 

head and a long flexible tail (Fig. 4.2).  The other 3 phages (VihaA17, VihaA18 and 

VihaA20) had icosahedral heads and rigid tails with a contractile sheath, typical of the 

family Myoviridae (Fig. 4.3).  Based on the head shape, the majority of Siphoviridae 

phages were of morphotype B1 (isometric head; Fig. 1.1), but VihaA2 and VihaA19 had 

moderately elongated heads typical of morphotype B2 (head length to width ratio of 

1.2–2.3; Fig. 1.1) (Ackermann & DuBow, 1987; Ackermann, 2001; Ackermann, 2007).  

Spike-like projections could be seen in the head area of phages VihaA4, VihaA7, 

VihaA12, VihaA13 and VihaA15, while tail striation was evident in phages VihaA4, 

VihaA6 and VihaA16.  The average particle dimensions of the phages are shown in 

Table 4.3.  The head width of phages ranged from 56.2 to 89.40 nm, and head length 

ranged from 59.9 to 95.0 nm.  Phage VihaA1 had the shortest tail (70.6 nm) and a base 

plate-like structure at the end, while phage VihaA15 had the longest tail (256.0 nm). 
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Figure 4.2.  Electron microscopy images of phages with characteristics of the family 
Siphoviridae.   
Note tail striation in (c), (e) and (g).  Spike-like projections are evident on the phage 
head in (c), (d) (f) and (l).  Moderately elongated heads are evident in (p) and (q).  A 
base plate-like structure is evident at the end of the tail in (m), (n) and (o). 

 
(a) VihaA3 

 
(b) VihaA11 

 
(c) VihaA4 

 
(d) VihaA12 
 

 
(e) VihaA16 

 
(f) VihaA13 

 
(i) VihaA10 

 
(h) VihaA9 

 
(g) VihaA6 

 
(j) VihaA5 

 
(k) VihaA7 

 
(l) VihaA15 
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Figure 4.2.  Continued  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3.  Electron microscopy images of phages with characteristics of the family 
Myoviridae.   
 

 
 (t) VihaA20 

 
(s) VihaA18 

 
(r) VihaA17 

 
(q) VihaA19 

 
(p) VihaA2 

 
(m) VihaA1 

 
(n) VihaA1 

 
(o) VihaA1 
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              Table 4.3.  Morphology, dimensions, genome size and identification of selected V. harveyi phages. 
 

Phage morphology Phage dimensions3 (nm) 
Phage 

Head Tail 
Phage family1 Morphotype1 

Genome 
size (kb)2 Head width  Head length Tail length  

VihaA1 icosahedral 
long tail and a 

baseplate 
Siphoviridae B1 57.5 ± 0.5 56.2 ± 3.6 60.7 ± 6.13 70.6 ± 4.0 

VihaA2 
elongated 

icosahedral 
long flexible tail Siphoviridae B2 71.2 ± 0.6 56.8 ± 1.1 84.3 ± 1.1 122.4 ± 4.1 

VihaA3 icosahedral long flexible tail Siphoviridae B1 74.0 ± 1.0 60.5 ± 1.0 63.5 ± 1.3 188.1 ± 10.9 

VihaA4 
icosahedral 
with spikes 

long flexible tail Siphoviridae B1 74.4 ± 0.6 64.8 ± 1.7 67.4 ± 0.6 187.2 ± 4.0 

VihaA5 icosahedral long flexible tail Siphoviridae B1 74.4 ± 0.1 69.1 ± 0.9 62.8 ± 1.9 196.2 ± 11.7 
VihaA6 icosahedral long flexible tail Siphoviridae B1 74.4 ± 0.1 68.0 ± 2.3 67.5 ± 4.4 179.9 ± 7.1 

VihaA7 
icosahedral 
with spikes 

long flexible tail Siphoviridae B1 74.4 ± 0.1 81.7 ± 3.6 71.5 ± 5.2 191.8 ± 14.6 

VihaA8 icosahedral long flexible tail Siphoviridae B1 75.0 ± 0.0 70.6 ± 4.6 75.2 ± 2.0 178.5 ± 17.6 
VihaA9 icosahedral long flexible tail Siphoviridae B1 75.0 ± 0.0 89.4 ± 7.7 95.0 ± 7.8 193.6 ± 5.8 
VihaA10 icosahedral long flexible tail Siphoviridae B1 75.8 ± 0.8 78.1 ± 1.6 82.8 ± 0.5 213.5 ± 5.9 
VihaA11 icosahedral long flexible tail Siphoviridae B1 76.0 ± 1.0 60.9 ± 2.3 64.1 ± 2.7 191.9 ± 6.7 

VihaA12 
icosahedral 
with spikes 

long flexible tail Siphoviridae B1 76.5 ± 0.5 85.6 ± 4.8 82.9 ± 12.3 221.5 ± 13.0 

VihaA13 
icosahedral 
with spikes 

long flexible tail Siphoviridae B1 76.5 ± 0.0 60.5 ± 1.4 59.9 ± 1.3 178.8 ± 10.1 

VihaA14 icosahedral long flexible tail Siphoviridae B1 77.0 ± 0.0    

VihaA15 
icosahedral 
with spikes 

long flexible tail Siphoviridae B1 77.5 ± 0.5 73.0 ± 5.3 75.3 ± 4.5 256.1 ± 12.3 

VihaA16 icosahedral long flexible tail Siphoviridae B1 78.8 ± 0.8 76.2 ± 4.5 74.1 ± 5.3 185.3 ± 10.1 
VihaA17 icosahedral contractile tail Myoviridae A1 138.0 ± 1.0 64.1 ± 2.9 72.9 ± 1.7 99.2 ± 0.0 
VihaA18 icosahedral contractile tail Myoviridae A1 138.0 ± 1.0 71.7 ± 0.7 75.1 ± 4.7 123.9 ± 6.3 

VihaA19 
elongated 

icosahedral 
long flexible tail Siphoviridae B2 139.5 ± 0.5 53.9 ± 0.9 79.7 ± 1.3 130.8 ± 4.6 

VihaA20 icosahedral contractile tail Myoviridae A1 143.5 ± 0.5 65.6 ± 0.0 75.7 ± 0.0 101.0 ± 0.0 
1Based on Ackermann (2001) and Ackermann and DuBow (1987), 2Mean ± standard error; mean value from three separate pulsed field gels and  
3Mean ± standard error of measurements of five to ten phages. 
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4.3.4. Phage genome size  
 
The genome sizes of phages VihaA1–VihaA20 ranged from 57.5 to 143.5 kb (Fig. 4.4 

and Table 4.3), as determined by PFGE.  Phage VihaA1 had the smallest genome (57.5 

kb) while phage VihaA20 had the largest genome (143.5 kb).  The majority of phages 

had genome sizes ranging from 71.2 to 78.8 kb, but phages VihaA17, VihaA18, 

VihaA20 (Myoviridae) and VihaA19 (Siphoviridae) had genome sizes (138.0–143.5 kb) 

almost twice that of the other 16 phages (Table 4.3).   

 
 
 
 
4.3.5. Restriction enzyme digestion analysis of phage nucleic acid 
 
Genomic nucleic acid of the 20 phages (VihaA1–VihaA20) was subjected to restriction 

enzyme digestion using HindIII, MluI and SpeI.  Nucleic acid of the 20 phages was 

sensitive to HindIII and MluI digestion.  However, the nucleic acid of eight phages 

(VihaA2, VihaA6, VihaA7, VihaA8, VihaA9, VihaA10, VihaA14 and VihaA15) was 

resistant to SpeI digestion (Fig. 4.5). 

 

In bacteria, 70% DNA homology has been used as an arbitrary limit to cluster very 

closely related bacteria into species (Ackermann et al., 1992).  For phages there is still 

no agreed threshold value of DNA homology for species subdivision (Ackermann et al., 

1992).  In this study, 80% or greater nucleic acid homology in the RFLP patterns was 

used as the basis for grouping phages into clusters, and was correlated with other 

analysed parameters including phage morphology, phage dimensions and genome size 

in comparison of closely related phages.  For HindIII, 16 phages grouped into 5 clusters 

having 80% or greater banding pattern similarity, while the MluI and SpeI digests 

generated 4 clusters (14 phages) and 2 clusters (5 phages), respectively, having this  

 



Chapter 4 – Characterisation of V. harveyi phages 

 

 114 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.4.  Pulsed field gel electrophoresis of genomic nucleic acid of representative 

V. harveyi phages VihaA1–VihaA20 in a 1% pulsed field agarose gel. Lane 1: 

MidRange PFG marker I, lane 2: VihaA1, lane 3: VihaA2, lane 4: VihaA12, lane 5: 

VihaA16, lane 6: VihaA4, lane 7: VihaA15, lane 8: VihaA13, lane 9: VihaA14, lane 10: 

VihaA5, lane 11: VihaA6, lane 12: VihaA3, lane 13: VihaA11, lane 14: VihaA7, lane 

15: VihaA8, lane 16: VihaA10, lane 17: VihaA17, lane 18: VihaA18, lane 19: VihaA20 

and lane 20: VihaA19. 
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level of banding pattern similarity (Table 4.4).  Generally there was a high degree of 

concurrence among the clusters defined by the three enzymes (Fig. 4.5, Table 4.4). 

 

Some clustering patterns were common to both HindIII and MluI digests.  With both 

enzymes phage VihaA17 and VihaA18 formed a discrete cluster (> 80% similarity), and 

this was consistent with results of the SpeI digest (90% similarity, Fig. 4.5, Table 4.4).  

Phages VihaA6 and VihaA14 also clustered based on both HindIII and MluI digests, 

and neither was digested by SpeI.  Phages VihaA3, VihaA4, VihaA5, VihaA12 and 

VihaA13 clustered together at higher than 80% similarity with the HindIII digest, and 

the patterns for VihaA3 and VihaA4 were identical.  This clustering was largely 

consistent with the MluI digest, with the exception of phage VihaA3.  With SpeI 

VihaA5, VihaA12 and VihaA13 also clustered together.  Phages VihaA7, VihaA8, 

VihaA9, VihaA10 and VihaA15 clustered together in both HindIII and MluI digests, but 

none was digested by SpeI.  Phage VihaA11 was also included in this cluster, based on 

MluI digest.  Phages VihaA19 and VihaA20 clustered together in the HindIII digest, 

despite having different morphologies and belonging to different families (Siphoviridae 

and Myoviridae, respectively).  They did not cluster together in MluI and SpeI digests.  

The HindIII restriction enzyme banding patterns of phages VihaA1, VihaA2, VihaA11 

and VihaA16 had less than 80% similarity to any other phages tested.  For the MluI 

digest VihaA1, VihaA2, VihaA3, VihaA16, VihaA19 and VihaA20 showed less than 

80% similarity to any other phages. 
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Figure 4.5.  Dendrograms produced from RFLP patterns for [a] HindIII [b] MluI and [c] 
SpeI digests of phage DNA (phages VihaA1–VihaA20) using molecular analysis 
software (version 1.6, Bio-Rad, Hercules, CA). 
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Table 4.4.  Clustering of phages based on restriction enzyme digest analysis using 
HindIII, MluI and SpeI. 
 

HindIII digest  MluI digest SpeI digest 
Cluster 
number 

Phage 
% banding 
similarity 

Cluster 
number 

Phages 
% banding 
similarity 

Cluster 
number Phages 

% banding 
similarity 

1 
VihaA17 
VihaA18 

97 1 
VihaA17 
VihaA18 

84 1 
VihaA17 
VihaA18 

90 

2 
VihaA6 
VihaA14 

80 2 
VihaA6 
VihaA14 

86  
VihaA6 
VihaA14 

Resistant 
to digestion 

3 

VihaA3 
VihaA4 
VihaA5 
VihaA12 
VihaA13 

88 3 
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VihaA12 
VihaA13 

80 2 
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87 
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85 4 
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 VihaA7 
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to   
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4.3.6. Determination of similarity of phages VihaA1–VihaA20 to 
previously published V. harveyi phages  

 
 
4.3.6.1.  Similarity to VHS1 phages 
 
Phages VihaA6 and VihaA14 had PCR bands at 2.5 kb that were similar in position to 

the amplified VHS1 DNA polymerase gene (Figure 4.6).  When these bands were 

sequenced and compared with VHS1 DNA polymerase gene using Blast2 program 

(http://www.ncbi.nlm.nih.gov) VihaA6 and VihaA14 showed 99% and 96% similarity, 

respectively, to the VHS1 DNA polymerase gene (GenBank AF465603).   

 
 
 
 
4.3.6.2.  Similarity to VHML phage  
 
Use of the PCR primers and protocol of Vidgen et al. (2006) to assess the nucleic acid 

similarity of the twenty V. harveyi phages (VihaA1-VihaA20) to VHML phage nucleic 

acid produced a PCR product with many nonspecific bands, even in the positive control 

(Figure 4.7), indicating further optimisation of the PCR protocol is needed.  Due to time 

limitations this was unable to be continued.  
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Figure 4.6.  Agarose gel of PCR products to determine the similarity of V. harveyi 

phages to phage VHS1.  Lane 1: 1 kb DNA ladder, lane 2: negative control, lane 3: 

positive control, lane 4: VihaA10, lane 5:VihaA1, lane 6: VihaA2, lane 7: VihaA3, lane 

8: VihaA5, lane 9: VihaA4, lane 10: VihaA6, lane 11: VihaA7, lane 12: VihaA8, lane 

13: VihaA9, lane 14: VihaA11 and lane 15: VihaA14 
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Figure 4.7.  Agarose gel of PCR products to determine the similarity of V. harveyi 

phages to phage VHML.  Lane 1: Low molecular weight DNA ladder, lane 3: positive 

control; VHML genome, lane 5: negative control, lane 7: VihaA8, lane 9: VihaA11, 

lane 10: VihaA16, lane 11: VihaA17, lane 12: VihaA18, lane 13: VihaA19 and lane 14: 

VihaA20. 
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4.4  Discussion 
 
In this study 76 V. harveyi phages were isolated from surface seawater from Fremantle 

(WA) on 20 V. harveyi isolates.  Phages of V. harveyi have previously been isolated 

from marine or aquaculture environments; the VHML phage was isolated from a V. 

harveyi strain Vh642 from a moribund prawn (Oakey & Owens, 2000), the VHS1 phage 

was obtained from a prawn rearing pond in Thailand (Pasharawipas et al., 2005) and 12 

V. harveyi phages have been isolated from Indian prawn hatcheries, prawn farms, tidal 

creeks and oyster tissues (Karunasagar et al., 2007; Shivu et al., 2007; Vinod et al., 

2006).   

 

The above results suggest that V. harveyi phages are common in marine and aquatic 

environments.  However in this study, phages were only found for 46.5% (20/43) of the 

V. harveyi isolates used, raising questions about the general occurrence of V. harveyi 

phages for all strains of V. harveyi.  For the V. harveyi isolates for which no phages 

were found in Fremantle seawater, it may be that the phages were below the detectable 

level, or absent.  Ultracentrifugation to concentrate phages present in seawater before 

plating would improve detection if phages are present, and using enrichment isolation 

(host bacterium is added to filtered seawater along with culture medium, incubate with 

agitation, the culture is centrifuged and filtered and supernatant is subjected to phage 

isolation; Park et al. 2000) may be more effective in isolating phages.  Some phages 

may not propagate in the culture conditions used in the laboratory (Breitbart & Rohwer, 

2005).  Another possibility is that these V. harveyi isolates may contain prophages and 

are thereby immune to superinfection by related phages.  Oakey and Owens (2000) 

found that 46% (13/28) V. harveyi isolates tested had prophages, and prophage-

containing strains were resistant to infection by VHML phage.   
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To distinguish phage groups among the 76 phages, the phage host ranges were 

determined on the 43 V. harveyi isolates obtained from 2 geographically distant 

locations in Australia (Western Australia and Queensland), 17 isolates of other Vibrio 

species and 13 isolates of other diverse bacterial genera (73 bacteria in total).  The 

majority of phages, all of which had been isolated from WA waters, produced plaques 

on V. harveyi isolates from both geographical locations.  Eleven V. harveyi isolates (10 

from WA and one from QLD) were resistant to all the phages.  Some phages had fairly 

broad host ranges (Fig. 4.1), with 38% of phages able to lyse 21–25 of the 43 V. harveyi 

isolates tested, and another 43% of the phages able to lyse 16–20 of the V. harveyi 

isolates.  Other phages had narrow host ranges: 11% of the phages lysed only 1–5 of the 

V. harveyi isolates and another 3% lysed only 6–10 V. harveyi isolates.  Some of the 

phages lysed up to 3 other Vibrio species (V. alginolyticus Va5 [5 phages], V. 

parahaemolyticus Vp3024 [33 phages] and V. splendidus Vs1 [25 phages]) and a 

Photobacterium species P2572 (62 phages).  A significant number of V. harveyi phages 

(82%) lysed Photobacterium species P2572.  A similar finding was reported for 

vibriophage KVP40, which was isolated from seawater using V. parahaemolyticus 1010 

as a host.  It infected at least 8 Vibrio species including V. alginolyticus, V. anguillarum, 

V. cholerae non-01, V. fluvialis, V. mimicus, V. natriegens, V. parahaemolyticus, V. 

splendidus and Photobacterium leiognathi (Inoue et al., 1995a).  It was found that an 

outer membrane protein (OmpK or its homolog) present on many Vibrio and 

Photobacterium species acts as a receptor for vibriophage KVP40 (Inoue et al., 1995b).  

Comeau et al. (2006) also found that V. parahaemolyticus phages isolated from the 

water samples from the Strait of Georgia, British Columbia and adjacent inlets were 

unique in their host range and 50% of these phages infected 2 strains of V. alginolyticus.   

It may be that Va5, Vp3024, Vs1 and P2572 used in this study have phage receptors in 

common with, or very closely related to, V. harveyi strains, making them susceptible to 
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many V. harveyi phages.  Other research groups (Karunasagar et al., 2007; Shivu et al., 

2007; Vinod et al., 2006) that have studied host ranges of V. harveyi phages have not 

reported cross strain or cross species susceptibilities, with the exception of Oakey and 

Owens (2000), who showed that phage VHML infected a V. alginolyticus isolate and an 

E. coli isolate.   

 

The host ranges of the 76 phages in this study were highly diverse on the 73 tested 

bacterial isolates.  Sixty-eight host range patterns were observed comprising 8 groups 

containing 2 phages with identical patterns, and 60 groups containing single phage 

(Appendix B).  To minimize the complexity of phage grouping based on host range, 

phages were grouped into 11 phage clusters based on host ranges on 21 bacteria (18 V. 

harveyi isolates, V. parahaemolyticus, V. splendidus and Photobacterium sp.), and 20 

phages having broader host ranges (2 phages from 9 clusters and single phages from 2 

clusters) were selected from these clusters for further study.  Among these 20 the 

Siphoviridae phages (with the exception of VihaA19) had wider host ranges than the 3 

Myoviridae phages (VihaA17, VihaA18 and VihaA20).  Of the 43 V. harveyi isolates 

tested, phages VihaA17, VihaA18 and VihaA20 lysed only 2–3 isolates.  Phage 

VihaA19, a Siphoviridae phage with elongated head and a large genome (139.5 kb), had 

a narrow host range and lysed only one of 43 V. harveyi isolates.  Phages VihaA1, 

VihaA2 and VihaA15 also had narrow host ranges (6–9 V. harveyi were susceptible) 

compared to the other 16 Siphoviridae phages, to which 12–21 of V. harveyi isolates 

were susceptible.   

 

Compared with other studies on V. harveyi phages, the phages in this study had 

moderate host ranges.  The majority of V. harveyi phages reported from studies in India 

had broader host ranges than found in this study, but were highly specific for V. harveyi 
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strains as they did not lyse the other Vibrio species tested (V. cholerae, V. 

parahaemolyticus, V. vulnificus and V. alginolyticus).  For example, Vinod et al. (2006) 

reported a Siphoviridae V. harveyi phage lysed all the 50 V. harveyi strains tested, and 

four V. harveyi phages reported by Karunasagar et al. (2007) lysed 55–70% of the 100 

V. harveyi strains tested.  Shivu and colleagues (2007) also reported lytic activity of 

another seven V. harveyi phages isolated from the east and west coast of India against 

183 V. harveyi isolates from different parts of the world including Australia, Belgium, 

Bahamas, Ecuador, Florida, India, Japan, Red sea, Thailand, Spain and the USA.  Six 

phages had broad host ranges, lysing over 40% of the V. harveyi isolates tested.  Three 

of the phages lysed over 60% of tested V. harveyi isolates.  One phage with a narrow 

host range (Viha5) lysed 14% of the V. harveyi isolates.  The other published V. harveyi 

phages (VHML and VHS1) have been reported to have narrow host ranges.  The host 

range of Myoviridae V. harveyi phage VHML, from Australia, was tested against 36 

bacterial isolates without native prophages.  VHML lysed only six isolates (16%) 

including four V. harveyi strains, one V. alginolyticus isolate and an E. coli isolate 

(Oakey & Owens, 2000).  V. harveyi Siphoviridae-like phage VHS1, from Thailand, 

lysed three (42 %) of seven V. harveyi isolates tested (Pasharawipas et al., 2005).  

 

Even though host range studies are commonly used to characterize phages, the results 

from different studies are difficult to compare as the methods are not standardized and 

different host strains are used by different research groups (Ackermann et al., 1992).  In 

addition to the presence of specific phage receptors on the host bacterium, the host 

range of a phage may depend on the presence of unstable plasmids (Ackermann et al., 

1992), some inner membrane proteins (Biswas et al., 1992), the presence of prophages 

and restriction modification systems in hosts (Duckworth et al., 1981), and mutation in 

the phage genome (Grimont & Grimont, 1981; Inoue et al., 2006).  Therefore, host 
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range alone is not an adequate criterion for grouping phages.  To achieve more reliable 

phage groupings host range should be used in conjunction with other criteria including 

nucleic acid homology, base composition and sequence, restriction endonuclease 

patterns and serological properties.  

 

Electron microscopy revealed that the 20 selected V. harveyi phages used in this study 

were tailed, and the majority (85%) had characteristics of the family Siphoviridae 

(phages with long, noncontractile tails).  Only three (15%) belonged to the family 

Myoviridae (phages with contractile tails).  Of the tailed phages, those with 

Siphoviridae morphology were more common than phages with Myoviridae 

morphology.  Ackermann, (2007) reported that 61% of all tailed phages examined since 

1959 were Siphoviridae and 24.5% were Myoviridae.  V. harveyi phage families 

described in this study are consistent with all the published studies on V. harveyi phages 

to date.  They are all tailed phages and only belong to the families Siphoviridae and 

Myoviridae (order Caudovirales).  Phage VHML (Oakey & Owens, 2000) and Viha4 

(Shivu et al., 2007) belong to the family Myoviridae.  VHS1 phage (Pasharawipas et al., 

2005), six phages isolated by Shivu and colleagues (2007; Viha1, Viha2, Viha3, Viha5, 

Viha6 and Viha7), a phage isolated by Vinod and colleagues (2006), and phages Viha8 

and Viha10 (Karunasagar et al., 2007) all have characteristics of the family 

Siphoviridae.  There have been no reports of V. harveyi phages with the morphology of 

the family Podoviridae (short tails).  Two of the phages in this study, VihaA2 and 

VihaA19, had moderately elongated heads.  The majority of reported marine tailed 

phages have had isometric heads, but some have been reported with elongated heads 

(Ackermann, 2003; Weinbauer, 2004).  One (Viha6) of the seven V. harveyi phages 

reported by Shivu et al. (2007) had an elongated head.  A survey of 85 Vibrio phages by 

Ackermann et al.(1984) also revealed a few Vibrio phages (VP5, VP15, VP11) with 
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elongated heads, a morphology also reported for two V. parahaemolyticus phages 

(KVP20 and KVP40) (Matsuzaki et al., 1998a; Matsuzaki et al., 1998b).  Spike-like 

projections were observed on the capsids of phages VihaA4, VihaA7, VihaA12, 

VihaA13 and VihaA15 in this study.  This has not previously been reported for any 

other V. harveyi phages, but Ackermann et al. (1984) noted that some Vibrio phages (II, 

VP3) had projections on the capsid surface, the functions of which are not clear.  A base 

plate-like structure, which may be involved in host attachment, could be seen in phage 

VihaA1 but no further details could be obtained from the images.   

