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目前，在世界范围内，水产养殖业已经成为农业经济中的一个重要的组成部分。阻碍水产养殖业增长的一个最重要的因素就是传