 

The head width of Siphoviridae phages in this study ranged from 56.2 to 89.4 nm (Table 

4.3).  This is similar to the head width of most previously published V. harveyi phages, 

although two V. harveyi phages reported from India (Karunasagar et al., 2007; Vinod et 

al., 2006) had slightly smaller head widths (40–45 nm) than the V. harveyi phages 

reported by others and in this study (Table 4.5).  The two Siphoviridae phages with 

moderately elongated heads, VihaA2 and VihaA19, had average head lengths of 84.3 

nm and 79.7 nm, respectively.  The head length of elongated V. harveyi phage (Viha6) 

reported by Shivu et al. (2007) was slightly longer (112 ± 6 nm), but head widths of 

these 3 phages are very similar (VihaA2, 56.8 ± 1.1 nm; VihaA19, 53.9 ± 0.9; Viha6, 48 

± 3 nm).  The tail length of the Siphoviridae phages in this study ranged from 70.6 to 

256.1 nm (Table 4.3).  The tail lengths of previously published Siphoviridae V. harveyi 

phages (60–211 nm) are similar to those of the phages in this study (Table 4.5).   

 

Three of the V. harveyi phages (VihaA17, VihaA18 and VihaA20) in this study had 

morphologies characteristic of the family Myoviridae.  All three had head diameters 

greater than VHML (40–50nm; Oakey & Owens, 2000) but smaller than Viha4 (114 

nm; Shivu et al., 2007), and tail lengths shorter than either of these phages (Table 4.5).  
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Both VHML and Viha4 had a collar region and tail fibres, but these features were not 

evident in VihaA17, VihaA18 or VihaA20.  One limitation affecting many electron 

microscopic studies of phages is lack of magnification control (Ackermann et al., 1992).  

In addition, ultracentrifugation steps used in phage concentration may damage the tail 

and other fine structures, and small differences in tail length and head dimension of 

phages may occur due to distortion, shrinking or expansion effects related to differences 

in staining methods (Bradley, 1963; Frank & Moebus, 1987).  Lee and Stewart (1985) 

did not consider variations in tail length up to 20 nm as significant. 

 

The 20 V. harveyi phages in this study had double stranded DNA genomes, as their 

nucleic acid could be digested by restriction enzymes (HindIII and MluI).  All published 

V. harveyi phages to date have had double stranded DNA genomes.  A range of methods 

is used to determine the genome size of phages including sequencing, pulsed field gel 

electrophoresis (PFGE) and restriction fragment length polymorphism (RFLP).  These 

vary in accuracy, with sequencing being the most accurate and PFGE being more 

accurate than RFLP.  The latter two methods give only approximate sizes of the 

genome.  PFGE provides an accurate size estimation of double stranded DNA with 

linear, non-segmented genomes (Wommack et al., 1999a).  RFLP may underestimate 

the phage genome size due to co-migration of similar size fragments.  For example the 

genome size of the V. parahaemolyticus phage Ф16 calculated from HpaI and 

EcoR1digests, was 58 kb and 51 kb, respectively (Kellogg et al., 1995).  For other V. 

harveyi phages the sequencing method was used by Oakey et al. (2002), while others 

(Pasharawipas et al., 2005; Shivu et al., 2007) used the RFLP approach.  In this study 

pulsed field gel electrophoresis was used to determine the genome sizes of the 20 

phages.  Phage VihaA1 (Siphoviridae) had the smallest genome (about 57.5 kb) while 

the majority of phages had genomes ranging from 71.2 kb to 78.8 kb.   
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Table 4.5.  Dimensions of V. harveyi phages.  
 

Phage Head diameter 
(nm) 

Tail length 
(nm) 

 

Siphoviridae  

VHS1 (Pasharawipas et al., 2005) 60–62 100–120 

Phage of (Vinod et al., 2006) 40–45 60 

Phage of (Ruangpan et al., 1999) 60 100 

Phage Viha10 (Karunasagar et al., 2007) 40–45 60 

Phages of (Shivu et al., 2007) 53–92 175–211 

Siphoviridae phages of this study 56–89 70–256 

 
Myoviridae  

Viha4 (Shivu et al., 2007) 114±9 192±22 

VHML (Oakey & Owens, 2000) 40–50 150–200 

Myoviridae phages of this study 64–71 99–124 
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The Myoviridae phages generally had larger genomes than the Siphoviridae phages; the 

Siphoviridae phage with a moderately elongated head (VihaA19) was an exception, 

with a genome size of 139.5 kb.  The Myoviridae phages VihaA17 (138.0 kb), VihaA18 

(138 kb) and VihaA20 (143 kb) had much larger genomes than VHML (43 kb) (Oakey 

et al., 2002) and Viha4 (85 kb) (Shivu et al., 2007).  With the exception of VihaA19 

(139.5 kb) the Siphoviridae phages in this study had smaller genomes than VHS1 (83 

kb) (Pasharawipas et al., 2005) and the 3 Siphoviridae phages (Viha1, 94 kb; Viha2, 94 

kb; Viha5, 83 kb) of Shivu et al. (2007).  Steward and colleagues (2000) used PFGE to 

determine the size distributions of virus-like DNA in seawater from the Arctic Ocean, 

the Ross Sea, the coastal Pacific Ocean and the northern Adriatic Sea (1–550 m depths), 

and detected DNA sizes typical of phages, ranging from 26 kb to > 200 kb.  The 

genome sizes of the 20 V. harveyi phages estimated in this study (57 to 143 kb) were 

within this range. 

 

A PCR approach was used to assess the genomic similarity of the 20 V. harveyi phages 

in this study to the VHS1 and VHML phages.  Phages VihaA6 and VihaA14 were PCR 

positive for the VHS1 DNA polymerase gene.  Comparison of the amplicon sequences 

of these phages showed a high degree of similarity to the VHS1 DNA polymerase gene.  

The genome sizes of the three phages are relatively similar (VHS1, 83 kb; VihaA6, 74.4 

kb; VihaA14, 77.0 kb), suggesting that these phages may be closely related.  Capsid 

dimensions of VHS1 (60–62 nm) and VihaA6 (68 nm) are also similar, consistent with 

this hypothesis.  However, VHS1 has a rigid, non-contractile tail of 100–120 nm 

(Pasharawipas et al., 2005) while VihaA6 has a flexible tail of 180 nm in length.  Phage 

genomes are now known to have a mosaic structure, in which segments or 'modules' are 

exchanged among the population (Hatfull et al., 2008).  Phages which infect a common 

host are subject to DNA recombination and thus exchange of genetic modules.  There 
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are now numerous examples of phages with different morphologies, and host ranges, 

participating in these exchanges (Hatfull et al., 2008).  Thus, whole genome sequencing 

of VHS1, VihaA6 and VihaA14 will be necessary in order to elucidate their relatedness.  

 

Use of the PCR primers and protocol of Vidgen et al. (2006) to assess the nucleic acid 

similarity of the 20 V. harveyi phages (VihaA1–VihaA20) to VHML phage nucleic acid 

was unsuccessful as the PCR amplicons produced many nonspecific bands, even in the 

positive control (Fig. 4.7).  However, the three Myoviridae phages in this study 

(VihaA17, VihaA18 and VihaA 20) had much larger genome sizes (138 kb, 138 kb and 

143.5 kb, respectively) than VHML (43 kb), and greater head diameter (Table 4.5).  

Therefore these three phages are unlikely to be closely related to VHML phage.   

 

While identical RFLP patterns may indicate a high level of nucleic acid homology, lack 

of similarity in RFLP patterns does not necessarily indicate a low level of nucleic acid 

homology (Jarvis, 1984).  Differences in RFLP patterns may be due to minor changes in 

nucleic acid caused by a variety of mechanisms.  Propagation of phages through 

different hosts can result in host-induced modification.  Mutations, insertions, or 

deletions may also alter the properties and length of the nucleic acid (Grimont & 

Grimont, 1981; Mata et al., 1986).  Therefore, a diversity of restriction enzymes is 

needed if nucleic acids of phages are to be compared using the resulting RFLP patterns 

(Jarvis, 1984).   

 

In this study the RFLP patterns of phage DNA treated with three restriction enzymes 

(HindIII, MluI and SpeI) were used to assess nucleic acid homologies among 20 V. 

harveyi phages.  As there is no agreed threshold value of DNA homology for 

determining phage relatedness (Ackermann et al., 1992), a value of 80% or greater 
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nucleic acid homology in RFLP patterns was used in this study to group the 20 V. 

harveyi phages into clusters.  Based on HindIII restriction digest, 16 phages grouped 

into five clusters, while the MluI and SpeI digests generated four clusters (14 phages) 

and two clusters (5 phages), respectively having this level of banding pattern similarity 

(Table 4.4).   

 

The RFLP pattern similarities of phages VihaA17 and VihaA18 in HindIII, MluI and 

SpeI digests were 97%, 84% and 89%, respectively.  Their genome sizes were the same 

(138.0 kb), they were isolated using the same V. harveyi host (QL9), both had 

morphological characteristics of the family Myoviridae, and their dimensions (Table 

4.3) were similar.  They had narrow host ranges, lysed two V. harveyi isolates (610.2a 

and QL9c), although they clustered separately based on host range (Table 4.2).  

However, overall characteristics suggest these phages are very closely related.   

 

Phages VihaA6 and VihaA14 had HindIII and MluI RFLP similarities of 80% and 86%, 

respectively, and both were resistant to Spe1 digest and positive for the VHS1 DNA 

polymerase gene.  Both had morphological characteristics of the family Siphoviridae, 

but in the absence of clear electron microscopic images of phage VihaA14, phage 

dimensions were not able to be compared.  They had different host ranges (Table 4.2) 

and slightly different genome sizes (VihaA6, 74.4 kb; VihaA14, 77 kb), and were 

isolated on different V. harveyi host isolates (513.3 and 181.2, respectively).  Current 

evidence thus suggests that VihaA6 and VihaA11 are at least moderately related.  As 

discussed above, comparison of their genomic sequences will be important in clarifying 

the degree of homology between these phages.   
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Phages VihaA3, VihaA4, VihaA5, VihaA12 and VihaA13 had approximately 90% 

similarity in RFLP patterns following HindIII digest, (VihaA3 and VihaA4 had 100% 

similarity) (Fig. 4.5 A).  From both Mlu1 and Spe1digests, phages VihaA5, VihaA12 

and VihaA13 showed greater than 80% RFLP similarity to each other.  With these 2 

restriction enzymes (Mlu1 and Spe1) phages VihaA3 and VihaA4 clustered more 

closely to the other 3 phages than any other phage examined, but at less than 80% 

similarity.  These results suggest a grouping of quite closely related phages.  However, 

there were some inconsistencies among these phages with respect to phage morphology, 

phage dimensions and genome sizes.  Phages VihaA3, VihaA4, and VihaA5 had similar 

phage dimensions (Table 4.3) and genome sizes (approximately 74 kb), but VihaA12 

and VihaA13 had slightly larger genomes (approximately 2 kb larger), and VihaA12 

was a much larger phage and had spikes associated with the head as did VihaA4 and 

VihaA13 (Table 4.3).  All 5 phages had been isolated on different V. harveyi hosts 

(QL26.1, V6, 654.3.4, V7 and 273.3.3, respectively) and their host ranges differed 

slightly.  All were negative for VHS1 DNA polymerase gene.   

 

Phages VihaA7, VihaA8, VihaA9, VihaA10 and VihaA15 had greater than 80% 

similarity in RFLP patterns following HindIII and Mlu1 digestions, and all were 

resistant to Spe1 digestion.  Phage VihaA11 also clustered with these phages in the 

Mlu1 digest, but its DNA was digestible by Spe1 suggesting it may not be related to the 

other phages.  This phenomenon may also be due to modification/methylation of 

VihaA11 DNA in its bacterial host 273.3.  Phages VihaA7 and VihaA8 belonged to 

same host range cluster (Table 4.2) but had slightly different genome sizes (VihaA7, 

74.4 kb and VihaA8, 75 kb) and dimensions (Table 4.3).  Phages VihaA8 and VihaA9 

had the same genome sizes (75 kb) but differed in both dimensions (Table 4.3) and host 

ranges (Table 4.2).  Phage VihaA15 had a larger genome (77.5 kb) and a different host 
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range than the other phages in the cluster.  In general these data suggest that the phages 

in this RFLP cluster may be related.   

 

It is unlikely that phages VihaA19 and VihaA20 are related despite the fact that they 

clustered together in the HindIII digest and had similar dimensions.  Neither clustered 

with either of the other 2 restriction enzymes, they had different genome sizes and host 

ranges.  This result in particular indicates the need for use of more than one restriction 

enzyme in assessment of phage relatedness.  

 

Phages VihaA1, VihaA2 and VihaA16 did not cluster at 80% or greater with any other 

phages based on HindIII, MluI and SpeI digests.  Among the 20 V. harveyi phages, 

phage VihaA1 was the smallest in size (Table 4.3) and had the smallest genome (57.5 

kb).  It also differed in having a base plate structure at the end of the tail, unlike any 

other Siphoviridae phages in this study, and belonged to a distinct host range cluster 

(Table 4.2).  Phage VihaA2 was one of 2 Siphoviridae phages with a moderately 

elongated head.  Even though they both had similar dimensions (Table 4.3), the genome 

size of phage VihaA2 (71.2 kb) was approximately half that of phage VihaA19 (139.5 

kb).  VihaA2 and VihaA15 clustered by host range, but differed in genome sizes and 

phage dimensions (Table 4.3).  Phages VihaA16 and VihaA9 belonged to the same host 

range cluster, but they differed in dimensions and genome sizes (Table 4.3).  Therefore 

phages VihaA1, VihaA2 and VihaA16 may not be closely related to the rest of the 

phages in this study.   

 

Based on their similarities in all the characterization parameters described in this 

chapter, phages VihaA17 and VihaA18 appear to be the same or very closely related.  

Some of the other phages shared some features in common (genome size, RFLP and  
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morphology) but differed in others (host range, particle dimensions, etc).  These results 

suggest the 20 V. harveyi phages from Fremantle (WA) surface seawater comprise a 

collection of diverse V. harveyi phages.  The other studied properties, such as the 

potential to develop lysogens with V. harveyi strain Vh1, the presence of virulence 

genes and ability to control Vh1 infection in Artemia is described in chapters 5 and 6.  

The study of 7 V. harveyi phages (Viha1–Viha7) by Shivu et al. (2007) using host 

range, morphology, structural protein profile, RFLP and randomly amplified 

polymorphic DNA also demonstrated diversity amongst V. harveyi phages.  Further 

studies on phage genome sequences, protein profiles, genome homology using DNA 

probes and Southern blotting techniques, GC% of phage genomes, randomly amplified 

polymorphic DNA and serological homologies will be necessary to provide a better 

understanding of phage diversity and relatedness (Ackermann et al., 1992; Shivu et al., 

2007). 
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CHAPTER 5 
 

Biological control of bacterial disease using phages 
 
 
5.1.  Introduction 
 
Vibrio harveyi has recently emerged as a devastating pathogen of cultured prawns 

including Penaeus monodon, P. japonicus and P. merguiensis (Lavilla-Pitogo et al., 

1998; Robertson et al., 1998; Thaithongnum et al., 2006).  Antibiotics are commonly 

used as prophylactic and therapeutic agents to prevent and/or control V. harveyi 

infections in aquaculture, but multiply antibiotic resistant strains are increasingly being 

found in prawn hatcheries (Karunasagar et al., 1994).  This suggests that the use of 

antibiotics to control or prevent bacterial infections in aquaculture is becoming less 

effective, and alternative control strategies will be essential for successful disease 

management in aquaculture.   

 

Biological control (biocontrol) offers a potentially less expensive and non-hazardous 

alternative to antibiotic control of bacterial disease (Debach & Rosen, 1991), and in 

aquaculture the use of phages as biological control agents is one possible biocontrol 

approach.  Phages have been used successfully to control Edwardsiella tarda infection 

in loaches (Wu & Chao, 1982), Lactococcus garvieae infection in yellowtail (Nakai et 

al., 1999) and Pseudomonas plecoglossicida infection in ayu (Park et al., 2000; Park & 

Nakai, 2003) (section 1.3.2).  The potential of V. harveyi phages to control pathogenic 

V. harveyi strains in P. monodon hatcheries, and to reduce the level of V. harveyi in 

biofilms on high density polyethylene has very recently been reported in India 

(Karunasagar et al., 2007; Vinod et al., 2006). 
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In this study an in vivo model using Artemia (brine shrimp) was developed for testing 

the potential of 15 V. harveyi phages (VihaA2–VihaA16) from Fremantle surface 

seawater to prevent and/or control V. harveyi populations and disease in Artemia.  Two 

V. harveyi isolates, Vh1 and CO71, were selected as pathogenic agents as they caused 

80–100% mortality in Artemia within 72 h of challenge (Table 3.2), and were sensitive 

to 75% and 35% of the 15 V. harveyi phages, respectively.  V. harveyi CO71 is a 

pathogenic isolate from a rock lobster aquaculture environment from Queensland, 

Australia, while V. harveyi Vh1 is an environmental isolate cultured from the surface of 

a sea mullet in Western Australia (Passmore, 1998).  The 15 phages chosen for testing 

as potential prophylactic and/or therapeutic agents (VihaA2–VihaA16) were capable of 

lysing 29–41% of the tested V. harveyi isolates.  The phages were used singly or in 

mixtures in the biocontrol experiments.  Most experiments were conducted using filter 

sterilized 'Ocean Nature' seawater, but several experiments were carried out in untreated 

natural seawater containing natural bacterial and phage populations, or in filtered and/or 

autoclaved seawater.   
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5.2.  Experimental procedures     
 
 
5.2.1.  Preparation of biological agents for biocontrol assays  
 
 
5.2.1.1.  Artemia culture 
 
Freshly hatched Artemia (section 3.2.5.1) were used in all biocontrol assays. 
 
 
5.2.1.2.  Bacterial culture  
 
Bacterial cultures (Vh1 and CO71) were prepared as described in section 3.2.5.2 and 

diluted appropriately using filter sterile (0.2 µm) 'Ocean Nature' seawater (pH 8.25). 

 

5.2.1.3.  Phage suspension      
 
Undiluted high titre phage stocks (> 1012 pfu/ml; section 4.2.1) or high titre phage 

stocks diluted appropriately with sterile 'Ocean Nature' seawater were used.  Prior to use 

the titre of each phage suspension was determined using the whole plate assay (section 

2.2.2.1).  

 

 

5.2.2.  Optimization of the biocontrol assay 
 
5.2.2.1. Comparison of Artemia survival in 96-well plates and 500 ml Schott bottles   
 
To establish appropriate bioassay conditions, Artemia survival was compared in assays 

conducted in 96-well plates (BD Falcon™ 96-well clear polystyrene microplates with a 

flat bottom and a low evaporation lid) and in 500 ml Schott bottles.  Freshly hatched 

Artemia (section 5.2.1.1) were transferred to a beaker containing approximately 700 ml 

sterile 'Ocean Nature' seawater.  For the experiments in 96-well plates, 96 Artemia 

nauplii were transferred individually to wells (one per well) from the beaker, and the 

wells were filled with 'Ocean Nature' seawater from the same beaker.  For the 

experiments in 500 ml Schott bottles, 100 Artemia nauplii were transferred individually 
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to the bottle from the beaker, and the final volume was adjusted to 100 ml with 'Ocean 

Nature' seawater from the same beaker.  The 96-well plates and Schott bottles were 

incubated at 24°C for 4 days.  Artemia survival was recorded after every 24 h period, 

and the mean percentage survival of Artemia in each treatment regime was compared.  

Experiments were performed in triplicate.   

 
 
 
 
5.2.2.2. Determination of V. harveyi and phage concentration parameters for use 

in Artemia biocontrol experiments 
 
An initial series of experiments was conducted to determine appropriate phage and V. 

harveyi concentration parameters for use in biocontrol experiments (Table 5.1).  These 

experiments were conducted in 500 ml Schott bottles, and treatments included (1) 

Artemia challenged with V. harveyi Vh1, (2) Artemia in the presence of phage, and (3) 

Artemia challenged with V. harveyi Vh1 in the presence of phage.  The control 

comprised Artemia alone.  All experiments were performed in triplicate. 

 

Freshly hatched Artemia (section 5.2.1.1) were transferred to 4 beakers containing 

approximately 700 ml sterile 'Ocean Nature' seawater.  V. harveyi Vh1 (section 5.2.1.2) 

and phage (VihaA4 or VihaA16) suspensions (section 5.2.1.3) were added to the 

beakers to achieve the final concentrations shown in Table 5.1.  The contents of the 

beakers were stirred gently to ensure even mixing of the added phage and/or V. harveyi.  

For the Artemia alone control, neither the phage nor V. harveyi was added.  Twenty 

Artemia nauplii were transferred individually from each beaker to a Schott bottle and 

the final volume in the bottle was adjusted to 100 ml with solution from the same 

beaker.  The Schott bottles were incubated standing with intermittent stirring at 24°C 

for 4 days.  Artemia survival was recorded after every 24 h period, and the mean 
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percentage survival of Artemia in each treatment regime was compared.  Experiments 

were performed in triplicate.   

 
 
In the first experiment Artemia was exposed to V. harveyi Vh1 and phage VihaA4 at 

concentrations of 106 cfu/ml and 109 pfu/ml, respectively.  The V. harveyi concentration 

used was the highest concentration of Vibrionaceae species reported from Artemia 

culture water (106 cfu/ml; Verschuere et al., 1999). 

 
In the second experiment Artemia was exposed to V. harveyi Vh1 at concentrations of 

102 and 106 cfu/ml in the presence of the highest concentration of phage VihaA4 able to 

be readily generated under the laboratory culture conditions used (1011 pfu/ml). 

 

A further experiment tested the potential of phage VihaA4 (109 pfu/ml) to control initial 

concentrations of V. harveyi Vh1 of 6.0 × 100, 6.0 × 101 and 6.0 × 102 cfu/ml.   

 
A final experiment assessed the effectiveness of phage VihaA16 in controlling low 

initial concentrations of V. harveyi Vh1 (102 and 104 cfu/ml).   
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Table 5.1.  The concentration ranges of V. harveyi and phage used in experiments 
to determine V. harveyi and phage concentration parameters for use in biocontrol 
experiments. 
 

Treatment V. harveyi Vh1 concentration 
(cfu/ml) 

Phage concentration 
(pfu/ml)  

 
Artemia + V. harveyi  < 10–106 – 
Artemia + Phage  – 106–1011 
Artemia + V. harveyi + Phage 
  

< 10–106 106–1011 
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5.2.3.  Biocontrol assays in sterile 'Ocean Nature' seawater    

 
 
5.2.3.1. Assay of fifteen V. harveyi phages (VihaA2–VihaA16) for effect on the 

survival of Artemia challenged with pathogenic V. harveyi 
 
Biocontrol assays to assess the ability of various phages to control V. harveyi infection 

of Artemia were carried out in 500 ml Schott bottles containing 100 ml of sterile 'Ocean 

Nature' seawater, as described in section 5.2.2.2.  For each treatment 20 freshly hatched 

Artemia nauplii were added to each bottle with phage suspensions (section 5.2.1.3) 

and/or V. harveyi culture (Vh1 or CO71) at final concentrations of 109 pfu/ml and 103 

cfu/ml, respectively.  Artemia alone controls were included and experiments were 

conducted in triplicate.  The contents of the bottles were stirred gently after addition, 

and the bottles were incubated standing with intermittent stirring at 24°C for 4 days.  

Artemia survival in each treatment and controls was recorded every 24 h.   

 

For some experiments V. harveyi Vh1 counts in the culture water were determined by 

removing 1 ml of culture water from each treatment at 24 h intervals, diluting 

appropriately with sterile 'Ocean Nature' seawater, and spreading 100 µl of the dilutions 

on LM agar plates.  Plates were incubated at 28°C overnight and luminous colonies 

were counted and recorded as V. harveyi Vh1.   

 

 

5.2.3.2. Assessment of the effect of addition of a mixture of V. harveyi phages to 
Artemia challenged with an initial V. harveyi Vh1 concentration of 105 

cfu/ml  
 
The potential of a mixture of the phages VihaA4, VihaA13 and VihaA15 to increase the 

survival of Artemia challenged with 105 cfu/ml V. harveyi Vh1 was tested in 500 ml 

Schott bottles.  The treatments included 'Ocean Nature' seawater to which was added 

freshly hatched Artemia and (1) V. harveyi Vh1 alone, or (2) V. harveyi Vh1 and the 
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phage mixture.  For each treatment 20 freshly hatched Artemia nauplii, 'Ocean Nature' 

seawater and the mixture of phages and/or V. harveyi Vh1 were transferred to a 100 ml 

measuring cylinder to achieve a total volume of 100 ml with final concentrations of 

phage mixture and/or V. harveyi Vh1 of 109 pfu/ml and 105 cfu/ml, respectively.  The 

required phage concentration was achieved by addition of each phage at a final 

concentration of ~3.3 × 108 pfu/ml.  The contents of the measuring cylinder were 

transferred into a 500 ml Schott bottle, stirred gently and incubated standing with 

intermittent stirring at 24°C for 4 days.  Artemia survival in each treatment and the 

control (Artemia alone) was recorded every 24 h.  The experiment was conducted in 

triplicate. 

 

 

5.2.3.3. Assessment of the effect of multiple addition of phages to Artemia 
challenged with an initial V. harveyi Vh1 concentration of 105 cfu/ml 

 
Biocontrol assays to assess the effect of multiple addition of phages to control V. 

harveyi infection of Artemia were carried out in 500 ml Schott bottles.  Twenty freshly 

hatched Artemia nauplii were added in sterile 'Ocean Nature' seawater to each bottle, 

and V. harveyi Vh1 and phage VihaA4 suspensions were added to achieve final 

concentrations of 105 cfu/ml and 109 pfu/ml, respectively, in 100 ml total volume.  

Multiple phage addition involved the initial addition of phage VihaA4 and a second 

equivalent addition (100 µl; final concentration 109 pfu/ml) of phage at 24 h.  Each 

treatment (V. harveyi alone, and single or multiple additions of phage to Artemia 

challenged with V. harveyi Vh1) and controls (Artemia alone) were performed in 

triplicate.  The Schott bottles were incubated standing at 24°C for 4 days with 

intermittent gentle stirring.  Artemia survival in each treatments and controls was 

monitored every 24 h.   
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5.2.3.4. Assessment of the effect of prophylactic addition of phages VihaA4 and 
VihaA16 to Artemia challenged with low concentrations of V. harveyi Vh1 

 
Phages VihaA4 and VihaA16 were assessed for their potential use as prophylactic 

agents in Artemia challenged with V. harveyi Vh1.  At the beginning of the assay, 

suspensions of phages VihaA4 and VihaA16 (1011 pfu/ml) were added separately to 

Schott bottles containing 100 ml of sterile 'Ocean Nature' seawater and 20 freshly 

hatched Artemia nauplii.  The final phage concentration was 109 pfu/ml.  At 24 h after 

phage addition V. harveyi Vh1 was added to the Schott bottles to achieve a 

concentration of 10 cfu/ml.  An Artemia control (Artemia alone) and a treatment 

involving Artemia challenged with V. harveyi Vh1 (10 cfu/ml) in the absence of phage 

were included, and all treatments and controls were performed in triplicate.  The 

contents of the bottles were stirred gently after V. harveyi Vh1 addition and incubated 

standing at 24°C for 4 days with intermittent stirring.  Artemia survival in each 

treatment and controls was recorded after every 24 h up to 96 h.   

 

 

5.2.4. Comparison of the effectiveness of phage biocontrol in natural 
seawater and sterilised natural seawater         

 
The effect of phages VihaA4, VihaA14 and VihaA16 (109 pfu/ml) on survival of 

Artemia challenged with 102 cfu/ml V. harveyi Vh1 was compared in sterile 'Ocean 

Nature' and untreated natural surface seawater.  The seawater was collected from 

Fremantle (North Mole, WA) in mid-summer 2006, and the experiments were 

performed in triplicate in 500 ml Schott bottles using the procedures described in 

section 5.2.3.1.  Using similar methods, the survival of Artemia challenged with V. 

harveyi Vh1 (102 cfu/ml) in treated natural seawater in the presence of phages VihaA4 

and VihaA14 (109 pfu/ml) was assessed.  Seawater treatments included (i) filtration (0.2 
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µm, NALGENE®), (ii) autoclaving (121°C for 15 min), and (iii) both filtration and 

autoclaving.  The experiments were performed in triplicate.  

 

 

5.2.5. Assessment of phage stability in natural seawater, filtered 
natural seawater and sterile 'Ocean Nature' 

 
The stability of phages VihaA4, VihaA9 and VihaA16 in natural seawater (collected 

from Fremantle, South Mole, WA, in mid-September 2006), filtered natural seawater 

(0.2 µm, NALGENE®) and sterile 'Ocean Nature' (0.2 µm, NALGENE®) was 

determined.  The phage suspensions (section 5.2.1.3, 50 ml) were centrifuged (200,000 

g, 2 h, Beckman J2–21M/E).  Resulting phage pellets were resuspended in sterile phage 

buffer and recentrifuged.  This step was repeated twice to remove media components 

and host bacterial products.  Each phage was added at a final concentration of 105 

pfu/ml to 100 ml of natural seawater, filtered natural seawater or sterile 'Ocean Nature' 

in 500 ml Schott bottles.  Each treatment was performed in duplicate and bottles were 

incubated standing with intermittent mixing at 24°C for 13 days.  Phage counts in each 

treatment were determined twice daily (morning and evening) using the whole plate 

assay (section 2.2.2.1).  The mean percentage of infectious phages remaining at each 

time point was determined.  

 
 
 
 
5.2.6.  Statistical analysis 
 
Post-hoc test: Fisher's least significant difference (LSD) using SPSS 13.0 software was 

used for all statistic analyses.   
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5.3.  Results 
 
 
5.3.1.  Optimization of the Artemia biocontrol assay 
 
5.3.1.1. Artemia survival in assays performed in 96-well plates and 500 ml Schott 

bottles 
 
Artemia survival was compared in assays conducted in 96-well plates and 500 ml Schott 

bottles.  In the 500 ml Schott bottles the mean percentage survival of Artemia at 72 h 

and 96 h was 20% and 32% higher, respectively, than in the 96-well plates (Table 5.2).  

As the survival of Artemia in the 500 ml Schott bottles at 96 h was significantly (p < 

0.05) higher than in the 96-well plates, it was decided to use 500 ml Schott bottles for 

subsequent biocontrol experiments. 

 
 
 
 
5.3.1.2. V. harveyi and phage concentration parameters for use in biocontrol 

experiments     
 
The presence of phage VihaA4 at a concentration of 109 pfu/ml did not improve the 

survival of Artemia challenged with V. harveyi Vh1 at an initial concentration of 106 

cfu/ml during the 72 h assay period.  Artemia survival in the presence of phage alone 

was similar to that in the Artemia alone control (78% and 90%, respectively, at 72 h).  

However, Artemia survival in the presence of both phage and V. harveyi Vh1 was very 

similar to that in the presence of V. harveyi Vh1 alone, declining markedly after 24 h 

and being only about 3% at 72 h (Fig. 5.1). 
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               Table 5.2.  The mean percentage survival of Artemia with time  
               in 500 ml Schott bottles and 96-well plates.  
 

  Mean % survival of Artemia 

Treatment 24 h 48 h 72 h 96 h 

Artemia in Schott bottles 100 100 98 96 

Artemia in 96-well plates 100 100 78 64 
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Figure 5.1.  Mean percentage survival of Artemia over 72 h following exposure to 

phage VihaA4 (109 pfu/ml) and V. harveyi Vh1 (106 cfu/ml).   

A - Artemia control (Artemia alone)  

B - Artemia exposed to V. harveyi Vh1 (Artemia + V. harveyi Vh1)  

C - Artemia exposed to phage VihaA4 (Artemia + phage VihaA4)  

D - Artemia exposed to V. harveyi Vh1 and phage VihaA4  

      (Artemia + V. harveyi Vh1 + phage VihaA4)   

Standard error bars are not evident as they are less than the height of the symbol. 
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Survival of Artemia at 96 h in the presence of phage VihaA4 at a concentration of 1011 

pfu/ml varied with the initial concentration of V. harveyi Vh1 (Fig. 5.2).  Artemia 

survival in the absence of phage declined markedly 24 h after exposure to initial V. 

harveyi Vh1 concentrations of both 102 cfu/ml and 106 cfu/ml, and in both cases was 

0% at 96 h.  In the presence of phage and an initial V. harveyi Vh1 concentration of 102 

cfu/ml, Artemia survival paralleled that in the control (Artemia alone) and the Artemia 

plus VihaA4 phage treatment, and at 96 h was 79%.  When the initial V. harveyi Vh1 

concentration was 106 cfu/ml, Artemia survival in the presence of V. harveyi Vh1 plus 

phage VihaA4 paralleled that in the treatments with bacteria alone (i.e. 0% at 96 h).  At 

96 h the survival of Artemia in the presence of phage VihaA4 and V. harveyi Vh1 at 102 

cfu/ml was significantly different (p < 0.05) from survival in the presence of phage 

VihaA4 and V. harveyi Vh1 at 106 cfu/ml. 

 

A decline in the survival of Artemia after 24 h occurred in the presence of initial V. 

harveyi Vh1 at concentrations of 6.0 × 100, 6.0 × 101 and 6.0 × 102 cfu/ml, and at 96 h 

was 0% (Fig. 5.3).  In contrast, Artemia survival in treatments containing V. harveyi 

Vh1 at the above concentrations but with phage VihaA4 present at a concentration of 

109 pfu/ml at 96 h ranged from 92% to 97%, was similar to or greater than in the control 

(Artemia alone), and was significantly (p < 0.05) different from the treatments with V. 

harveyi Vh1 alone at 96 h. 
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Figure 5.2.  Mean percentage survival of Artemia over 96 h following challenge with 

phage VihaA4 (1011 pfu/ml) and V. harveyi Vh1 (102 or 106 cfu/ml).   

A - Artemia control  

B1 - Artemia + V. harveyi Vh1 (102 cfu/ml)  

B2 - Artemia + V. harveyi Vh1 (106 cfu/ml)  

C - Artemia + phage  

D1 - Artemia + V. harveyi Vh1 (102 cfu/ml) + phage  

D2 - Artemia + V. harveyi Vh1 (106 cfu/ml) + phage   

Standard error bars are not evident as they are less than the height of the symbol.  

 

 
 

Time  

M
ea

n 
%

 s
ur

vi
va

l o
f A

rt
em

ia
 

0

20

40

60

80

100

120

24 h 48 h 72 h 96 h

A

B1

B2

C

D1

D2



Chapter 5 - Biocontrol using phages 

 149 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3.  Mean percentage survival of Artemia over 96 h following challenge with 

phage VihaA4 (109 pfu/ml) and V. harveyi Vh1 (6.0, 6.0 × 101 and 6.0 × 102 cfu/ml).   

A - Artemia control  

B1 - Artemia + V. harveyi Vh1 (6.0 cfu/ml)  

B2 - Artemia + V. harveyi Vh1 (6.0 × 101 cfu/ml)  

B3 - Artemia + V. harveyi Vh1 (6.0 × 102 cfu/ml)  

C1 - Artemia + V. harveyi Vh1 (6.0 × 100 cfu/ml) + phage  

C2 - Artemia + V. harveyi Vh1 (6.0 × 101 cfu/ml) + phage  

C3 - Artemia + V. harveyi Vh1 (6.0 × 102 cfu/ml) + phage   

Standard error bars are not evident as they are less than the height of the symbol. 
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As with phage VihaA4, phage VihaA16 was only effective against Artemia exposed to a 

low initial concentration of V. harveyi Vh1.  In the presence of phage VihaA16 (109 

pfu/ml), 93% of Artemia were alive 96 h after exposure to an initial V. harveyi Vh1 

inoculum concentration of 102 cfu/ml (Fig. 5.4).  The pattern of survival in this 

treatment paralleled that of the control Artemia not exposed to V. harveyi Vh1.  In 

contrast there was a rapid decline in survival of Artemia following exposure to 102 

cfu/ml or 104 cfu/ml V. harveyi Vh1 in the absence of phage, and at 96 h the survival in 

both of these treatments was 3%.  Survival of Artemia declined steadily in the presence 

of 104 cfu/ml V. harveyi Vh1 and phage VihaA16 (109 pfu/ml), and at 96 h was 37%.  

This was significantly higher (p < 0.05) than in the absence of phage, but less than the 

Artemia alone control (p < 0.05). 
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Figure 5.4.  Mean percentage survival of Artemia treated with phage VihaA16 (109 

pfu/ml) and an initial V. harveyi Vh1 concentration of 102 or 104 cfu/ml.   

A - Artemia control  

B1 - Artemia + V. harveyi Vh1 (102 cfu/ml)  

B2 - Artemia + V. harveyi Vh1 (104 cfu/ml)  

C1 - Artemia + V. harveyi Vh1 (102 cfu/ml) + phage VihaA16  

C2 - Artemia + V. harveyi Vh1 (104 cfu/ml) + phage VihaA16   

Standard error bars are not evident as they are less than the height of the symbol. 
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Relative to the survival of Artemia in the presence of V. harveyi Vh1 at an initial 

concentration of 102 cfu/ml, the mean percentage survival of Artemia challenged with V. 

harveyi Vh1 increased with increasing VihaA4 phage concentrations (106, 107, 108 and 

109 pfu/ml), and at 96 h after challenge was 4%, 37%, 51% and 79%, respectively (Fig. 

5.5).  Survival of Artemia in the Artemia control, and treatments of Artemia challenged 

with V. harveyi Vh1 in the presence of VihaA4 phage at concentrations of 107, 108 and 

109 pfu/ml were significantly higher (p < 0.05) than the survival of Artemia in the 

presence of V. harveyi alone and Artemia challenged with V. harveyi Vh1 in the 

presence of VihaA4 phage at a concentration of 106 pfu/ml.   

 

Based on the Artemia survival found in these preliminary experiments it was decided 

that further biocontrol experiments would focus on the use of V. harveyi at 

concentrations of 103 cfu/ml or less, and a phage concentration of 109 pfu/ml. 
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Figure 5.5.  Mean percentage survival of Artemia treated with an initial V. harveyi Vh1 

concentration of 102 cfu/ml and various concentrations of phage VihaA4 (106–109 

pfu/ml).   

A - Artemia control  

B - Artemia + V. harveyi Vh1  

C1 – Artemia + V. harveyi Vh1 + phage VihaA4 (106 pfu/ml)  

C2 - Artemia + V. harveyi Vh1 + phage VihaA4 (107 pfu/ml)  

C3 - Artemia + V. harveyi Vh1 + phage VihaA4 (108 pfu/ml)  

C4 - Artemia + V. harveyi Vh1 + phage VihaA4, (109 pfu/ml)   

Standard error bars are not evident as they are less than the height of the symbol. 
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5.3.2. Biocontrol assays in sterile 'Ocean Nature' seawater    
 
 
5.3.2.1. Effect of diverse V. harveyi phages (VihaA2–VihaA16) on the survival of 

Artemia challenged with pathogenic V. harveyi Vh1 
 
Ten V. harveyi phages (VihaA2, VihaA4, VihaA6, VihaA9, VihaA10, and VihaA12–

VihaA16), tested at 109 pfu/ml for the effect on survival of Artemia challenged with V. 

harveyi Vh1 at a concentration of 103 cfu/ml or less, increased survival of Artemia (p < 

0.05) during the 4 day assay period compared to Artemia challenged with V. harveyi 

Vh1 in the absence of phage.  Five other phages (VihaA3, VihaA5, VihaA7, VihaA8 

and VihaA11) did not significantly increase the survival of Artemia during the assay 

period despite being able to lyse V. harveyi Vh1 (Table 4.2).  The mean percentage 

survival of Artemia in the Artemia alone controls ranged from 65% to 95% over these 

experiments, while in the treatments with V. harveyi in the absence of phage, Artemia 

survival at 96 h ranged from 0 to 13%.  Figures 5.6 to 5.11 show the mean percentage 

survival of Artemia over the biocontrol assays following exposure to phages and/or V. 

harveyi.    

 

After 96 h the mean percentage survival of Artemia in the presence of phages VihaA4, 

VihaA10, VihaA13 and VihaA15 was 92%, 88%, 83% and 78%, respectively (Fig. 5.6).  

For all the phages this was significantly (p < 0.05) higher than the mean percent 

survival of Artemia in the presence of V. harveyi Vh1 alone (100% mortality at 96 h).  

After 96 h the mean percentage survival of Artemia in the controls (Artemia alone in 

'Ocean Nature') was 67%.   
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Figure 5.6.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA4, VihaA10, VihaA13 or VihaA15 (109 pfu/ml) and V. harveyi Vh1 (103 

cfu/ml).   

A - Artemia control  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage VihaA4  

D - Artemia + V. harveyi Vh1 + phage VihaA10  

E - Artemia + V. harveyi Vh1 + phage VihaA13  

F - Artemia + V. harveyi Vh1 + phage VihaA15   

Standard error bars are not evident as they are less than the height of the symbol. 
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Survival of Artemia challenged with V. harveyi Vh1 (103 cfu/ml) was significantly 

higher (p < 0.05) in the presence of phages VihaA2 or VihaA6 than in the presence of 

V. harveyi Vh1 alone (Fig. 5.7).  At the end of the 96 h assay period Artemia survival in 

the treatments with phages VihaA2 and VihaA6 was 83% and 95%, respectively while 

100% Artemia mortality was observed in the presence of V. harveyi alone.  Artemia 

survival at 96 h in the Artemia control was 65%.  

 

At the end of the 96 h assay period Artemia survival in treatments with phage VihaA4 

(83%) and VihaA14 (92%) was significantly (p < 0.05) higher than for Artemia in the 

presence of V. harveyi Vh1 alone (3%) (Fig. 5.8).  Artemia survival in the Artemia 

control was very similar to that of the phage VihaA14 treatment (93% and 92%, 

respectively, at 96 h). 
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Figure 5.7.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA2 or VihaA6 (109 pfu/ml) and/or V. harveyi Vh1 (103 cfu/ml).   

A - Artemia control  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage VihaA2  

D - Artemia +V. harveyi Vh1 + phage VihaA6   

Standard error bars are not evident as they are less than the height of the symbol. 
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Figure 5.8.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA4 or VihaA14 (109 pfu/ml) and/or V. harveyi Vh1 (102 cfu/ml).   

A - Artemia alone  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage VihaA4  

D - Artemia + V. harveyi Vh1 + phage VihaA14   

Standard error bars are not evident as they are less than the height of the symbol. 
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During the 72 h assay period Artemia survival in the treatment with phage VihaA16 was 

significantly (p < 0.05) higher than in the presence of V. harveyi Vh1 alone, but 

treatment with phage VihaA7 did not increase the survival of Artemia (Fig. 5.9).  At 72 

h the mean percentage survival of Artemia in the Artemia alone control, Artemia in the 

presence of V. harveyi Vh1, and Artemia exposed to V. harveyi Vh1 and phages 

VihaA16 and VihaA7 were 98%, 13%, 90% and 8%, respectively.  

 

During the 96 h assay period the survival of Artemia in treatments with phage VihaA8 

and phage VihaA11 was not significantly different from the survival of Artemia in the 

presence of V. harveyi Vh1 alone (Fig. 5.10).  In these 2 phage treatments survival of 

Artemia dropped rapidly after 24 h and was 15% at 96 h.  At the end of the 96 h period, 

100% mortality was observed in Artemia exposed to V. harveyi Vh1 alone while only 

15% mortality was observed in the Artemia alone control. 

 

During the 96 h assay period the survival of Artemia in treatments with phage VihaA9 

and phage VihaA12 was significantly (p < 0.05) higher (65% and 50%, respectively) 

than in the presence of V. harveyi Vh1 alone (0%), but treatment with phage VihaA3 

and phage VihaA5 was not significantly (p < 0.05) different from the survival of 

Artemia in the presence of V. harveyi Vh1 alone (Fig. 5.11).  In phage VihaA3 and 

phage VihaA5 treatments survival of Artemia dropped rapidly after 24 h and was 8% 

and 0%, respectively at 96 h.  At the end of the 96 h period, only 67% survival was 

observed in the Artemia alone control. 
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Figure 5.9.  Mean percentage survival of Artemia over 72 h following exposure to 

phages VihaA7 or VihaA16 (109 pfu/ml) and/or V. harveyi Vh1 (102 cfu/ml).   

A - Artemia alone  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage VihaA7  

D - V. harveyi Vh1 + phage VihaA16  

Standard error bars are not evident as they are less than the height of the symbol. 

 

 

 

 

 

0

20

40

60

80

100

120

24 h 48 h 72 h

A

B

C

D

 Time 

M
ea

n 
%

 s
ur

vi
va

l o
f A

rt
em

ia
 



Chapter 5 - Biocontrol using phages 

 161 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA8 or VihaA11 (109 pfu/ml) and/or V. harveyi Vh1 (102 cfu/ml).   

A - Artemia alone  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + Phage VihaA8  

D - Artemia + V. harveyi Vh1 + Phage VihaA11   

Standard error bars are not evident as they are less than the height of the symbol. 
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Figure 5.11.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA3, VihaA5, VihaA9 or VihaA12 (109 pfu/ml) and V. harveyi Vh1 (103 

cfu/ml).   

A - Artemia control  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage VihaA3  

D - Artemia + V. harveyi Vh1 + phage VihaA5  

E - Artemia + V. harveyi Vh1 + phage VihaA9  

F - Artemia + V. harveyi Vh1 + phage VihaA12   

Standard error bars are not evident as they are less than the height of the symbol. 
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5.3.2.2. Changes in counts of V. harveyi Vh1 during biocontrol experiments  
 
In some biocontrol experiments assessment was made of changes in the number of V. 

harveyi Vh1 during the assay period.  In the Artemia control no luminous colonies were 

detected throughout the assay period.  However, in the treatment where Artemia was 

exposed to V. harveyi Vh1 alone, counts of luminous V. harveyi Vh1 colonies increased 

during the assay period (Fig. 5.12).  For example, when the initial concentration of V. 

harveyi Vh1 was 102 cfu/ml the luminous bacterial concentration increased to 104 

cfu/ml during the first 24 h, was 105 cfu/ml at 48 h and thereafter rose to 106 cfu/ml.  

With initial concentrations of V. harveyi Vh1 of 103 and 105 cfu/ml the luminous 

bacterial count at 24 h was 105 cfu/ml.  This increased to 106 cfu/ml at 48 h and 

thereafter in the assay. 

 

In experiments where Artemia was challenged with low (≤ 103 cfu/ml) concentrations of 

V. harveyi Vh1 and phage VihaA4 was added at 109 pfu/ml, no luminous colonies were 

detected after 24 h.  However, when the starting concentration of V. harveyi Vh1 was 

greater than 103 or 105 cfu/ml the luminous bacterial concentration increased to 107 

cfu/ml at 48 h and remained at this level during the remainder of the assay period 

despite the presence of phage VihaA4 (Fig. 5.12). 

 

Similar patterns of V. harveyi Vh1 concentration were found with the other 9 V. harveyi 

phages (VihaA2, VihaA6, VihaA9, VihaA10 and VihaA12–VihaA16), all of which 

increased survival of Artemia in the presence of low V. harveyi Vh1 concentrations (103 

cfu/ml or less).  For treatments involving phages that did not increase the survival of 

Artemia in the presence of V. harveyi Vh1 (VihaA3, VihaA5, VihaA7, VihaA8 and 

VihaA11), counts followed a similar pattern to that observed in the treatment with 

Artemia in the presence of V. harveyi Vh1 alone. 
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Figure 5.12.  Changes in counts of V. harveyi Vh1 in biocontrol experiments in which 

Artemia was challenged with V. harveyi Vh1 (102, 103 or 105 cfu/ml) and treated with 

phage VihaA4 (109 pfu/ml).   

A - Artemia alone  

B1 - Artemia + V. harveyi Vh1 (102 cfu/ml)  

B2 - Artemia + V. harveyi Vh1 (103 cfu/ml)  

B3 - Artemia + V. harveyi Vh1 (105 cfu/ml)  

C1 - Artemia + V. harveyi Vh1 (102 cfu/ml) + phage VihaA4  

C2 - Artemia + V. harveyi Vh1 (103 cfu/ml) + phage VihaA4  

C3 - Artemia + V. harveyi Vh1 (105 cfu/ml) + phage VihaA4  
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5.3.2.3. Effect of V. harveyi phages VihaA4, VihaA6, VihaA9 and VihaA16 on the 
survival of Artemia challenged with V. harveyi CO71  

 
V. harveyi CO71 is also pathogenic to Artemia (Table 3.2), so experiments were carried 

out to see if the patterns of phage-host interaction for this bacterium, in terms of 

Artemia survival, were similar to that seen with V. harveyi Vh1.  In these experiments 

the concentrations of V. harveyi CO71 and phages were the same as for experiments 

involving V. harveyi Vh1 (102 cfu/ml and 109 pfu/ml, respectively).  At the end of the 96 

h assay period the mean percentage survival of Artemia in treatments with V. harveyi 

CO71 plus phages VihaA4, VihaA6, VihaA9 or VihaA16 was 88%, 95%, 93% and 

58%, respectively, while in the presence of V. harveyi CO71 alone survival was 13% 

(Fig. 5.13).  Artemia survival in the presence of V. harveyi CO71 plus phage treatments 

was significantly (p < 0.05) higher than in the V. harveyi CO71 alone treatment.  

Artemia survival in the Artemia alone control was 98% at 96 h. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 5 - Biocontrol using phages 

 166 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA4, VihaA6, VihaA9 or VihaA16 (109 pfu/ml), and V. harveyi CO71 (102 

cfu/ml).   

A - Artemia alone  

B - Artemia + V. harveyi CO71  

C - Artemia + V. harveyi CO71 + phage VihaA4  

D - Artemia + V. harveyi CO71 + phage VihaA6  

E - Artemia + V. harveyi CO71 + phage VihaA9  

F - Artemia + V. harveyi CO71 + phage VihaA16  

Standard error bars are not evident as they are less than the height of the symbol. 
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5.3.2.4. Effect of a phage mixture on survival of Artemia challenged with a high 
concentration (105 cfu/ml) of V. harveyi Vh1  

 
The phage mixture used in this experiment comprised 3 phages (VihaA4, VihaA13 and 

VihaA15), which individually increased Artemia survival at a low (103 cfu/ml) initial V. 

harveyi Vh1 concentration (Fig. 5.6).  The final concentration of the phage mixture (109 

pfu/ml) was obtained by addition of each phage at a concentration of ~3.3 × 108 pfu/ml.  

Artemia survival in the presence of the phage mixture and V. harveyi Vh1 (105 cfu/ml) 

decreased gradually from 100% at 24 h, to 68% at 48 h, 47% at 72 h and 10% at 96 h 

(Fig. 5.14).  In contrast, in the presence of V. harveyi Vh1 alone Artemia survival 

decreased rapidly after 24 h.  At 48 h and 72 h there was significantly (p < 0.05) greater 

Artemia survival in the phage mixture compared with the treatment comprising V. 

harveyi Vh1 alone, but at 96 h Artemia survival in these treatments was not statistically 

significant.  In the Artemia alone control Artemia survival was 77% at 96 h. 
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Figure 5.14.  Mean percentage survival of Artemia over 96 h following exposure to a 

mixture of phages (VihaA4, VihaA13 and VihaA15; 109 pfu/ml) and V. harveyi Vh1 

(105 cfu/ml).   

A - Artemia control  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage mixture (VihaA4, VihaA13 and VihaA15) 

Some standard error bars are not evident as they are less than the height of the symbol.  
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5.3.2.5. Effect of multiple addition of phage VihaA4 on survival of Artemia 
challenged with a high concentration (105 cfu/ml) of V. harveyi Vh1 

 
Addition of phage VihaA4 at the same time as, and 24 h subsequent to, challenge of 

Artemia with 105 cfu/ml V. harveyi Vh1 resulted in a 24% increase in Artemia survival 

at 48 h compared to survival in the treatment where phage VihaA4 was added only at 

the beginning of the assay (Fig. 5.15).  However, at 72 h there was no difference in 

survival between these treatments and the treatment with V. harveyi Vh1 alone, where 

100% Artemia mortality occurred.  

 

 

5.3.2.6. Effect of prophylactic addition of phage VihaA4 or VihaA16 on survival 
of Artemia challenged with a low concentration (10 cfu/ml) of V. harveyi 
isolate Vh1 

 
Phages VihaA4 and VihaA16 both increased the survival of Artemia when added 24 h 

prior to challenge with V. harveyi Vh1 at a concentration of 101 cfu/ml (77% and 88% 

survival of Artemia at 96 h, respectively).  In the Artemia only control 93% of the 

Artemia remained alive after 96 h.  In contrast, 100% mortality of Artemia occurred in 

the treatment with V. harveyi Vh1 alone at 72 h (Fig. 5.16). 
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Figure 5.15.  Mean percentage survival of Artemia over 72 h following exposure to 

single or multiple phage VihaA4 treatment and V. harveyi Vh1 (105 cfu/ml).   

A - Artemia alone  

B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + single phage VihaA4 treatment at 0 h  

D - Artemia + V. harveyi Vh1 + multiple phage VihaA4 treatments at 0 h and 24 h  

Standard error bars are not evident as they are less than the height of the symbol.  
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Figure 5.16.  Mean percentage survival of Artemia pre-treated with phage for 24 h prior 

to challenge with 101 cfu/ml of V. harveyi Vh1.   

A - Artemia control  

B - Artemia + V. harveyi Vh1 

C - phage VihaA16 pre-treatment  

D - phage VihaA4 pre-treatment   

Standard error bars are not evident as they are less than the height of the symbol.  
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5.3.3. Phage control of V. harveyi infection of Artemia in natural 

seawater and treated natural seawater 
 
The effect of some V. harveyi phages on survival of Artemia challenged with 102 cfu/ml 

V. harveyi Vh1 was compared in sterile 'Ocean Nature', untreated natural seawater and 

treated natural seawater (filtered, autoclaved, and filtered + autoclaved).  Higher 

survival of Artemia was observed in biocontrol assays carried out in treated natural 

seawater and sterile 'Ocean Nature' than in untreated natural seawater.  In experiments 

conducted in sterile 'Ocean Nature', at the end of the 4 day assay period Artemia 

survival in the presence of V. harveyi Vh1 in treatments containing phages VihaA4, 

VihaA14 or VihaA16 was 97%, 87% and 97%, respectively (Fig. 15.17 a).  Survival in 

these treatments was significantly higher (p < 0.05) than in the treatment with V. 

harveyi Vh1 alone, where Artemia survival was 0% at 96 h.  When the same experiment 

was conducted in natural seawater (Fig. 15.17 b), the survival of Artemia in the 

presence of V. harveyi Vh1 in treatments containing phages VihaA4, VihaA14 and 

VihaA16 was considerably lower (40%, 20% and 6%, respectively, at 96 h).  Survival in 

these treatments was not significantly higher (p < 0.05) than in the treatment with V. 

harveyi Vh1 alone, where Artemia survival was 20% at 96 h.  The percentage survival 

of Artemia in the Artemia alone controls in sterile 'Ocean Nature' and natural seawater 

was 98% and 55% respectively. 

 

In filtered (Fig. 5.17 c), autoclaved (Fig. 5.17 d), or filtered + autoclaved (Fig. 5.17 e) 

seawater, survival of Artemia alone (control) or Artemia challenged with V. harveyi Vh1 

in the presence of phage VihaA4 or VihaA14 was significantly higher (p < 0.05) at 96 h 

than for Artemia challenged with V. harveyi Vh1 in the absence of phage.  The highest 

Artemia survival in the phage VihaA4 and VihaA14 treatments at 96 h occurred in 

autoclaved seawater (95% and 97%, respectively).  In filtered seawater Artemia survival  
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

Figure 5.17.  Mean percentage survival of Artemia over 96 h following exposure to 

phages VihaA4, VihaA14 and VihaA16 (109 pfu/ml) and V. harveyi Vh1 (102 cfu/ml) in 

different seawater conditions.   

(a) - in sterile 'Ocean Nature'    (b) - in natural seawater 

(c) - in filtered natural seawater   (d) - in autoclaved natural seawater  

(e) - in filtered and autoclaved natural seawater   

A - Artemia only    B - Artemia + V. harveyi Vh1  

C - Artemia + V. harveyi Vh1 + phage VihaA4  

D - Artemia + V. harveyi Vh1 + phage VihaA14  

E - Artemia + V. harveyi Vh1 + phage VihaA16   

Standard error bars are not evident as they are less than the height of the symbol.   
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(c) 

 

 

 

 

 

 

 

(d) 
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Figure 5.17.  Continued 
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at 96 h in the presence of phage VihaA4 and VihaA14 was 57% and 80%, respectively, 

and was 88% and 73%, respectively, in filtered + autoclaved seawater. 

 

Very similar survival of Artemia was observed when these experiments (section 5.2.4) 

were repeated. 

 
 
 
5.3.4. Phage stability in natural seawater, filtered natural seawater 

and sterile 'Ocean Nature' seawater 
 
Phages VihaA4, VihaA9 and VihaA16 had comparable stability patterns in sterile 

'Ocean Nature' seawater, natural seawater and filtered seawater during a 13-day (301.8 

h) experimental period.  In sterile 'Ocean Nature' seawater the concentration of active 

phages remained more or less stable (Fig. 5.18 a).  In contrast, in natural seawater the 

percentage of active phages dropped to 49–75% of the starting concentration after 24 h, 

and continued to decrease to 5–15% (Fig. 5.18; b) at the end of the experimental period.  

In filtered natural seawater there was a 45–38% decline in active phages during the first 

40 h, followed by relatively stable viability (around 60%) until approximately 165 h, 

when viability gradually decreased during the remainder of the assay period (Fig. 5.18; 

c), to approximately 40% of the starting concentration.   
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Figure 5.18.  Percentage decay in viability of phages VihaA4, VihaA9 and VihaA16 in 

sterile 'Ocean Nature', natural seawater, and filtered natural seawater*.  

*Experimental period was 301.8 h.   

a - in sterile 'Ocean Nature' seawater  

b - in natural seawater  

c - in filtered natural seawater   

Standard error bars are not evident as they are less than the height of the symbol.  
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5.4.  Discussion 
 
The study of phage-host interactions in an animal model is essential to understanding 

the potential role of phages in biological control.  Phages may behave differently in vivo 

than in vitro, and phages that proliferate in a given host in vitro may fail to do so in 

vivo, or behave very differently (Payne & Jansen, 2001).  In this study, an Artemia 

(brine shrimp) model was used to study the potential of V. harveyi phages to control 

and/or prevent experimental V. harveyi infection.  The use of an Artemia model to test 

the biological control potential of phages has not been reported previously.  However, 

the potential of phages to control bacterial pathogens of cultured aquatic organisms (see 

section 1.3.2) has been tested in fin fish including ayu (Plecoglossus altivelis; Park et 

al., 2000; Park & Nakai, 2003), yellow tail (Seliora quinqueradiata; Nakai et al., 1999) 

and Atlantic salmon (Salmo salar L.; Verner-Jeffreys et al., 2007), and recently in 

prawn larvae (Penaeus monodon; Karunasagar et al., 2007; Vinod et al., 2006).  

Artemia was chosen as the model organism because it is easy and economical to grow 

reproducibly under laboratory conditions, is available throughout the year, is important 

in aquaculture as a live food.  It is also a vector for transmitting probiotics, therapeutic 

and nutrient agents, and has been reported to transmit pathogens to cultured aquatic 

organisms (Gomez-Gil et al., 1998; Hameed & Balasubramanian, 2000).   

 

Initial experiments to establish appropriate biocontrol experimental conditions showed 

that there was better Artemia survival in assays conducted in 500 ml Schott bottles 

containing 100 ml of sterile 'Ocean Nature' seawater than in 96-well plates (Table 5.2).  

This provided the rationale for use of the 500 ml bottles in subsequent experiments.  

Constant aeration is used in commercial cultivation of Artemia, as oxygen is a limiting 

factor for Artemia growth (Kolkovski et al., 2004; Soto-rodriguez et al., 2003a).  The 

well volume in a 96-well plate is only 300 µl and aeration potential is limited, and it is 
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likely that the 500 ml Schott bottles provide better aeration and intermittent mixing than 

could occur in the 96-well plates, explaining the difference in survival rates.   

 

Ten V. harveyi phages (VihaA2, VihaA4, VihaA6, VihaA9, VihaA10 and VihaA12–

VihaA16) showed potential as biocontrol agents, as they increased the survival of 

Artemia challenged with low concentrations (≤ 103 cfu/ml) of the pathogenic bacterium 

V. harveyi Vh1.  When phage was added (109 pfu/ml) to Artemia simultaneously with V. 

harveyi, significantly (p < 0.05) increased survival of Artemia was observed during the 

96 h assay period compared to Artemia challenged with V. harveyi Vh1 alone.  Artemia 

survival in these phage treatments varied from 78% to 95% at 96 h, and was similar to 

survival in the Artemia alone control (65%–95% at 96 h).  In contrast, survival of 

Artemia ranged from 0% to 13% at 96 h for Artemia challenged with V. harveyi Vh1 in 

the absence of phage.  In addition, the potential of phages VihaA4, VihaA6, VihaA9 

and VihaA16 to control other pathogenic V. harveyi strains was tested using Artemia 

challenged with V. harveyi CO71.  Phages VihaA4, VihaA6, VihaA9 and VihaA16 (109 

pfu/ml) increased the survival (p < 0.05) of Artemia challenged with V. harveyi CO71 at 

a concentration of 102 cfu/ml over the 96 h assay period, relative to Artemia exposed to 

V. harveyi CO71 alone (Fig. 5.13).  At 96 h the survival of Artemia in treatments with 

phages VihaA4, VihaA6, VihaA9 and VihaA16 was 88%, 95%, 93% and 58%, 

respectively.  In contrast, Artemia survival in the presence of V. harveyi CO71 alone 

was 13%.  These findings suggest that some V. harveyi phages used in this study have 

the ability to control V. harveyi isolates pathogenic to Artemia under laboratory 

conditions. 

 

The highest count of Vibrionaceae in Artemia culture water has been reported to be 106 

cfu/ml (Verschuere et al., 1999).  However, when the initial concentration of V. harveyi 
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(Vh1 or CO71) was higher than 103 cfu/ml, neither individual phages at 1011 pfu/ml 

(Fig. 5.2), mixtures of apparently different phages (VihaA4, VihaA13 and VihaA15) at 

a total concentration of 109 pfu/ml (Fig. 5.14), nor repeated addition of phages (at time 0 

h and 24 h; Fig. 5.15) increased survival of Artemia.  These results suggest the potential 

of phages to control V. harveyi infection of Artemia depends on the concentration of 

both V. harveyi and phage (Fig. 5.2–5.5).  For example when Artemia were exposed to 

phage VihaA4 at 1011 pfu/ml, and V. harveyi Vh1 at 102 cfu/ml or 106 cfu/ml, the 

survival of Artemia at 96 h was 79% and 0%, respectively (Fig. 5.2).  With regards to 

phage concentration the survival of Artemia challenged with V. harveyi Vh1 (102 

cfu/ml) increased from 4% to 79% when phage VihaA4 was added in ten-fold 

increasing concentrations from 106 to 109 pfu/ml (Fig. 5.5).  Park and Nakai (2003) also 

reported that in vitro growth inhibition of Ps. plecoglossicida (a pathogen of ayu fish) 

depended on the dose of added Ps. plecoglossicida phages PPpW-3 and PPpW-4. 

 

V. harveyi Vh1 is a luminescent bacterium, and changes in its concentration during 

biocontrol assays could be monitored when assays were carried out in sterile 'Ocean 

Nature' seawater, as Artemia nauplii and the sterile 'Ocean Nature' seawater did not 

contain luminous bacteria.  Luminous bacterial counts in biocontrol experiments 

increased or decreased depending on the initial concentration of V. harveyi Vh1 used.  

In most phage treatments conferring protection on Artemia, initial V. harveyi Vh1 

concentrations were 103 cfu/ml or less, and phage concentrations were 109 pfu/ml.  In 

these assays V. harveyi Vh1 could not be detected after 24 h.  In contrast, when the 

initial concentration of V. harveyi Vh1 was higher than 103 cfu/ml, Artemia mortality 

was rapid after 24 h and luminous bacterial counts increased 2 to 4 log units by 48 h, 

and remained at that level during the 96 h assay period.  This suggests that the success 

or failure in controlling V. harveyi in Artemia biocontrol experiments depends on the 
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ratio of V. harveyi and phage.  In the present study the bacteria to phage ratio was 

around 1:106 or higher in successful biocontrol experiments.  It may be that at higher 

pathogen concentrations the phage replication rate is insufficient to control bacterial 

reproduction, or the damage caused to Artemia by V. harveyi is more rapid than phage 

lysis of V. harveyi.  Phage-bacterium number relationships in phage therapy 

experiments vary depending on the phage, bacterium and animal model involved (Sheng 

et al., 2006; Skurnik & Strauch, 2006; Weld et al., 2004).  In successful phage therapy 

experiments carried out in mice, cattle, prawns and ayu the multiplicity of infection 

(MOI; average number of virus particles infecting each bacterial cell) ranged from 0.1–

103 (Biswas et al., 2002; Cerveny et al., 2002; Sheng et al., 2006; Vinod et al., 2006).  

However, in the present study the MOI was 106 or higher.  Karunasagar et al. (2007) 

demonstrated that reduction of bacterial counts in biofilms on high density polyethylene 

was also phage density dependent.  V. harveyi phage Viha10 at a concentration of 108 

pfu/ml reduced bacterial counts in biofilms by 1 and 3 log units after 6 h and 18 h 

exposure, respectively, but a phage concentration of 105 pfu/ml had no effect on 

bacterial counts in biofilms during an 18 h period (Karunasagar et al., 2007). 

 

Karunasagar and colleagues recently demonstrated the potential of V. harveyi phages to 

control luminous V. harveyi in prawn hatcheries (Karunasagar et al., 2007; Vinod et al., 

2006).  In their laboratory trials approximately 70% survival of prawn postlarvae (P. 

monodon, PL18) was reported 48 h after challenge of P. monodon with pathogenic V. 

harveyi (~105 cell/ml) and addition of V. harveyi phage (105 pfu/ml) (Vinod et al., 

2006).  In contrast, the survival of prawn postlarvae was 25% in the treatment where 

only V. harveyi (~105 cell/ml) was added.  During the 48 h assay period the luminous 

bacterial counts in culture water reduced by two log units in the presence of phage.  

However, luminous bacterial counts increased by one log unit in the absence of phage.  
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In the present study, Artemia was protected against infection for 96 h in biocontrol 

assays involving concentrations of V. harveyi and phage of 103 cell/ml and 109 pfu/ml, 

respectively.  Although the experimental parameters used in this study and that of Vinod 

et al. (2006) were not the same, both demonstrate that addition of certain V. harveyi 

phages to culture water reduces the concentration of pathogenic V. harveyi in Artemia 

and prawn larval culture, and increases their survival under laboratory conditions.   

 

In the present study the effect of multiple addition of phage VihaA4 to Artemia 

challenged with an initial V. harveyi concentration of 105 cfu/ml was assessed.  The 

process involved an initial addition of phage at time 0 h, and a second equivalent 

addition (100 µl of 1012 pfu/ml) of phage at time 24 h.  At 48 h the survival of Artemia 

in the treatments that had one addition of phage at the beginning of the assay and 

multiple additions (0 h and 24 h) of phage was 46% and 70%, respectively, suggesting a 

successful biocontrol strategy.  However, at 72 h 100% mortality of Artemia had 

occurred in both treatments.  Vinod et al. (2006) also reported higher survival of prawn 

larvae after 48 h, and fewer luminous bacteria, when V. harveyi phage was added twice 

(at time 0 h and after 24 h) to larvae challenged with V. harveyi (105 cells/ml), 

compared to a single addition of phage at time 0 h.  As larval survival was only reported 

at 48 h it is not known if multiple additions of phages increased longer-term survival in 

these experiments.  However, in a field trial (in 500 l tanks containing 35,000 P. 

monodon postlarvae), Vinod et al. (2006) reported 86% survival of prawn postlarvae 

after 16 days in the tanks that received phage treatment daily (to achieve the final 

concentration of 105 pfu/ml), compared to 40% survival with antibiotic treatment 

(oxytetracycline 5 ppm, kanamycin 10 ppm daily), and 17% survival with no treatment.  

No luminous bacteria were detected in phage-treated tanks during the 16 day period, but 

in tanks receiving antibiotic treatment or no treatment luminous bacterial counts were 
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105 and 106 cfu/ml, respectively (Vinod et al., 2006).  These findings suggest that V. 

harveyi can be controlled more effectively under laboratory or field conditions when 

phages are added regularly.   

 

Phages VihaA4 and VihaA16 (109 pfu/ml) were tested for their prophylactic effect on 

disease by addition to Artemia cultures 24 h prior to challenge with 101 cfu/ml of V. 

harveyi Vh1.  For phages VihaA4 and VihaA16 there was a significant (p < 0.05) 

increase in Artemia survival (77% and 88%, respectively) at 96 h compared to Artemia 

exposed to V. harveyi Vh1 alone (13%), indicating their potential use as prophylactic 

agents.  The prophylactic use of phages for disease control in cultured aquatic 

organisms has not been studied by others.  The success of this approach is likely to 

depend upon the abundance of the pathogen in question.   

 

Due to limitations in the methods to distinguish V. harveyi from other closely related 

Vibrio species in seawater, studies on the abundance of V. harveyi in seawater are 

limited (Pujalte et al., 1999).  However, there are some studies on abundance of 

culturable marine Vibrio spp. in general, using growth on TCBS agar.  Total 

presumptive Vibrio spp. in surface waters (upper 10 m) collected from coastal British 

Columbia (1999–2003) varied between 1.5 and 346 cfu/ml, while the total number of 

Vibrio bacteria isolated from seawater samples from 6 coastal locations in Hong Kong 

during summer (May to September) 1984 ranged from 30–67 vibrios/ml (Chan et al., 

1986).  Among the 48 different Vibrio species 9 were identified as V. harveyi using 

physiological, biochemical and morphological features (Chan et al., 1986).  V. harveyi 

counts in the three coastal seawater samples taken at a point 600 m distant from an 

abalone farm in Japan in August and September 2005 varied from not detectable to 65 

cfu/ml (Fukui & Sawabe, 2008).  Culturable Vibrio from seawater samples from the 
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Spanish Mediterranean coast during June 1989 and May 1990 ranged from 1 to 1.10 × 

102 cfu/ml (Pujalte et al., 1999).  Hybridization with specific probes showed that the 

Vibrio/Photobacterium group dominated during warmer months and decreased in colder 

months.  V. harveyi was only 2% of the total bacteria (255 isolates) isolated from the 

seawater (Pujalte et al., 1999).  Karunasagar et al. (1994) also reported that V. harveyi 

counts in intake seawater to prawn hatcheries ranged from 102 to 103 cfu/ml.  The V. 

harveyi count in nearshore seawater samples collected along the southern coast of Iloilo, 

(Philippines) throughout the year varied from 5–700 cfu/ml (Lavilla-Pitogo et al., 

1998). According to these findings, culturable Vibrio species in seawater are below 103 

cfu/ml, and it can be hypothesised that V. harveyi counts in seawater are usually below 

103 cfu/ml, as V. harveyi represent only a proportion of total Vibrio populations.  In this 

study the V. harveyi phages were only effective in controlling low V. harveyi 

concentrations of 103 cfu/ml or less in the Artemia assays.  These data suggest that use 

of these V. harveyi phages as prophylactic agents may be a successful strategy for 

controlling low numbers of V. harveyi in intake seawater to aquaculture facilities.  

However, the results indicate that successfully treating high numbers (104 to 106 cfu/ml) 

of pathogenic V. harveyi during disease outbreaks in cultured organisms may not be 

effective.  

 

As a result of the failure of individual phages to control high concentrations of V. 

harveyi, the potential of a mixture of three phages (VihaA4, VihaA13 and VihaA15; 

final concentration of 109 pfu/ml) to increase the survival of Artemia challenged with 

105 cfu/ml V. harveyi Vh1 over 96 h was tested in this study.  These phages were 

selected as they individually increased the survival of Artemia challenged with V. 

harveyi Vh1 (103 cfu/ml) over a 96 h assay period, but were apparently different from 

each other based on their host ranges (Table 4.2).  Restriction enzyme analysis (HindIII, 
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MluI and SpeI) of phage DNA also revealed that phages VihaA4, VihaA13 and 

VihaA15 are different from each other.  Phage VihaA4 and VihaA13 DNA were 

digested by SpeI while phage VihaA15 DNA was resistant to SpeI digest (Fig. 4.5 c).  In 

the MluI digest the banding patterns of the 3 phages were less than 80% similar to each 

other (Fig. 4.5 b).  Phage VihaA4 and VihaA13 clustered together at 88% banding 

similarity in HindIII digest although the banding patterns were slightly different (Fig. 

4.5 a).  However, this information only became available after the phage mixture 

experiments had been completed: in hindsight, selection of phages with a lower level of 

DNA similarity would have been preferable. 

 

At 48 h and 72 h there was a significant (p < 0.05) increase in Artemia survival in the 

presence of the phage mixture compared to Artemia exposed to V. harveyi Vh1 alone.  

However, at 96 h Artemia survival in the phage mixture and V. harveyi Vh1 alone 

treatments was not statistically significant.  Park and Nakai (2003) demonstrated that 

food impregnated with a mixture of 2 phages (PPpW-3 and PPpW-4) provided greater 

protection of ayu against Ps. plecoglossicida than either of the phages individually.  

Phage PPpW-4 has a wider host range than phage PPpW-3, and is able to lyse Ps. 

plecoglossicida resistant to phage PPpW-3.  Karunasagar and colleagues (2007) also 

found that addition of a combination of V. harveyi phages (Viha8 and Viha10) increased 

survival of naturally infected prawn larvae (86%–88%) relative to antibiotic treatment 

(5 mg L-1 oxytetracycline and 10 mg L-1 kanamycin; 65%–68% survival), as most 

strains of V. harveyi not lysed by one phage were lysed by the other.  McVay et al. 

(2007) also successfully demonstrated the control of potentially fatal Ps. aeruginosa 

infection of burn wounds in mice using a single dose of a mixture of 3 lytic Ps. 

aeruginosa phages having different phage receptor sites. The above findings suggest 

that the use of phage mixtures, added at regular intervals to maintain a constant 
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concentration of phage, may be more effective in controlling pathogenic bacteria than 

individual phages.  In the present study, cross-resistance to all three phages may have 

arisen by 96 h; this hypothesis will be further explored in Chapter 6.  

 

The ability of phages VihaA4, VihaA14 and VihaA16 (109 pfu/ml) to increase the 

survival of Artemia challenged with a low initial concentration of V. harveyi, Vh1 (102 

cfu/ml) was substantially (50% or more) reduced in assays performed in natural 

seawater compared to those in sterile 'Ocean Nature' (Fig. 5.17; a and b).  However, in 

experiments using treated natural seawater (filtered, autoclaved, and filtered + 

autoclaved) Artemia survival was considerably higher than in untreated natural seawater 

(Fig. 5.17; b, c, d and e).  These results showed that the biocontrol potential of the tested 

phages was reduced under non-sterile conditions, and suggests that phage activity is 

greatly reduced in natural seawater.  However, Artemia mortality due to V. harveyi Vh1 

alone was lower in experiments using untreated seawater than in comparable 

experiment using sterile 'Ocean Nature' or treated seawater (Fig. 5.17; a, b, c, d and e).  

These results suggest that untreated seawater interferes with phage activity, but also has 

an inhibitory effect on the disease causing ability of V. harveyi Vh1. 

 

Phages may decay or lose infectivity more rapidly under non-sterile conditions than 

sterile conditions.  Filtering natural seawater (0.2 µm) removes bacteria, protists and 

other particles greater than 0.2 µm, but not marine viruses, while autoclaving seawater 

destroys heat labile microorganisms (bacteria, protozoans and viruses) and molecules 

including extracellular nucleases and proteases (Noble & Fuhrman, 1997).  Suttle and 

Chen (1992), and Noble and Fuhrman (1997) found that marine phages generally did 

not decay (or decayed very slowly) in autoclaved or heat-treated and filtered (0.2 µm) 

seawater, but decayed rapidly in untreated seawater.  Centrifugation of seawater (16000 
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× g for 20 min) to remove particles reduced decay rates of viruses to those found for 0.2 

µm filtered seawater, and no decay of viruses was observed when phages were added to 

ultracentrifuged seawater (Suttle & Chen, 1992).  Solar radiation, living and nonliving 

particles, and grazing by protozoa contribute to decay of viruses in seawater (Noble & 

Fuhrman, 1997; Suttle & Chen, 1992).  Suttle and Chen (1992) also suggested that 

viruses irreversibly bind to heat-labile, loosely associated aggregates, and are then 

subject to sedimentation or lost via zooplankton grazing.  However, they demonstrated 

that solar radiation (mainly UV) was the main factor responsible for virus decay in 

seawater, with viruses decaying 2 to 10 times faster in the presence of solar radiation 

than in the dark.  Wiggins and Alexander (1985) also reported that the number of T4 

and P10 phages did not decrease over 30 days in sterile lake water or sterilized sewage, 

but decreased rapidly in non-sterile lake water or non-sterile sewage.  These authors 

suggested that under natural conditions host bacteria may not grow or metabolize at 

maximum rates, and if many host cells are nonviable, adsorbed phages will not replicate 

(Wiggins & Alexander, 1985).  Attenuated poliovirus also decayed rapidly in unfiltered 

seawater compared to filtered seawater and artificial seawater (Wetz et al., 2004).  In 

unfiltered seawater at 22°C a 90% reduction in polio virus was observed in 2.2 days, 

while in both filtered seawater and filtered artificial seawater 9.1 days were required for 

poliovirus to reduce to 90% of the starting concentration at 22°C.  In the present study 

the stability of 3 V. harveyi phages (VihaA4, VihaA9 and VihaA16) was tested in 

natural seawater, filtered seawater and sterile 'Ocean Nature', with results generally 

consistent with these previous reports.  In 'Ocean Nature' there was no change in phage 

stability over the 301.8 h of the experiment (Fig. 5.18 a).  However, in both natural 

seawater and filtered seawater there was a marked reduction of active phages (85–95% 

and 60%, respectively) during the experiment (Fig. 5.18 b and c).  Also of note were the 

patterns observed, particularly the marked decline in active phages over the initial 48 h 
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period in both natural seawater and filtered natural seawater (Fig. 5.18 b and c).  This 

may explain the low level of protection conferred on Artemia by phages in natural 

seawater, as phage numbers were reduced by 60% in natural seawater during the 

bioassay experimental period (96 h).   

 

In this study 5 phages (VihaA3, VihaA5, VihaA7, VihaA8 and VihaA11) did not show 

potential as biocontrol agents, as they did not increase the survival of Artemia 

challenged with V. harveyi Vh1.  These phages may have a low adsorption rate (few 

binding sites) and/or lower burst size than the other ten phages.  Levin and Bull (2004) 

suggested that phages with a high adsorption rate and burst size should reduce the 

density of a population of bacteria more effectively than a phage with a lower 

adsorption rate and burst size.  It has also been suggested that variations among phage-

host interactions also reflect the number of phage binding sites per host cell, the 

diffusion rate constant of the phages, and the efficiency with which collisions between 

bacteria and phages result in infection (Kasman et al., 2002).  A phage with more 

binding sites per host cell has a higher adsorption rate constant than a phage with few 

binding sites on the host cell (Kasman et al., 2002).  An additional hypothesis is that 

these phages are temperate, and under the conditions used in these experiments may 

have tended to lysogeny rather than lysis of their bacterial hosts.  The temperate nature 

of the phages is analysed in Chapter 6. 

 

In conclusion, 10 of 15 V. harveyi phages showed the potential to increase the survival 

of Artemia challenged with low initial concentrations of V. harveyi isolates Vh1.  Their 

biocontrol potential was comparable, and greater under sterile conditions.  These phages 

appear to be good candidate prophylactic agents for the control of low numbers of 

pathogenic V. harveyi in aquaculture environments before the onset of disease in the 
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cultured organism.  A higher initial concentration of phages (mixture or individually; 

>109 pfu/ml), and frequent addition during culture may be required to control of high 

numbers of pathogenic V. harveyi in aquaculture environments during disease 

outbreaks.  In successful phage treatments of ayu fish naturally infected with Ps. 

plecoglossicida, Park and Nakai (2003) fed the fish phage-impregnated food (107 

pfu/fish) three times (on days 0, 1 and 8) during a 15 day period, while Vinod et al. 

(2006) controlled disease by adding phage daily to maintain a phage concentration of 

105 pfu/ml for 16 days in a prawn hatchery.   

 

Histopathological analyses during biocontrol assays to assess the distribution and 

relative location of phages and host bacteria, studies of the kinetics of the host-phage 

interactions, and investigations of phage retention and replication in Artemia would help 

to clarify factors affecting the usefulness of phages as biocontrol agents.  It might also 

be useful to test whether the phages useful against prawn infection are also effective in 

Artemia.  
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CHAPTER 6 
 

Presence of virulence genes in V. harveyi phages and 
phage resistance development in V. harveyi   

 
 

6.1. Introduction  
 
Two of the main concerns in using phages as biocontrol agents are phage-mediated 

virulence transfer to bacteria (lysogenic conversion), and development of phage 

resistant bacteria (Skurnik & Strauch, 2006; Sulakvelidze et al., 2001).  It has been 

reported that in some pathogenic bacteria phages are involved in toxin production 

including diphtheria toxin in Corynebacterium diphtheriae (Rajadhyaksha & Rao, 

1965), group A streptococcal pyrogenic exotoxin (Johnson et al., 1980), staphylococcal 

enterotoxin A and staphylokinase (Coleman et al., 1989), cytotoxins of Ps. aeruginosa 

(Hayashi et al., 1990), verotoxins and cytotoxins of E. coli (Karch et al., 1987; Newland 

et al., 1985; Takeda & Murphy, 1978), and the cholera toxin of V. cholerae 01 and 0139 

(Faruque et al., 1998; Waldor & Mekalanos, 1996). 

 

The involvement of phages in V. harveyi virulence has been reported (Khemayan et al., 

2006; Oakey & Owens, 2000; Ruangpan et al., 1999).  Ruangpan and colleagues (1999) 

reported the association of phages with V. harveyi-like bacterial cells in 

hepatopancreatic tissues of black tiger prawns showing tea-brown gill syndrome 

(TBGS).  Reproducing TBGS in the laboratory was only possible when the prawns were 

inoculated with bacteria and phage together, suggesting that phages are involved in V. 

harveyi virulence (Ruangpan et al., 1999).  Khemayan et al. (2006) also reported the 24 

h 50% lethal dose of lysogenic V. harveyi VHL5 (derived by exposing V. harveyi 

VH1114 to V. harveyi siphovirus-like phage 1; VHS1), was approximately one hundred 

times lower than that of the parental V. harveyi VH1114.  Oakey and colleagues (2000 
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and 2002) isolated a V. harveyi phage (VHML) from the toxin-producing V. harveyi 

strain 642, and Austin et al. (2003) and Munro et al. (2003) found that, when infected 

with this phage, some previously avirulent V. harveyi isolates become virulent by up-

regulating haemolytic activity (demonstrated using sheep and rainbow trout blood), 

produced new extracellular proteins, and had increased pathogenicity to Atlantic 

salmon, Artemia or P. monodon larvae (Austin et al., 2003; Munro et al., 2003).  From 

the complete nucleotide sequence of the phage it was postulated that ORF 17 (1080 bp) 

of phage VHML encodes a putative DNA adenine methyltransferase (Dam) protein, and 

a putative ADP-ribosylating toxin (ADPRT), which may be responsible for virulence 

conversion in V. harveyi (Oakey et al., 2002).  ADPRTs are commonly involved in 

bacterial pathogenesis; examples include cholera toxin, diphtheria toxin, E. coli heat-

labile enterotoxin, pertussis toxin and pseudomonas exotoxin A (cited in Holbourn et 

al., 2006).  Dam has been reported to control the expression of virulence genes in 

bacterial pathogens including E. coli (Low et al., 2001), Neisseria meningitidis (Bucci 

et al., 1999), Salmonella enterica serovar Typhimurium (Heithoff et al., 1999), V. 

cholerae (Julio et al., 2001) and Yersinia pseudotuberculosis (Julio et al., 2001).  

 

Although the pathogenicity mechanisms of V. harveyi are not completely understood 

(Zhang et al., 2001), haemolysins (Zhang et al., 2001), cysteine protease (Liu et al., 

1997) and lipopolysaccharide (Montero & Austin, 1999) have been identified as 

virulence factors of V. harveyi in penaeid prawns and finfish (see 1.1.4.3).  Zhang and 

colleagues (2001) found 13 V. harveyi strains had one or two haemolysin gene(s) 

similar to V. parahaemolyticus tl (thermolabile haemolysin) gene.  Among these, V. 

harveyi VIB 645, a serious pathogen of salmonids, has two haemolysin genes (vhhA and 

vhhB) very similar in sequence (98.8%) identity to each other, which encode identical 

polypeptides (Zhang et al., 2001). 
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Development of phage resistance in bacteria has been observed in A. salmonicida 

(Verner-Jeffreys et al., 2007), Ps. plecoglossicida (Park et al., 2000) and E. coli 

O157:H7 (O'Flynn et al., 2004).  Resistance can be due to mutations in bacterial genes 

coding for receptors for phage adsorption on the cell surface, bacteria becoming 

lysogens by integrating the phage genome into the bacterial chromosome (Summers, 

2001), acquisition of a restriction modification system that degrades the injected phage 

nucleic acid, and mutation in a gene or genes that encode products essential for phage 

replication or assembly (Skurnik & Strauch, 2006).  In addition, a small proportion of a 

bacterial population may be phage resistant.  For example, Fischer et al., (2004) found 

that 15% of cells in cultures of E. coli O157:H7 strain MuL were resistant to O157:H7-

specific lytic phage PP01.  

 

Phages used in phage therapy should be safe for use and not be carrying virulence genes 

(Vinod et al., 2006).  This chapter describes a PCR approach to assess the presence in 

20 V. harveyi phages (VihaA1–VihaA20) of known or suspected virulence genes 

including haemolysin genes similar to vhhA and vhhB of V. harveyi VIB 645, and 

sequences from a putative virulence gene (Dam gene containing ADPRT sequence) of 

phage VHML.  It also describes preliminary tests to assess the development of phage 

resistance in V. harveyi during the biocontrol assays and in vitro. 
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6.2.  Experimental procedures 
 
 
6.2.1. Presence of known virulence genes in V. harveyi phages 

(VihaA1–VihaA20)   
 
6.2.1.1. PCR assessment of the presence in V. harveyi phages of V. harveyi VIB 645 

haemolysin genes (vhhA and vhhB) and a putative virulence gene of phage 
VHML ( Dam gene containing ADPRT sequence) 

 
PCR of V. harveyi phages VihaA1–VihaA20 was carried out to assess the presence of 

haemolysin genes vhhA and vhhB and the putative ADPRT/Dam gene of phage VHML.  

The PCR reaction mixture consisted of 2.5 mmol l-1 of magnesium chloride, 5 µl of 10 

× polymerase buffer, 200 µmol l-1 of each dNTP, 1 U of Taq polymerase, 10 pmol of 

each primer, 50–250 ng of template DNA (section 4.2.4.1) and nuclease-free water in a 

total volume of 50 µl.  To assess the presence of the haemolysin genes vhhA and vhhB 

the forward primer VHF1; 5'–ATCATGAATAAAACTATTACGTTACT–3' and the 

reverse primer VHR1; 5'–GAAAGGATGGTTTGACAAT–3' (Zhang et al., 2001) were 

used in the PCR, and for assessment of the putative virulence gene of phage VHML the 

forward primer; 5'–TGATCATGCCGATGGTCTTA–3' and the reverse primer; 5'–

GGTCAAAATCCCACACATCC–3' (Vinod et al., 2006) were used.  Primers were 

obtained from GeneWorks.  The genome of phage VHML was used as the positive 

control in the PCR of V. harveyi phages to assess the presence of putative virulence 

genes of phage VHML.  For the negative control the same PCR reaction mixture was 

used but template DNA replaced with nuclease-free water.  The cycling conditions used 

were; initial denaturation at 94°C for 7 min, 36 cycles of 94°C for 50 s, 59°C for 50 s 

and 72°C for 1 min, and final extension at 72°C for 7 min.    

 

The resulting PCR amplicons were individually mixed with blue/orange 6 × loading dye 

and subjected to gel electrophoresis at 80 V using 1% agarose (haemolysin genes) or 

2% agarose (putative ADPRT/Dam gene of phage VHML).  A 1 kb DNA ladder and a 
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low molecular weight DNA ladder were used as the DNA size makers for haemolysin 

genes and the putative virulence genes of phage VHML, respectively.  After 

electrophoresis, gels were stained with ethidium bromide and the bands were visualized 

using a UV transilluminator.  Phages having 1257 bp bands were considered PCR 

positive for gene vhhA or vhhB, while phages having 182 bp bands were considered 

PCR positive for the putative ADPRT/Dam gene.  The positive bands were excised and 

purified using QIAquick gel extraction kit, following the manufacturer’s protocol.  The 

purified DNA was sequenced at the West Australian Genome Resource Centre (Royal 

Perth Hospital, Perth), and the similarity to haemolysin genes vhhA or vhhB genes of V. 

harveyi VIB 645 and the putative ADPRT/Dam gene encoded by ORF17 of the VHML 

phage were determined using the Blast2 program (http://www.ncbi.nlm.nih.gov).  

 

 

6.2.2.  Phage resistance development in V. harveyi 
 
 
6.2.2.1. Preliminary identification of in vitro phage resistance development 
 
Overnight broth cultures of each of the V. harveyi isolates Vh1, 610.2a and 654.3a were 

prepared by inoculating a colony of each isolate from overnight growth on LM agar into 

10 ml LM broth, and incubation at 28°C.  Ten-fold dilution series (10-1 to 10-4) of each 

of the overnight broth cultures were made in filter sterile 'Ocean Nature' seawater.  For 

each phage (VihaA1–VihaA20), a 0.1 ml aliquot of the neat, 10-1, 10-2, 10-3 and 10-4 

dilutions of each bacterial isolate was added to a 0.1 ml aliquot of the phage (1011 

pfu/ml; section 5.2.1.3), and the mixture was allowed to stand for 10 min to facilitate 

phage adsorption.  Each phage-bacterium mixture was then spread on a LM agar plate 

using a sterile glass spreader.  After incubation at 28°C for 24 h, 10 well-isolated 

bacterial colonies from those which developed were selected and subcultured onto LM 

agar.  The sensitivity of each isolate to the phage used in the initial incubation step was 
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then assessed using the drop on plate assay (section 2.2.2.2).  Briefly, 0.5 ml of an 

overnight broth culture (LM) of each colony, 0.5 ml of phage buffer and 2.5 ml of 

molten phage overlay agar were mixed and poured onto a LM plate.  Subsequently, a 10 

µl drop of phage suspension (section 5.2.1.3) was placed onto the agar surface, and the 

plates were incubated at 28°C for 24 h.  The absence of plaque formation in the 

bacterial lawn under the phage drop was considered as putative resistance.  

 

 

6.2.2.2. Determination of whether phage resistance is due to unstable lysogeny 
 
A 1 ml sample of a 25 h broth culture (in LM broth and incubated at 28°C) of each 

putative phage resistant bacterium was centrifuged in a bench top microcentrifuge 

(Mikroliter D-7200, Hettich) at 1500 rpm for 5 min at 4°C, and the supernatant was 

filtered using a 0.45 µm and a 0.2 µm syringe filter, consecutively.  The filtered 

supernatant was tested for the presence of phage using the drop on plate assay (section 

2.2.2.2) with V. harveyi isolates Vh1, 610.2a and 654.3a as host bacteria.  Plaque 

formation in the bacterial lawn under the supernatant drop indicated the presence of 

spontaneously-released phages by the putative phage resistant bacterium, indicating 

unstable lysogeny. 

 

 

6.2.2.3. Preliminary identification of phage resistance development in biocontrol 
assays   

 
Bacteria not lysed by phage were isolated from culture water during biocontrol assays 

in which V. harveyi Vh1 (initial concentration 105 cfu/ml) was incubated with 

individual phages (VihaA4, VihaA13 or VihaA15; 109 pfu/ml) or a mixture of these 3 

phages at equal concentration (final concentration 109 pfu/ml).  Five isolates from each 

of the four phage treatments were selected at 24 h, 48 h and 72 h, and 10 isolates were 
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chosen at 96 h.  Isolates were passaged once on LM agar for purity, and an overnight 

broth culture of each was prepared by inoculating LM broth with a single colony from 

the LM plate.  Using the drop on plate assay (section 2.2.2.2) all the isolates were tested 

for sensitivity to the 3 phages (VihaA4, VihaA13 and VihaA15) by placing a 10 µl 

aliquot (~109 phage particles) of phage suspension onto a lawn of each bacterial isolate 

on LM agar.  The positive control comprised a 10 µl aliquot (~109 phage particles) of 

each phage suspension placed on the parental V. harveyi Vh1 isolate.  A drop of sterile 

phage buffer placed on a lawn of V. harveyi Vh1 was used as the negative control. 

 

To determine the stability of phage resistance during subsequent passaging, three 

representative phage resistant isolates, one from each phage treatment at the 96 h time 

point, were passaged ten times, and the sensitivity of the first and tenth passages of 

these isolates to the 3 phages was tested using the drop on plate assay (section 2.2.2.2).  

As a control, V. harveyi Vh1 which had not been exposed to the phages was passaged in 

parallel with the phage resistant isolates.  
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6.3.  Results 
 
 
6.3.1.  Known virulence genes in V. harveyi phages 
 
6.3.1.1. Presence of haemolysin genes of V. harveyi VIB 645 (vhhA and vhhB) in V. 

harveyi phages 
 
A PCR approach was used to assess the presence of two haemolysin genes of V. harveyi 

VIB 645 in V. harveyi phages VihaA1–VihaA20.  The phages VihaA3, VihaA8 and 

VihaA16 all produced single bands (~ 1257 bp) corresponding to the vhhA or vhhB 

haemolysin genes of V. harveyi VIB 645 (Fig. 6.1.).  No bands were detected for the 

other seventeen phages tested.  Nucleotide sequence comparisons revealed very close 

identity (96%–99%) of the bands of phages VihaA3, VihaA8 and VihaA16 to vhhA and 

vhhB haemolysin genes of V. harveyi VIB 645 (Table 6.1).  For phage VihaA8 the 

similarity was very high to vhhA (99%) and vhhB (98%). 

 
 
 
 
6.3.1.2. Presence of a putative virulence gene of phage VHML in V. harveyi phages 
 
Amongst PCR products of phages VihaA1–VihaA20 on agarose gels, phage VihaA18 

produced a single band corresponding to a band in the positive control (~ 182 bp; Fig. 

6.2 and 6.3), and the nucleotide sequence of the extracted band was 100% identical to 

that of the expected amplicon from phage VHML (GenBank accession no. AY133112).  

Several nonspecific bands were evident for phages VihaA19 and VihaA20, while phage 

VihaA17 produced a smear.  None of the other 16 phages produced bands 

corresponding to the positive control. 
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Figure 6.1.  Agarose gel of PCR products showing the presence of gene products 

similar to V. harveyi VIB 645 haemolysin genes.  Lane 1: 1 kb DNA ladder, lane 2: 

VihaA3, lane 3: VihaA8 and lane 4: VihaA16 
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Table 6.1.  Percentage identity of the sequences of PCR products of V. harveyi 
phages VihaA3, VihaA8 and VihaA16 to haemolysin genes of V. harveyi VIB 645.  
 

Gene 

 
GenBank 

Accession no 
. 

Phage 
Sequence 

length (bases) % identity 

vhhA 
vhhB 

   AF293430 
   AF293431 

VihaA3 920 
920 

98 
96 

vhhA 
vhhB 

   AF293430 
   AF293431 

VihaA8 880 
880 

99 
98 

vhhA 
vhhB 

   AF293430 
   AF293431 

VihaA16 1130 
1110 

96 
96 
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Figure 6.2.  Agarose gel of PCR products of V. harveyi phages VihaA13–VihaA20 

showing the presence of a section of the putative ADPRT/Dam gene of phage VHML.  

Lane 1: Low molecular weight DNA ladder, lane 2: positive control (VHML genome), 

lane 3: negative control, lane 4: VihaA13, lane 5: VihaA14, lane 6: VihaA15, lane 7: 

VihaA16, lane 8: VihaA17, lane 9: VihaA18, lane 10: VihaA19 and lane 11: VihaA20  
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Figure 6.3.  Agarose gel of purified PCR product of phage VihaA18 showing the 

presence of a band corresponding to a section of the putative ADPRT/Dam gene of 

phage VHML.  Lane 1: positive control (VHML phage genome), lane 2: negative 

control, lane 3: VihaA18 and lane 5: 1 kb DNA ladder.   
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6.3.2.  Phage resistance development in V. harveyi 

6.3.2.1.  Phage resistance development in vitro  

Bacterial colonies were evident after overnight growth on LM plates of samples of V. 

harveyi isolates Vh1, 610.2a or 654.3a which had been incubated for 10 min in the 

presence of each of the 20 V. harveyi phages (VihaA1–VihaA20).  Representative 

bacteria selected and tested in the drop on plate assays (section 2.2.2.2) for 

susceptibility to the phage used in the initial incubation step were all resistant to the 

phage used.  The supernatants of 25 h broth cultures of the bacteria resistant to phages 

VihaA3–VihaA7, VihaA10 and VihaA12–VihaA16 all contained spontaneously 

released phages that were detected using the drop on plate assay.  In contrast, there was 

no evidence in supernatants of 25 h broth cultures of bacteria resistant to phages 

VihaA1, VihaA2, VihaA8, VihaA9, VihaA11 and VihaA17–VihaA20 for the presence 

of spontaneously released phages in the drop on plate assays. 

 

 

6.3.2.2.  Phage resistance development in biocontrol assays 
 
Putative phage resistant luminous bacteria were isolated at 24 h, 48 h, 72 h and 96 h 

from all four phage treatments in which Artemia was exposed to V. harveyi Vh1 in the 

presence of phage (VihaA4, VihaA13, VihaA15, and a mixture of the three phages).  

When a bacterium from an individual phage treatment was resistant to one phage it was 

also found to be resistant to the other two phages, and when it was sensitive to one 

phage it was sensitive to the other two phages.  The putative resistant bacteria from the 

phage mixture followed the same pattern.  Table 6.2 shows that (a) all isolates obtained 

from the VihaA15 treatment were resistant to phage at all time points, (b) up to 72 h all 

isolates obtained following exposure to phage VihaA13 and the phage mixture were  
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Table 6.2.  Percentage of phage resistant bacteria isolated from each phage 
treatment at various time points during the biocontrol assay.  
 

 
No.(%) of isolates resistant to all three phages 

 Phage treatment 
 

24 h1 

 
48 h1 72 h1 96 h1 

VihaA4  3  (60) 3  (60) 2 (40) 6 (60) 

VihaA13  5 (100) 5 (100) 5 (100) 9 (90) 

VihaA15  5 (100) 5 (100) 5 (100) 10 (100) 

VihaA4 +VihaA13 +VihaA15 5 (100) 5 (100) 5 (100) 8 (80) 

 
    1 Sampling times 
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resistant to the phage(s) to which the V. harveyi Vh1 had originally been exposed.  

However, at 96 h some of the bacteria (10% and 20%) selected as putatively resistant in 

the VihaA13 and the phage mixture treatments, respectively, were sensitive to phage(s), 

and (c) only 40–60% of putatively resistant isolates from the VihaA4 treatment were 

resistant at any time point. 

 

The stability of phage resistance during passaging was determined using the first and 

tenth passages of representative phage resistant isolates (VihaA4R1, VihaA13R1 and 

VihaA15R1), obtained from biocontrol assays using the phages VihaA4, VihaA13 and 

VihaA15, respectively.  Both the first and tenth passages of these isolates were resistant 

to the phages that they were exposed in the biocontrol assays and to the other two 

phages, while the parental strain V. harveyi Vh1 remained sensitive to all three phages 

at the first and tenth passage. 

 
 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 – Virulence genes in V harveyi phages and phage resistance in V. harveyi   

 203 

6.4  Discussion 
 
One of the main concerns regarding the use of phage therapy is the potential for 

involvement of phages in transfer of virulence genes to bacteria.  Therefore, it was 

decided to assess whether the 20 V. harveyi phages (VihaA1–VihaA20) used in this 

study encode virulence genes known to occur in the pathogenic V. harveyi VIB 645 and 

in V. harveyi phage VHML.  The presence of haemolysin genes in V. harveyi phages 

has not been reported previously, although an increase in haemolytic activity in 

previously avirulent V. harveyi isolates infected with phage VHML has been reported 

(Austin et al., 2003; Munro et al., 2003).  The genome of V. harveyi VIB 645, a serious 

pathogen of salmonids, has two haemolysin genes (vhhA and vhhB) that are very similar 

in sequence (Zhang et al., 2001).  When the phages were tested for these haemolysin 

genes using VHF1 and VHR1 primers (Zhang et al., 2001) a PCR product (~ 1257 bp) 

very similar in sequence (96%–99%) to vhhA and vhhB was found in phages VihaA3, 

VihaA8 and VihaA16 (Fig. 6.1 and Table 6.1).  Of the V. harveyi isolates used in this 

study 80% showed haemolytic activity against sheep blood (Table 3.2).  It may be that 

V. harveyi phages are involved in transferring haemolysin genes to V. harveyi, as three 

of the V. harveyi phages in this study carry a haemolysin gene similar to haemolysin 

genes of V. harveyi VIB 645.  Non-haemolytic V. harveyi vhhA-/vhhB- isolates that are 

susceptible to phages carrying a haemolysin gene should be used in further studies to 

identify V. harveyi phage involvement in haemolysin gene transfer to V. harveyi.  It will 

be important to determine whether the phages carry the entire vhhA and/or vhhB gene, 

and if so, whether the gene is expressed in a bacterial host infected by the phage.  It 

would also be interesting to screen isolates for carriage of phages related to VihaA3, 

VihaA8 and VihaA16.  As discussed in Chapter 4, these three phages do not appear to 

be related. 
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Phage VHML ORF17 encodes a complete N6-DNA adenine methyltransferase (Dam) 

gene and a site similar to an active site for an ADPRT, which may be responsible for 

virulence conversion of V. harveyi (Oakey et al., 2002).  The bacterial ADPRTs are 

involved in pathogenesis (Holbourn et al., 2006) by ADP-ribosylation of key regulatory 

proteins in the host cells, disruption of cell signaling, and interference with downstream 

regulatory and structural processes (Holbourn et al., 2006).  The ORF17 of VHML is 

1080 bp long and located between bp 12635 and 13714 of the VHML genome (43193 

bp) (Oakey et al., 2002).  The active site for ADPRT is located between aa 252 and 355 

in the translated sequence of the ORF 17, and is located near the C terminal end of the 

putative Dam gene product (Oakey et al., 2002) starting at 13391 bp (12635 + [253 × 

3]) and ending at 13700 bp (12635 + [355 × 3]) in the VHML genome.  To determine 

the presence of putative virulence genes of VHML in the V. harveyi phages VihaA1–

VihaA20 in this study, the primers described by Vinod et al. (2006) were used.  The 

forward primer sequence is located between bp 13285 and 13304 in the VHML 

genome, and the reverse primer sequence is located between bp 13447 and 13466 in the 

VHML genome.  Consequently, both primers amplify the 13285–13466 bp region of the 

VHML genome.  Therefore the primers used in this study amplified 24.27% of the 

putative active site for ADPRT in phage VHML, and a section of the putative Dam gene 

in phage VHML (Fig. 6.4) and phage VihaA18 was PCR positive for this region.  The 

PCR product (~182 bp) was 100% identical in base sequence to the PCR product of the 

VHML genome (the positive control; Fig. 6.2 and 6.3).  Both phage VihaA18 and 

VHML are Myoviridae phages, but with markedly different genome (138 kb and 43 kb, 

respectively) and particle sizes (phage VihaA18 is larger than phage VHML; Tables 4.3 

and 4.5).  Therefore phages VihaA18 and VHML are unlikely to be the same.   
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Figure 6.4.  Diagrammatic representation of locations of putative active site of ADPRT 

in ORF17 of phage VHML and region amplified in this study.  Green: a portion of 

ORF17 of VHML genome.  Black: the putative active site for ADPRT (13391 bp–

13340 bp).  Red: the segment amplified by the primers used in this study. 
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All the Siphoviridae phages (VihaA1–VihaA16 and VihaA19) in this study were PCR 

negative for the putative virulence gene of VHML phage.  In a study in India, a 

Siphoviridae phage with potential as a biocontrol agent for control of V. harveyi in 

prawns was shown to not have these virulence gene, based on the same primers (Vinod 

et al., 2006) used in the present study.   

 

In both PCR experiments described here it appeared that unrelated phages carried the 

same or related virulence genes.  Explanations for this include that (a) the genes in 

question may be located on mobile genetic elements such as transposons and (b) the 

phages have the same integration site in the bacterial chromosome, and pick up the 

same flanking gene(s) via incorrect prophage excision in the process known as 

specialized transduction (Canchaya et al., 2003).   

 

The preliminary testing of phage resistance development in V. harveyi Vh1, 610.2a and 

654.3a in vitro revealed that these V. harveyi isolates could develop resistance to the V. 

harveyi phages (VihaA1–VihaA20) used in this study.  In some cases the resistance was 

apparently due to the formation of an unstable lysogenic relationship between the phage 

and the bacterium, as spontaneous release of phages could be detected in 25 h broth 

cultures of these resistant isolates.  However, broth cultures of some of the phage 

resistant isolates did not spontaneously release phages, suggesting they may be stable 

lysogens that require induction to release phages, or that they are phage resistant 

mutants.  To confirm whether phage resistance is due to lysogeny, PCR, dot blot and 

Southern blot hybridization tests designed to detect the presence of the phage genome, 

or sequencing to detect genes related to lysogenic phages (genes for integrase enzymes, 

repressor proteins or antirepressor proteins), will need to be undertaken.  Khemayan et 

al. (2006) and Pasharawipas et al. (2005) also demonstrated that exposure of a broth 
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culture of V. harveyi VH1114 to V. harveyi Siphoviridae-like phage 1 (VHS1) resulted 

in development of a small percentage (8%) of lysogenic V. harveyi colonies of variable 

stability.  These included (1) true lysogenic clones that were resistant to lysis by phage 

VHS1, and showed spontaneous release of phages from broth cultures more than 24 h 

old (late exponential phase) and the presence of VHS1 DNA in Southern blots, and (2) 

pseudolysogenic clones that showed turbid plaque formation with phage VHS1, no 

spontaneous release of phages from broth cultures more than 24 h old (late exponential 

phase), and the absence of VHS1 DNA in Southern blots.  Khemayan et al. (2006) 

postulated that in the lysogens the VHS1 genome is present as a plasmid-like episome 

rather than integrated into the bacterial chromosome, and that in the pseudolysogens the 

VHS1 genome could not be detected but conferred partial resistance to lysis, and 

resulted in the formation of turbid plaques. 

 

Phage-resistant luminous bacteria could be isolated from treatments in which V. harveyi 

Vh1 was exposed to phages VihaA4, VihaA13, VihaA15, or a mixture of these 3 

phages.  This indicates the possibility of phage resistance having developed during the 

biocontrol assays.  The stability of phage resistance in 3 representative putatively 

resistant bacterial isolates (VihaA4R1, VihaA13R1 and VihaA15R1), derived respectively 

from phage treatments with VihaA4, VihaA13 and VihaA15, was tested over 10 

passages.  In all cases the resistance to phage was still present at the tenth passage, 

suggesting that these are either stably phage resistant bacteria or they require more 

passaging to revert to phage sensitivity.  O'Flynn et al. (2004) showed that phage 

resistant bacteria obtained following exposure of E. coli O157:H7 strain P1432 to 

phages pp01, e11/2 and e4/1c reverted to phage sensitivity within fifty generations.   
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The cross-resistance observed between VihaA4, VihaA13 and VihaA15 cannot yet be 

explained.  The resistance of a lysogen to superinfection by related phages is often due 

to similarity in phage repressor and operator sequences, according to the lambda phage 

paradigm (Ptashne, 2004), which would be expected to occur in closely related phages.  

Phages VihaA4 and VihaA13 clustered together at 88% and 80% RFLP banding pattern 

similarity, respectively, using HindIII and Mlu1 but had less than 80% similarity (68%) 

in Spe1 digests.  However, VihaA15 clustered differently from phages VihaA4 and 

VihaA13 with much less than 80% banding similarity to these phages using all three 

enzymes (Table 4.4).  As discussed in chapter 4 all three phages have a similar genome 

size (74.4 to 77.5 kb), and all have a spiked capsid, although particle sizes vary.  

Whether these three phages, and possibly others of the VihaA phages, form a cluster of 

phages related at an evolutionary level, remains to be determined. 

 

Development of phage resistance in aquaculture pathogens has been reported under in 

vitro and in vivo conditions in both successful and unsuccessful phage treatment of 

disease.  Isolates of Ps. plecoglossicida PTH-9802 (a pathogen of ayu fish) resistant to 

phages PPpW-3 and PPpW-4 were found in in vitro experiments, but were less virulent 

to ayu than the parental strain (Nakai & Park, 2002).  However, no phage resistant 

bacteria were isolated after successful use of these phages to treat severe Ps. 

plecoglossicida infection in a commercial fish culture pond (Park & Nakai, 2003).  

Phage resistant A. salmonicida subsp. salmonicida were reported following 

unsuccessful phage treatment of furunculosis in Atlantic salmon (Verner-Jeffreys et al., 

2007).  Based on the findings of this study and others (O'Flynn et al., 2004; Park & 

Nakai, 2003; Verner-Jeffreys et al., 2007) it appears that phage resistant bacteria can 

develop when phages are exposed to bacterial pathogens.  Therefore, detection of phage 

resistant variants in bacteria and assessment of their virulence, rate of phage resistance  
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formation, and stability will be important if phages are to be effectively used as 

therapeutic agents in aquaculture environments.  If pathogenic bacteria lose virulence 

on acquiring phage resistance, if their rate of phage resistance development is very low, 

or if they readily revert to phage sensitivity, then phage resistance may not be a 

significant limitation in the use of phages as biocontrol agents to control of pathogenic 

bacteria (O'Flynn et al., 2004).  These issues in phage use remain to be adequately 

investigated.   

 

Some of the phages used in this study contained gene sequences similar to the 

haemolysin genes of V. harveyi VIB 645 (vhhA and vhhB) and segment of a putative 

virulence gene (ADPRT/Dam) of V. harveyi phage VHML, indicating that phages of V. 

harveyi may carry virulence genes.  This highlights the importance of assessing phages 

for the presence of virulence genes prior to their use in phage therapy, as most of the 

phages form lysogenic relationships with their host bacteria, and hence there is the 

possibility of transferring virulence genes.  Phage resistant bacteria were able to be 

isolated from biocontrol assays carried out during this study.  Their virulence to Artemia 

should be tested to provide a better understanding of their impact on phage therapy.  
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CHAPTER 7 
 

Summary and conclusions 
 
Vibrio harveyi is a Gram negative bacterium that is common in warm (tropical and 

temperate) marine environments.  During the last three decades strains of V. harveyi 

have been reported as pathogens of cultured aquatic organisms including prawns 

(Karunasagar et al., 1994; Lavilla-Pitogo et al., 1990; Lavilla-Pitogo et al., 1998; Liu et 

al., 1996).  Rapid mass mortality of prawns due to V. harveyi infection causes major 

economic losses in aquaculture.  In addition, overuse of antibiotics in prawn aquaculture 

has resulted in the occurrence of multiple antibiotic resistant strains of V. harveyi in 

prawn hatcheries, making the use of antibiotics less effective for the treatment and/or 

prevention of V. harveyi infection in prawns (Karunasagar et al., 1994), as well as 

posing a risk to public health and the environment.  Therefore, alternative strategies to 

the use of antibiotic are required to control and prevent V. harveyi infection in cultured 

organisms.  Phages are natural parasites of bacteria and are abundant in aquatic 

environments, and their use to control pathogenic bacteria in aquaculture is a potential 

alternative to antibiotic use.   

 

Reports have been made of the use of phage therapy in aquaculture to control or treat 

bacterial infections including E. tarda infection in loaches (Wu & Chao, 1982), L. 

garvieae infection in yellowtail (Nakai et al., 1999), Ps. plecoglossicida infection in ayu 

(Park et al., 2000; Park & Nakai, 2003) and A. salmonicida subsp. salmonicida 

(furunulosis) in Atlantic salmon (Verner-Jeffreys et al., 2007).  There is a diversity of 

other bacterial pathogens in aquaculture, amongst which some, including A. hydrophila 

(Vivekanandhan et al., 2002), Fl. psychrophilum (Dalsgaard & Madsen, 2000) and A. 

salmonicida (HusevÅG et al., 1991) have developed antibiotic resistance; alternative 

control strategies are also required for these organisms, so phages may have very wide 
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application.  The V. harveyi phages isolated by Vinod et al. (2006) and Karunasagar et 

al. (2007) showed potential for biocontrol of V. harveyi in a hatchery environment.  In 

contrast, Ruangpan et al. (1999) and Oakey et al. (2002) suggested that the V. harveyi 

phages they studied may confer virulence to some strains of V. harveyi.  Vidgen et al. 

(2006) found changes to D–gluconate utilization, and the γ–glutamyl transpeptidase and 

sulfatase activities of various V. harveyi strains following infection by V. harveyi phage 

VHML.  In addition, Austin et al. (2003) and Munro et al. (2003) showed that some V. 

harveyi isolates infected with VHML phage had enhanced haemolytic activity, up-

regulated protein excretion, produced toxic proteins, and caused increased mortality in 

Atlantic salmon, prawns or Artemia.  Khemayan et al. (2006) and Pasharawipas et al. 

(2008) found the interaction between phage VHS1 and V. harveyi (strain VH114) 

produced low numbers of lysogens with varying stability.  These findings demonstrate 

the importance of a sound understanding of phage-V. harveyi relationships before phage 

application for bacterial control.  In addition to changes conferred on phage-infected 

bacteria, the development of phage resistant bacteria is another potential limitation in 

the use of phages as biocontrol agents (Skurnik & Strauch, 2006; Sulakvelidze et al., 

2001).   

 

The present study aimed to investigate phage diversity and host-phage relationships 

among a variety marine phages of V. harveyi, with an emphasis on Australian isolates of 

both phage and bacterial host, and to gain further understanding of the potential of V. 

harveyi phages as biocontrol agents to prevent and/or control pathogenic V. harveyi in 

aquaculture.  This thesis reports assessment of the pathogenicity of a range of V. harveyi 

isolates to Artemia, partial characterization of 20 V. harveyi phages (VihaA1–VihaA20) 

isolated from Fremantle (WA) surface seawater, experiments testing the potential of 15 

V. harveyi phages (VihaA2–VihaA16) as biocontrol agents in Artemia under laboratory 
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conditions, the presence of virulence genes in V. harveyi phages, and the development 

of resistance in V. harveyi to phages.  

 

Forty-six V. harveyi isolates (Table 3.1) obtained from the Department of Food and 

Agriculture, WA (23); the Discipline of Microbiology and Immunology, UWA (6); the 

Oonoonba Veterinary laboratory, Townsville, QLD (15); and the Australian Institute of 

Marine Science, Townsville, QLD (2) were used in this study.  When initially grown on 

LM agar each isolate produced a single colony morphology and only one isolate (V. 

harveyi Vh1) was luminescent on LM.  Subsequently, when grown on the selective 

medium VHA to confirm their identity the majority of isolates had a colony 

morphology consistent with that reported for V. harveyi (Harris et al., 1996) i.e. small (2 

to 5 mm diameter) light green colonies with a dark green centre and a yellow halo.  

However, for some isolates 2–4 slightly different colony morphologies developed on 

VHA during incubation.  Consequently, partial 16S rDNA sequence analysis was used 

to assess whether this colony variation was due to contamination.  The phylogenetic tree 

constructed based on partial 16S rDNA sequence similarities clustered all the V. harveyi 

isolates with V. harveyi AY046956, and separated them from V. cholerae 

(ATTC14035T), V. parahaemolyticus (X56580) and E. coli (J01859) (Fig. 3.1).  

Comparison of the partial nucleotide sequences of 16S rDNA revealed that region 198–

306 was common to all V. harveyi isolates used in this study (Fig. 3.2).  It was 

concluded that all the isolates with colony morphology typical to V. harveyi were V. 

harveyi, and that the colony variability seen for some of the isolates on VHA may have 

been due to phase variation in protein interactions with the dye in the culture medium.  

Phase variation in colony colour of V. harveyi has not been previously reported, 

although a strain yielding two colony morphotypes with differing phenotypic profiles 

was characterised by Vidgen et al. (2006).  
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The V. harveyi isolates used in this study varied in pathogenicity to freshly hatched 

Artemia nauplii.  The survival of Artemia at 72 h after exposure to each V. harveyi 

isolate at a concentration of 106 cfu/ml was compared with the survival of unchallenged 

Artemia.  Two V. harveyi isolates (Vh1 and CO71) were highly pathogenic to Artemia, 

resulting 0–20% survival at 72 h, 15% of isolates (6) resulted 21–60% survival and 50% 

of the isolates (20) resulted 81–100% survival.  This finding is comparable with other 

studies on V. harveyi pathogenicity to Artemia and prawns ((Defoirdt et al., 2006; 

Hernandez & Olmos, 2004; Lavilla-Pitogo et al., 1990; Pizzuto & Hirst, 1995; Soto-

Rodriguez et al., 2003a).  These studies found that V. harveyi isolates varied in 

pathogenicity to Artemia and prawns.  V. harveyi isolates Vh1 and CO71 were selected 

for use as pathogens in subsequent Artemia bioassays involving phages.   

 

Extracellular products (cysteine protease, haemolysin and phospholipase), 

lipopolysaccharide, exotoxins, quorum-sensing factors, siderophores, bacteriocin-like 

substances and biofilm formation have been identified as pathogenicity mechanisms of 

V. harveyi in cultured aquatic organisms (Defoirdt et al., 2008; Harris & Owens, 1999; 

Henke & Bassler, 2004; Liu et al., 1996; Liu et al., 1997; Montero & Austin, 1999; 

Owens et al., 1996; Prasad et al., 2005; Soto-Rodriguez et al., 2003a; Zhang et al., 

2001).  In addition, phages have been reported to contribute to virulence of some V. 

harveyi isolates (Austin et al., 2003; Munro et al., 2003; Ruangpan et al., 1999).  In this 

study the lipase, haemolysin and protease activities of the V. harveyi isolates were 

determined to assess whether there was a correlation between these enzyme activities 

and pathogenity to Artemia.  All tested V. harveyi isolates showed lipase activity, 31 

(77.5%) showed protease (caseinase) activity and 32 (80%) showed haemolytic activity 

(on 5% sheep blood).  There were no direct correlations among the lipase and 
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haemolytic (sheep blood) activities of V. harveyi in this study and mortality to Artemia.  

However, there was a moderate negative correlation between protease (caseinase) 

activity and survival of Artemia exposed to V. harveyi.  Previous studies (Liu et al., 

1996; Montero & Austin, 1999; Nakayama et al., 2005) suggested that virulence factors 

in pathogenic V. harveyi isolates vary among strains, and that the occurrence and degree 

of proteolytic, haemolytic and cytotoxic activities are influenced by culture conditions 

(Montero & Austin, 1999).   

 

The 76 V. harveyi phages used in this study were isolated from surface seawater from 

Fremantle, WA during February–March 2003 using 20 V. harveyi isolates from WA 

(13) and QLD (7) (Table 4.1).  V. harveyi phages have previously been isolated from 

marine or aquaculture environments (Karunasagar et al., 2007; Oakey & Owens, 2000; 

Pasharawipas et al., 2005; Shivu et al., 2007; Vinod et al., 2006).  The results of the 

present study add weight to the hypothesis that V. harveyi phages are common in marine 

and mariculture environments.  However, no phages were found for 53.5% (23/43) of 

the V. harveyi isolates.  It may be that V. harveyi isolates for which no phages were 

found in Fremantle seawater contain prophages, and so are immune to superinfection by 

related phages.  Oakey and Owens (2000) reported that 46% (13/28) of V. harveyi 

isolates tested had prophages, and prophage-containing strains were resistant to 

infection by VHML phage.  Other possible explanations are that phages of these V. 

harveyi isolates are unable to be propagated in the culture conditions used (Breitbart & 

Rohwer, 2005), or that they were absent from this location or present below detectable 

levels.  As phage isolation was undertaken only during Summer/Autumn months, and 

from a single location in WA, this may have restricted the phage diversity obtained in 

this study. 
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The host ranges of the 76 phages were highly diverse on 43 V. harveyi isolates (Table 

3.1), 17 other Vibrio species reported to be aquaculture pathogens (Table 2.1), and 13 

other bacterial genera (Table 2.1).  Sixty-eight host range patterns were observed 

including 8 groups containing 2 phages with identical patterns, and 60 groups 

containing single phages (Appendix B).  No phage was able to lyse more than 25 (58%) 

of the V. harveyi isolates (Fig. 4.1), but 38% of the phages were able to lyse 21–25 (49–

58%) of the 43 V. harveyi isolates tested.  Of the other bacteria tested, V. alginolyticus 

5, V. parahaemolyticus 3024, V. splendidus 1 and Photobacterium sp. 2572 were 

susceptible to 6%, 43%, 32% and 82% of the phages, respectively.  V. alginolyticus, V. 

parahaemolyticus, V. splendidus and Photobacterium sp are reported to be closely 

related to V. harveyi (Baumann et al., 1984; Reichelt et al., 1976; Thompson et al., 

2004).  This indicates that the strains listed have phage receptors in common with, or 

very closely related to, V. harveyi strains.  Phage VHML also infected a V. alginolyticus 

isolate and an E. coli isolate (Oakey & Owens, 2000).  Inoue et al. (1995a) also reported 

a similar finding for vibriophage KVP40 (isolated from seawater using V. 

parahaemolyticus 1010 as a host) that infected at least 8 Vibrio species including V. 

alginolyticus, V. anguillarum, V. cholerae non-01, V. fluvialis, V. mimicus, V. 

natriegens, V. parahaemolyticus, V. splendidus and Photobacterium leiognathi and it 

was found that an outer membrane protein (OmpK or its homolog) present on many 

Vibrio and Photobacterium species acts as a receptor for vibriophage KVP40 (Inoue et 

al., 1995b).  Polyvalency among phages is uncommon; most aquatic phages have either 

host species or strain specificity (Wommack & Colwell, 2000). 

 

The 76 phages were grouped into 11 phage clusters (Table 4.2) based on their host 

ranges on 21 bacterial isolates.  Twenty phages (VihaA1–VihaA20), representing each 

of the 11 clusters, were selected for further study.  Among these the Siphoviridae 
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phages (with the exception of VihaA19) had wider host ranges than the 3 Myoviridae 

phages (VihaA17, VihaA18 and VihaA20).  Compared with the previous studies on V. 

harveyi phages (Karunasagar et al., 2007; Shivu et al., 2007; Vinod et al., 2006), the 

phages in this study had moderate host ranges.  Karunasagar et al. (2007) reported that 4 

V. harveyi phages lysed 55–70% of the 100 V. harveyi strains tested in that study, a V. 

harveyi phage was reported by Vinod et al. (2006) to lyse all 50 of the V. harveyi strains 

they tested, and 3 of the 6 phages studied by Shivu et al. (2007) lysed over 60% of the 

V. harveyi isolates tested.  Phages VHML and VHS1 have been reported to have narrow 

host ranges, lysing only 16% and 42% of the tested bacteria, respectively (Oakey & 

Owens, 2000; Pasharawipas et al., 2005). 

 

There are some shortcomings of clustering phages by host range.  The host range of a 

phage may vary due to the presence of unstable plasmids (Ackermann et al., 1992), 

some inner membrane proteins (Biswas et al., 1992), the presence of prophages and 

restriction modification systems in hosts (Duckworth et al., 1981; Matsuzaki et al., 

1992), and mutation in the phage genome (Grimont & Grimont, 1981; Inoue et al., 

2006). 

 

The 20 phages (VihaA1–VihaA20) from the 11 phage clusters were partially 

characterized on the basis of phage morphology, genome size and restriction enzyme 

digestion patterns.  All 20 were tailed, and 17 (85%) had characteristics of the family 

Siphoviridae (phages with long, non-contractile tails), while 3 (15%) had characteristics 

of the family Myoviridae (phages with contractile tails).  The previously published V. 

harveyi phages have also been tailed and considered to belong to these 2 phage families.  

The limited range of phages found in the present study is not surprising: the vast 

majority of all phages studied by 2007 were tailed, and the majority (61%) were 
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Siphoviridae followed by Myoviridae (24.5%) (Ackermann, 2007).  Two of the phages 

in this study, VihaA2 and VihaA19, had moderately elongated heads.  Isometric heads 

are commonly reported in marine tailed phages but the presence of an elongated head is 

less common (Ackermann, 2003; Weinbauer, 2004).  One (Viha6) of the seven V. 

harveyi phages reported by Shivu et al., (2007) also had an elongated head.  Spike-like 

projections were present on this study on the capsids of phages VihaA4, VihaA7, 

VihaA12, VihaA13 and VihaA15, an observation not previously made for any V. 

harveyi phages.  However, similar projection has been reported for V. parahaemolyticus 

phages VP3, VP6 and TP1 (Koga et al., 1982; Koga & Kawata, 1991). 

 

V. harveyi phages VihaA1–VihaA20 had double stranded DNA genomes and genome 

sizes that ranged from 57.5 kb to 143.0 kb.  The majority of phages had genomes 

ranging from 71.2 kb to 78.8 kb.  The 3 Myoviridae phages had larger genomes than the 

Siphoviridae phages, except for phage VihaA19 (139.5 kb), one of the Siphoviridae 

phages with a moderately elongated head.  All previously published V. harveyi phages 

have had double stranded DNA genomes (Karunasagar et al., 2007; Oakey & Owens, 

2000; Pasharawipas et al., 2005; Shivu et al., 2007; Vinod et al., 2006).  The 

Myoviridae phages VihaA17 (138.0 kb), VihaA18 (138 kb) and VihaA20 (143 kb) had 

much larger genomes than the other reported Myoviridae phages VHML (43 kb) (Oakey 

et al., 2002) and Viha4 (85 kb) (Shivu et al., 2007).  With the exception of phage 

VihaA19 (139.5 kb), the Siphoviridae phages in this study had smaller genomes than 

VHS1 (83 kb) (Pasharawipas et al., 2005) and the 3 Siphoviridae phages (Viha1, 94 kb; 

Viha2, 94 kb; Viha5, 83 kb) of Shivu et al. (2007).  Of 500 sequenced phage genomes, 

nearly 50% have genomes from 30–50 kb, however this was thought to reflect phage 

isolation techniques and sequencing technologies available, and not to be a true 

reflection of genome size distributions in the environment (Hatfull et al., 2008).  In fact, 

the genome sizes of the 20 V. harveyi phages in this study (range 57 to 143 kb) were 
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within the range of virus-like DNA in seawater from the Arctic Ocean, the Ross Sea, the 

coastal Pacific Ocean and the northern Adriatic Sea (Steward et al., 2000). 

 

In this study the restriction fragment length polymorphism (RFLP) patterns of purified 

phage DNA treated with 3 restriction enzymes (HindIII, MluI and SpeI) were used to 

assess nucleic acid homologies among the 20 V. harveyi phages.  Based on HindIII 

restriction digest, 16 phages grouped into 5 clusters, while the MluI and SpeI digests 

generated 4 clusters (14 phages) and 2 clusters (5 phages), respectively, having 80% or 

greater nucleic acid homology in RFLP patterns (Table 4.4).  Some clustering patterns 

were common to HindIII, MluI and SpeI digests.  For example 2 Myoviridae phages, 

VihaA17 and VihaA18, formed a discrete cluster (> 80% similarity) with the three 

enzymes.  When considered their other studied properties their genome sizes were the 

same (138.0 kb) and their dimensions (Table 4.3) were similar.  They were isolated 

using the same V. harveyi host (QL9) and they both had narrow host ranges (both lysed 

V. harveyi isolates 610.2a and QL9c), however, clustered separately based on host range 

(Table 4.2).  Overall, their characteristics suggest these phages are very closely related.  

Two Siphoviridae phages, VihaA6 and VihaA14, had HindIII and MluI RFLP 

similarities of 80% and 86%, respectively, and both were resistant to Spe1 digest and 

positive for the VHS1 DNA polymerase gene.  However, they had different host ranges 

(Table 4.2) and genome sizes (VihaA6, 74.4 kb; VihaA14, 77 kb), and were isolated on 

different V. harveyi host isolates (513.3 and 181.2, respectively).  Therefore, despite 

their RFLP similarities it may be that they are only moderately related.   

 

Clustering of phages based on RFLP analysis of their genomes is more reliable than 

their host ranges: a minor mutation in a phage genome could change host range 

significantly, while not necessarily changing a restriction site and thus not altering an 
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RFLP pattern (Merabishvili et al., 2007).  However, agarose gel electrophoresis use in 

RFLP analysis is time consuming, and there can be problems with reproducibility of 

banding patterns, and comparison of RFLP patterns among laboratories is also difficult 

(Merabishvili et al., 2007).  Digitized fluorescent RFLP (fRFLP) analysis has been 

developed to overcome the above limitations and as a new universal method to identify 

and classify culturable double stranded DNA viruses (Merabishvili et al., 2007).   

 

Ten V. harveyi phages (VihaA2, VihaA4, VihaA6, VihaA9, VihaA10 and VihaA12–

VihaA16) could control mortality in Artemia due to V. harveyi Vh1 under laboratory 

conditions (in filter-sterilized 'Ocean Nature' seawater).  At a concentration of 109 

pfu/ml these phages significantly (p < 0.05) increased the survival of Artemia 

challenged with low concentrations (≤ 103 cfu/ml) of V. harveyi Vh1 when phage and V. 

harveyi were simultaneously added to Artemia cultures.  Artemia survival in the phage 

treatments varied from 78%−95% at 96 h, and at 96 h was not different from the 

Artemia-alone control.  In contrast, Artemia survival was 0%–13% at 96 h for Artemia 

challenged with V. harveyi Vh1 in the absence of phage.  Similar results were obtained 

with Artemia exposed to V. harveyi CO71 and treated with phages VihaA4, VihaA6, 

VihaA9 and VihaA16.  These results show that some V. harveyi phages used in this 

study have the ability to control V. harveyi isolates pathogenic to Artemia.  

 

In most phage treatments conferring protection on Artemia (initial V. harveyi Vh1 

concentrations of 103 cfu/ml or less) V. harveyi Vh1 could not be detected after 24 h, 

demonstrating phage-mediated lysis or inactivation of the entire V. harveyi population 

in the assay.  In contrast, when the initial concentration of V. harveyi Vh1 was higher 

than 103 cfu/ml, Artemia mortality was rapid after 24 h and luminous bacterial counts 

increased 2–4 log units by 48 h, and remained at that level during the 96 h assay period.  
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At an initial V. harveyi concentration greater than 103 cfu/ml neither individual phages 

at 1011 pfu/ml, a mixture of 3 different phages at a total concentration of 109 pfu/ml, nor 

repeated addition of phages at time 0 h and 24 h improved the survival of Artemia.  

These results indicate that the ability of some V. harveyi phages used in this study to 

control V. harveyi isolates pathogenic to Artemia depends on the concentration of both 

phage and V. harveyi.  For example, when Artemia were exposed to phage VihaA4 at 

1011 pfu/ml, and V. harveyi Vh1 at 102 cfu/ml or 106 cfu/ml, the survival of Artemia at 

96 h was 79% and 0%, respectively (Fig. 5.2).  With regards to phage concentration, the 

survival of Artemia challenged with V. harveyi Vh1 (102 cfu/ml) increased from 4% to 

79% when phage VihaA4 was added in ten-fold increasing concentrations from 106 to 

109 pfu/ml (Fig. 5.5).  It may be that at higher pathogen concentrations the phage 

replication rate is insufficient to control bacterial reproduction, or that the damage 

caused to Artemia by V. harveyi is more rapid than phage lysis of V. harveyi.  Based on 

previous studies (Fukui & Sawabe, 2008; Karunasagar et al., 1994; Lavilla-Pitogo et al., 

1998; Pujalte et al., 1999), the typical concentration of culturable Vibrio species in 

seawater is below 103 cfu/ml.  As V. harveyi represents only a small proportion of total 

Vibrio populations it is evident that V. harveyi counts in seawater will usually be below 

103 cfu/ml.  These data suggest that these V. harveyi phages may be effective as 

prophylactic agents for controlling low numbers of V. harveyi in intake seawater to 

aquaculture facilities.  However, the results also indicate that treatment of high numbers 

(≥ 104 cfu/ml) of pathogenic V. harveyi using these phages during disease outbreaks in 

cultured organisms may not be effective.   

  

However, Karunasagar and colleagues recently demonstrated the potential of V. harveyi 

phages to control luminous V. harveyi at a concentration of 105 pfu/ml in prawns 

(Karunasagar et al., 2007; Vinod et al., 2006).  In their laboratory trials approximately 
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70% survival of prawn postlarvae (P. monodon, PL18) was reported 48 h after 

challenge of P. monodon with pathogenic V. harveyi (~105 cell/ml) and addition of V. 

harveyi phage (105 pfu/ml) (Vinod et al., 2006).  In contrast, the survival of prawn 

postlarvae was 25% in the treatment where only V. harveyi (~105 cell/ml) was added.  

During the 48 h assay period the luminous bacterial counts in culture water reduced by 

two log units in the presence of phage.  However, luminous bacterial counts increased 

by one log unit in the absence of phage.  Vinod et al. (2006) reported higher survival of 

prawn larvae after 48 h, and fewer luminous bacteria, when V. harveyi phage was added 

twice (at time 0 h and after 24 h) to larvae challenged with V. harveyi (105 cells/ml), 

compared to a single addition of phage at time 0 h.  As larval survival was only reported 

at 48 h it is not known if multiple additions of phages increased longer-term survival in 

these experiments.  In a field trial (in 500 l tanks containing 35,000 P. monodon 

postlarvae), Vinod et al. (2006) reported 86% survival of prawn postlarvae after 16 days 

in the tanks that received phage treatment daily (to achieve the final concentration of 

105 pfu/ml), compared to 40% survival with antibiotic treatment (oxytetracycline 5 

ppm, kanamycin 10 ppm daily), and 17% survival with no treatment.  No luminous 

bacteria were detected in phage-treated tanks during the 16 day period, but in tanks 

receiving antibiotic treatment or no treatment luminous bacterial counts were 105 and 

106 cfu/ml, respectively (Vinod et al., 2006).  These findings suggest phage-bacterium 

number relationships in effective control of V. harveyi under laboratory or field 

conditions vary depending on the phage, bacterium and animal model involved.  The 

use of phage mixtures, added at regular intervals to maintain a constant concentration of 

phage, may be more effective in controlling pathogenic bacteria than individual phages.   

 

The biocontrol effectiveness of the 3 phages (VihaA4, VihaA14 and VihaA16; 109 

pfu/ml) tested in this study was greater under sterile conditions (sterile 'Ocean Nature' 
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seawater, filtered natural seawater, autoclaved natural seawater, and filtered + 

autoclaved natural seawater) than in untreated natural seawater.  For example, in 

experiments conducted in sterile 'Ocean Nature', at the end of the 4 day assay period 

Artemia survival in the presence of V. harveyi Vh1 in treatments containing phages 

VihaA4, VihaA14 or VihaA16 was 97%, 87% and 97%, respectively.  Survival in these 

treatments was significantly higher (p < 0.05) than in the treatment with V. harveyi Vh1 

alone, where Artemia survival was 0% at 96 h.  When the same experiment was 

conducted in natural seawater, the survival of Artemia in the presence of V. harveyi Vh1 

in treatments containing phages VihaA4, VihaA14 and VihaA16 was substantially (50% 

or more) lower (40%, 20% and 6%, respectively, at 96 h) than in sterile 'Ocean Nature' 

seawater.  Artemia survival in the phage VihaA4 and VihaA14 treatments at 96 h in 

autoclaved seawater was 95% and 97%, respectively.  In filtered seawater Artemia 

survival at 96 h in the presence of phage VihaA4 and VihaA14 was 57% and 80%, 

respectively, and was 88% and 73%, respectively, in filtered + autoclaved seawater.  It 

was also noteworthy that Artemia mortality due to V. harveyi Vh1 alone was lower in 

experiments using untreated seawater than in comparable experiments using sterile 

'Ocean Nature' or treated (filtered and/or autoclaved) seawater.  These results suggest 

that phage activity is greatly reduced in natural seawater, and also show that natural 

seawater has an inhibitory effect on the disease causing ability of V. harveyi Vh1.  In 

addition, the percentage survival of Artemia in the Artemia-alone controls in sterile 

'Ocean Nature' and natural seawater was 98% and 55%, respectively, suggesting 

untreated natural seawater has factors reducing the survival of Artemia. 

 

The stability of the V. harveyi phages VihaA4, VihaA9 and VihaA16 was compared in 

natural seawater, filtered natural seawater and sterile 'Ocean Nature'.  In 'Ocean Nature' 

there was no change in phage stability over the 301.8 h of the experiment, but in both 
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natural seawater and filtered seawater there was a marked reduction in the number of 

active phages (85–95% and 60%, respectively) during the experiment.  There was also a 

marked decline in the number of active phages over the initial 48 h period in both 

natural seawater and filtered natural seawater, suggesting that the low level of 

protection conferred on Artemia by phages in natural seawater may have been due to a 

reduction of phage numbers (by up to 60%) in natural seawater during the 96 h bioassay 

experimental period.  The finding that phage stability is reduced in natural seawater is 

generally consistent with previous reports (Wetz et al., 2004; Wiggins & Alexander, 

1985).  For example, the number of T4 and P10 phages did not decrease over 30 days in 

sterile lake water or sterilized sewage, but decreased rapidly in non-sterile lake water or 

non-sterile sewage (Wiggins & Alexander, 1985).  Attenuated poliovirus also decayed 

rapidly in unfiltered seawater compared to filtered seawater and artificial seawater 

(Wetz et al., 2004).  Solar radiation, living and nonliving particles, and grazing by 

protozoa contribute to decay of viruses in seawater (Noble & Fuhrman, 1997; Suttle & 

Chen, 1992).  Suttle and Chen (1992) also suggested that viruses irreversibly bind to 

heat-labile, loosely associated aggregates, and are then subject to sedimentation or lost 

via zooplankton grazing.  Therefore, in aquaculture systems phages may need to be 

added frequently to maintain appropriate concentrations in the system, depending on the 

degree of sterility of the culture water. 

 

Phage-mediated virulence transfer to bacteria (lysogenic conversion), and development 

of phage resistant bacteria are two main concerns in the use of phages as biocontrol 

agents (Skurnik & Strauch, 2006; Sulakvelidze et al., 2001).  In this study a PCR 

approach was used to assess the presence in 20 V. harveyi phages (VihaA1–VihaA20) 

of known virulence genes including haemolysin genes similar to vhhA and vhhB of V. 

harveyi VIB 645 (Zhang et al., 2001), and sequences from sections of a putative 
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virulence gene (ADPRT/Dam gene) of phage VHML (Oakey et al., 2002).  A PCR 

product (~ 1257 bp) very similar in sequence (96%–99%) to vhhA and vhhB was found 

in phages VihaA3, VihaA8 and VihaA16 (Fig. 6.1 and Table 6.1).  Evidence for the 

presence of haemolysin genes in V. harveyi phages has not been reported previously.  

The apparent presence of haemolysin genes in these three phages indicates the potential 

for V. harveyi phages to transfer haemolysin genes among V. harveyi strains.  To assess 

the involvement of V. harveyi phages in haemolysin gene transfer to V. harveyi, further 

studies involving V. harveyi vhhA-/vhhB- isolates that are susceptible to phages with 

haemolysin genes should be undertaken to establish if gene transfer and expression 

occurs.  Austin et al. (2003) and Munro et al. (2003) found that when infected with 

VHML phage, some previously avirulent V. harveyi isolates became virulent by up-

regulating haemolytic activity (for sheep blood and rainbow trout blood), produced new 

extracellular proteins, and had increased pathogenicity to Atlantic salmon, P. monodon 

larvae or Artemia.  It was also found that through lysogenic conversion the filamentous 

phage CTXΦ, which encodes the cholera toxin, was able to transfer the toxigenic gene 

to susceptible non-toxigenic V. cholerae and V. mimicus (Faruque et al., 1999).  

Therefore, the presence of virulence genes in phages and their ability to express and/or 

to transfer those genes to non-pathogenic bacteria indicate significant potential 

problems associated with the use of phages as biocontrol agents in aquaculture.  It is 

intriguing to speculate that the failure of VihaA3 and VihaA8 to protect Artemia from 

V. harveyi challenge may have been due to an increase in haemolysin production 

mediated by these phages (V. harveyi Vh1 exhibited only a low level of haemolytic 

activity).  However, VihaA16 did increase Artemia survival in biocontrol assays, 

although protection was lower for V. harveyi CO71 (58% survival at 96 h) compared to 

that shown by the other tested phages (88%–93%), so other factors must play a role.  It 



Chapter 7–Summary and conclusions 

 225 

would be interesting to delete the vhh gene(s) from the former two strains, and repeat 

the biocontrol experiments. 

 

The presence of putative virulence genes of phage VHML in V. harveyi phages 

VihaA1–VihaA20 was assessed using the primers described by Vinod et al (2006).  

These primers amplified 24.27% of the putative active site for ADPRT in phage 

VHML, and a section of the putative Dam gene in phage VHML (Fig. 6.4).  In this 

study phage VihaA18 was PCR positive for this region of DNA (Fig. 6.2 and 6.3).  Both 

phages VihaA18 and VHML are Myoviridae phages, but with markedly different 

genomes (138 kb and 43 kb, respectively) and particle sizes (phage VihaA18 is larger 

than phage VHML; Tables 4.3 and 4.5).  Therefore, phages VihaA18 and VHML are 

unlikely to be the same phage.   

 

In both PCR experiments it appeared that unrelated phages carried the same or related 

virulence genes.  This could indicate that the genes in question may be located on 

mobile genetic elements such as transposons, or the phages (if temperate) may have the 

same integration site in the bacterial chromosome, and excise the same flanking gene(s) 

via incorrect prophage excision, in the process known as specialized transduction 

(Canchaya et al., 2003).  Of the phages studied in the present project, VihaA3–VihaA7, 

VihaA10, and VihaA12–VihaA16 are all temperate phages, as an unstable lysogeny was 

demonstrated for these phages as summarized below.  Due to the RFLP clustering of 

VihaA8, VihaA9 and VihaA11 with VihaA7, VihaA10 and VihaA15 described in 

Chapter 4, it follows that the former three phages are also likely to be temperate.  Thus 

at least 14 (70%) of VihaA phages are temperate; this is in accordance with the 

hypothesis that temperate phages may be more numerous than virulent phages in 

aquatic environments (Wommack & Colwell, 2000).  
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Thorough knowledge of phages is essential for successful use of phages as therapeutic 

agents.  As some temperate phages have been shown to transfer toxin genes to bacterial 

hosts through lysogenic conversion, virulent phages are likely to be more suitable as 

therapeutic agents than temperate phages (Matsuzaki et al., 2005).  The use of 

genetically modified temperate phages (e.g. genes encoding lysogeny and toxin 

production are inactivated) or phage products, have been investigated to overcome this 

limitation (Loessner, 2005; Matsuzaki et al., 2005; Skurnik & Strauch, 2006). 

 

Development of phage resistance in bacteria has been observed in biocontrol 

experiments involving A. salmonicida (Verner-Jeffreys et al., 2007), Ps. plecoglossicida 

(Park et al., 2000) and E. coli O157:H7 (O'Flynn et al., 2004).  In this study, bacteria 

resistant to V. harveyi phage could also be isolated in both in vitro tests and during in 

vivo biocontrol assays.  In some cases the resistance was apparently due to the 

formation of an unstable lysogenic relationship between the phage and the bacterium, as 

spontaneously-released progeny phages could be detected from 25 h broth cultures of 

these resistant isolates.  In other cases the resistance may have been due to formation of 

a stable lysogenic relationship with the phage, or mutation to phage resistance may have 

occurred.  To confirm whether phage resistance is due to V. harveyi becoming a 

lysogen, PCR, dot blot and Southern blot hybridization tests designed to detect the 

presence of the phage genome, or sequencing to detect genes related to lysogenic 

phages (for example, genes for integrase enzymes, repressor proteins, and antirepressor 

proteins), will need to be undertaken.  In addition, the rate of occurrence of phage 

resistance as well as retention of phage resistance needs to be studied if phages are to be 

reliably use in aquaculture as biocontrol agents.  O'Flynn et al. (2004) suggested the 

development of phage resistance in E. coli O157:H7 is not a limitation to the use of 

phages to control pathogenic E. coli O157:H7, as the rate of phage resistance 
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development in the tested bacteria was low, and all resistant isolates reverted to phage 

sensitivity.  The virulence of phage resistant bacteria to Artemia should also be tested to 

provide a better understanding of their impact on phage therapy. 

 

In summary, this study has shown that V. harveyi phages could be isolated from surface 

seawater from Fremantle, WA.  The isolated phages (76) had moderate host ranges.  A 

collection of 20 diverse V. harveyi phages from amongst these were selected for detailed 

study.  Most (17) had characteristics of the family Siphoviridae, while three had 

characteristics of the family Myoviridae, and their double stranded DNA genomes 

ranged in size from 57.5 kb to 143.0 kb.  Under the test conditions ten of the phages 

(109 pfu/ml) could control mortality in Artemia due to V. harveyi Vh1 or CO71, but 

only if the bacterial concentrations were ≤ 103 cfu/ml.  Biocontrol by phage was not 

successful at higher bacterial concentrations, irrespective of whether the phage was 

added at a higher concentration (1011 pfu/ml), as a mixture of three different phages, or 

repeatedly during the assay period.  These data suggest that these V. harveyi phages may 

be effective as prophylactic agents for controlling low numbers of V. harveyi in intake 

seawater to aquaculture facilities, but are unlikely to be effective in controlling high 

numbers of pathogenic V. harveyi or disease outbreaks in cultured organisms.  The 

biocontrol effectiveness of the phages was lower in untreated natural seawater than 

under sterile conditions, apparently due to reduced viability under the former 

conditions.  Evidence was found for the occurrence of bacterial resistance to phage, 

three phages had haemolysin genes very similar in sequence to vhhA and vhhB 

(indicating the potential for V. harveyi phages to transfer haemolysin genes among V. 

harveyi isolates), and one phage (VihaA18) was positive for sequences of genes 

believed to be involved in bacterial virulence. 
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Further studies on the dynamics of phage-bacterium interactions in aquaculture systems, 

the involvement of phages in V. harveyi virulence, the rate of phage resistance 

development in V. harveyi, the virulence of phage resistant V. harveyi to cultured 

organisms, and the retention of phage resistance in V. harveyi will be essential if V. 

harveyi phages are to be confidently used as biocontrol agents. 
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APPENDIX  A 
 
Naming system used for twenty V. harveyi phages used in this study  
 
The twenty V. harveyi phages used for further study numbered according to the genome 
size (ascending order) and prefix VihaA was used. 
 
 
                       Table A.1. Phage names. 

New phage name Previous phage name 
VihaA1 417.8.1 
VihaA2 618.1.2 
VihaA3 QL26.1 
VihaA4 Vh1.6 
VihaA5 654.3.4 
VihaA6 513.3.1 
VihaA7 2902.1.3 
VihaA8 QL9.2 
VihaA9 QL9.3 
VihaA10 100.1.6 
VihaA11 273.3.6 
VihaA12 Vh1.7 
VihaA13 273.3.3 
VihaA14 181.2.1 
VihaA15 2902.1.1 
VihaA16 610.2.3 
VihaA17 QL9.1 
VihaA18 QL9.4 
VihaA19 610.2.1 
VihaA20 QL13.1 
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APPENDIX  B 
        Table B.1.  The host range of 76 phages determined using 43 V. harveyi isolates. 

V. harveyi isolates 

P
ha

ge
 c

lu
st

er
 

Phages 

10
0.

1b
 

10
0.

3 

17
3.

1 

17
3.

2a
 

18
1.

2a
 

27
3.

2c
 

27
3.

3a
 

27
3.

4 

35
4.

8b
 

41
7.

8 

41
7.

9b
 

51
3.

3a
 

61
0.

1b
 

61
0.

2a
 

61
8.

1a
 

64
3.

1b
 

65
4.

3a
 

93
7.

1c
 

40
27

.1
 

17
38

.3
a 

17
78

.1
b 

29
02

.1
b 

20
92

.2
b 

36
62

 

Q
L

1a
 

Q
L

5a
 

Q
L

7a
 

Q
L

9c
 

Q
L

10
a 

Q
L

12
b 

Q
L

13
b 

Q
L

14
b 

Q
L

15
a 

Q
L

17
a 

Q
L

18
a 

Q
L

24
a 

Q
L

25
c 

Q
L

26
a 

V
h1

 

V
h6

 

V
h8

 

V
h1

2 

V
h1

6 

T
ot

al
  

%
* 

VihaA9 X - - X X - - - - X - - X X - - X X - X - X X X - - - X - X X - X X X - - - X - - - - 19 44 
VihaA16 X - - X X - X - - - - - X X - - X X - X - - - X - X - - - X X - X X - X - - X - - - - 17 40 

QL5.4 X - - X X - X - - - - - X X - - X X - X - - - X - X - - - X X - X X - X - - X - - - - 17 40 
QL5.5 X - - X X - X - - X - - X X - - X X - X - X - X - X - X - X X - X X - X - X X - - - - 21 49 
QL9.5 X - - X X - - - - X - - X X - - X X - X - X - X - - - X - - - - X X X - - - X - - - - 16 37 
QL9.6 X - - X X - - - - X - - X X - - X X - X - X - X - - - X - X - - X X X - - - X - - - - 17 40 

QL18.1 X - - X X - - - - X - - X X - - X - - X - X - X - - - - - X X - X X X - - - X - - - - 16 37 

1 

QL24.1 X - - X - - X - - - - - X X - - X X - X - - - X - X - X - - X - X X - X - - X - - - - 16 37 
VihaA5 - - X - - - X - - - - - - X - - X X - X - X X X - - X - - X - X X X - - - X X - - - - 16 37 

VihaA12 - - X X X - X - - - - - - X - X X X - X - X X - - - X - - - - X X X - - - - X - - - - 16 37 
Vh1.9 - - X X X - X - - - - - - X - X X X - X - X X - - - X - - - - X X X - - - - X - - - - 16 37 
Vh1.3 X - X X X - X - - X - - X X - X X X - X - X X - - X  X - - - - X X X - - X - X - - - - 21 49 
Vh1.8 X - X X X - X - - X - - X X - X X X - X - X X X - X  X - - - - - X X - - X - X - - - - 21 49 
654.3.5 X - X X X - X - - X - - X X - X X X - X - X X X - -  X - - - - X X X - - X - X - - - - 21 49 
Vh1.10 X - X X X - X - - X - - X X - X X X - X - X X X - -  X - - - - X X X - - X - X - - - - 21 49 
Vh1.11 X - X X X - X - - X - - X X - - X X - X - - X X - - - - - - - X X - - - X - X - - - - 17 40 
Vh1.12 X - X X X - X - - - - - - X - - X X - X - X X - - X X - - - - X X X - - X - X - - - - 18 42 
100.1.2 X - X - X - X - - X - - X X - X X X - X - X X X - X X X - - - X X X - - - - X - - - - 21 49 
100.1.4 X - X - X - X - - X - - X X - X X X - X - X X X - X X X - - - X X X - - - - X - - - - 21 49 
273.3.5 X - X X X - X - - X - - X X - X X X - X - - X X - - X - - - - X X X - - X - X - - - - 20 46 

2 

654.3.3 X - X - - - X - - - - - X X - - X X - X - X X X - - X - - - - X X X - - - - X - - - - 16 37 
VihaA6 X - - X X - - - - - - - X X - - X X - X - X X X - - - X - X X X X X - X - X X - - - - 20 46 
VihaA3 X - - X X - X - - - - - X X - X X X - X - - X X - X X - - - X X X X - X - X X - - - - 21 49 
QL26.2 X - - X X - X - - - - - X X - X X X - X - - X X - X X - - - X X X X - X - X X - - - - 21 49 
QL13.2 X - - X X - - - - X - - X X - X X X - X - X - X - X - X - - X X X X - X - X X - - - - 21 49 
QL5.1 X - - X - - X - - X - - X X - X X X - X - X X X - X X - - X X X X X - - - X X - - - - 22 51 
QL5.2 X - - X - - X - - X - - X X - X X X - X - X X X - X X - - X X X X X - - - X X - - - - 22 51 
QL5.6 X - - X X - X - - X - - X X - - X X - X - - - X - X X - - X X X X X - - - X X - - - - 20 46 

QL17.1 X - - X X - - - - X - - X X - X X X - X - X - X - - - X - - X X X X - X - X X - - - - 20 46 
QL17.2 X - - X X - - - - X - - X X - - X X - X - X - X - - - X - - X X X X - X - X X - - X - 20 46 
QL26.3 X - - X - - X - - X - - X X - X X X - X - - - X - X X - - - X X X X - - - X X - - - - 19 44 
QL26.4 X - - X - - X - - X - - X X - - X X - X - - - X - X X - - - X X X X - - - X X - - - - 18 42 
QL26.5 X - - X - - X - - X - - X X - - X X - X - - - X - X X - - - X X X X - - - X X - - - - 18 42 

3 

QL26.6 X - - X - - X - - X - - X X - - X X - X - X X X - X X X - - X X X X - - - X X - - - - 21 49 
           X: bacterial isolate is susceptible to the phage, T: turbid clearance (partial inhibition of bacterial growth within the plaque) and –: bacterial isolate is resistant to phage. 
           *: % of  V. harveyi isolates susceptible to phage (phage-host interactions resulted in turbid clearance were not considered).  The eight groups containing 2 phages with identical host range patterns are printed in blue.   
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Table B.1.  Continued   
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Q
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Q
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Q
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Q
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Q
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h1

 

V
h6

 

V
h8

 

V
h1
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V
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T
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VihaA4 T - X X X - X - - - - - - X - - X X - X - X X - - X X - - - - X X X - - T X X - - - - 17 40 

VihaA11 T - X X T - X - - X - - T X - - X X - X - X X X - X - - - - - - X X - X T X X - - - - 17 40 

Vh1.1 X - X X X - X - - X - - - X - X X X - X - X X X - X  X - - - - X X X - - X X X - - - - 22 51 

Vh1.2 X - X X X - X - - X - - X X - X X X - X - X X - - X  - - - - - X X X - - X X X - - - - 21 49 

Vh1.4 T - X X X - X - - - - - T X - X X X - X - X X X - X - - - - - X X X - - T X X - - - - 18 42 

Vh1.5 X - X X X - X - - - - - X X - X X X - X - X X X - X  - - - - - X X X - - X X X - - - - 21 49 

100.1.1 X - X X X - X - - X - - - X - X X X - X - X X X X X  - - - - - X X X - - - X X - - - - 21 49 

100.1.3 X - X X X - X - - X - - T X - X X X - X - X X X X X  X - - - - X X X - - - X X - - - - 22 51 

100.1.5 X - X - T - X - - - - - T - - - X X - X - X X X X X X - - - - X X X - - - X X - - - - 17 40 

273.3.1 X - X - X - X - - X - - X X - X X X - X - X X - X X - - - - - X X X - - X X X - - - - 21 49 

273.3.2 X - X - X - X - - X - - X X - X X X - X - X X - X X X - - - - X X X - - X X X - - - - 22 51 

273.3.4 T - X X T - X - - - - - T X - - X X - X - X X X T X X - - - - X X X - - T X X - - - - 17 40 

654.3.1 T - X X X - X - - X - - T X - X X X - X - X X - - X X - - - - X X X - - X X X X - - - 21 49 

654.3.2 X - X X X - X - - X - - X X - - X X - X - X X - - X X - - - - X X X - - X X X X - - - 22 51 

654.3.6 X - X X X - X - - X - - - X - X X X - X - X X - X X  - - - - - X X X - - X X X X - - - 22 51 

937.1.1 T - X - T - X - - X - - X X X - X X - X - X X X X X - - - - - X X X - X X X X - - - - 21 49 

937.1.2 X - X - X - X - - X - - X X X - X X - X - X X X X X  - - - - - X X X - X X X X - - - - 23 53 

937.1.3 X - X - X - X - - X - - X X T X X X - X - X X X X X  - - - - - - X X - X X X X - - - - 22 51 

1738.3.1 T - X - X - X - - X - - X X - X X X - X - X X X X X  - - - - - X X X - - X X X - - - - 21 49 

1738.3.2 X - X - X - X - - X - - X X - X X - - X - X X X - X - - - - - - X X - X - X X - - - - 19 44 

4 

1738.3.3 X - X - X - X - - X - - X X - X X - - X - X X X X X  - - - - - X X X - X - X X - - - - 21 49 

5 VihaA10 X - X X X - X - - - - - - - - - X X - X - X X X X - - - - - - - X - X - - X X - - - - 16 37 
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Table B.1.  Continued   
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VihaA7 - - X X - - X - - - - - - X - - X X - - - X X - - - - - - - - - X X X - - - X - - - - 12 28 

VihaA8 X - X X X - - - - - X - X X - - X X - X - X X X - X - X - X X - - X X - - - X - - - - 20 46 

2902.1.2 X - X X X - X - - X - - - X - X X X - X - X X - - -  - - - - - - X X - - - X - - - - 16 37 

2902.1.4 X - X X - - X - - X - - X X - X X X - - - X - - - - - - - - - - X X X - - X X - - - - 16 37 

2902.1.5 X - X X X - X - - X - - X X - - X X - X - X X - - - - - - - - - - X X - - - X - - - - 16 37 

6 

2902.1.6 X - X X X - - - - X - - X X - - X X - X - X X X - - - - - - - - X - X - - X X - - - - 17 40 

VihaA13 T - X X T - X - - - - - T X - - X X - X - X X - - - X - - - - X X X - - T - X - - - - 14 32 
7 

VihaA14 T - X - X - X - - - - - - - - X - X - - - X X X X X - - - - - X - X - X - X X - - - - 15 35 

VihaA2 - - - - - - X - - X - - - - X  X X - - - X - X - - - - - - - - - - X - - - X - - - -  9 21 
8 

VihaA15 T - - - - - X - - - - - - X - - X X - - - X - - - - - - - - - - - - X - - - X - - - - 7 16 

VihaA1 - - - - - - X - - X - - - X - - - X - - - - - X X - - - - - - - - - - - - - - - - - - 6 14 

417.8.2 - - X X - - X - - X - - - X - - - X - - - - - X X - - X - - - - - - X - - - X - - - - 11 25 

417.8.3 - - - - - - X - - X - - - X - - - X - - - - - - - - - - - - - - - - - - - - - - - - - 4 9 
9 

418.3.4 - - - - - - X - - X - - - X - - - X - - - - - - - - - - - - - - - - - - - - - - - - - 4 9 

VihaA17 - - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - - - - - - - - X - - - - 3 7 

VihaA20 - - - - - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - X - - - - - - - - 3 7 10 

610.1.1 - - - - - - - - - - - - X X - - - - - - - - - - - - - - - - X - - - - - - - - - - - - 3 7 

VihaA18 - - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - - - - - - - - - - - - - 2 4 

VihaA19 - - - - - - - - - - - - - X - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 2 11 

610.2.2 - - - - - - - - - - - - - X - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 2 
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               Table B.2.  The host range of 76 phage s determined using non-V. harveyi isolates. 
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VihaA9 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 

VihaA16 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

QL5.4 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

QL5.5 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

QL9.5 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 

QL9.6 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 

QL18.1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 

1 

QL24.1 - - - - - - - - - - - - X - - - - - - - - - - - - - X  - - - 2 7 

VihaA5 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 2 7 

VihaA12 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

Vh1.9 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

Vh1.3 X - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 

Vh1.8 X - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

654.3.5 X - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

Vh1.10 X - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

Vh1.11 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

Vh1.12 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

100.1.2 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

100.1.4 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

273.3.5 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

2 

654.3.3 X - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

VihaA6 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

VihaA3 - - - - - - - - - - - - X - - X  - - - - - - - - - X - - - 3 10 

QL26.2 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 

QL13.2 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 

QL5.1 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 

QL5.2 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 

QL5.6 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

QL17.1 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

QL17.2 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

QL26.3 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 
QL26.4 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 
QL26.5 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 

3 

QL26.6 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

                      X: bacterial isolate is susceptible to the phage, T: turbid clearance (partial inhibition of bacterial growth within the plaque) and –: bacterial isolate is resistant to phage. 
                      *: % of  bacterial isolates susceptible to phage (phage-host interactions resulted in turbid clearance were not considered).  The eight groups containing 2 phages with identical host range patterns are printed in blue     
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                 Table B.2.  Continued 
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VihaA4 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 
VihaA11 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

Vh1.1 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 
Vh1.2 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
Vh1.4 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 
Vh1.5 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 

100.1.1 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

100.1.3 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

100.1.5 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 

273.3.1 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 

273.3.2 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 2 7 

273.3.4 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 
654.3.1 - - - - - - - - - - - - - - - X - - - - - - - - - - X - - - 2 7 
6543.2 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
654.3.6 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
937.1.1 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 2 7 
937.1.2 - - - - - - - - - - - - X - - X - - - - - - - - - - X - - - 3 10 
937.1.3 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

1738.3.1 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 
1738.3.2 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 

4 

1738.3.3 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
5 VihaA10 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
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VihaA7 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
VihaA8 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
2902.1.2 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
2902.1.4 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
2902.1.5 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 

6 

2902.1.6 - - - - - - - - - - - - - - - - - - - - - - - - -  - - - - 0 0 
VihaA13 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 3 10 

7 
VihaA14 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 
VihaA2 - - - - - - - - - - - - - - - - - - - - - - - - - - X - - - 1 3 

8 
VihaA15 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
VihaA1 - - - - - - - - - - - - X - - - - - - - - - - - - - X - - - 2 7 
417.8.2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
417.8.3 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 

9 

418.3.4 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
VihaA17 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
VihaA20 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 10 
610.1.1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 

VihaA18 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
VihaA19 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 11 
610.2.2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 0 
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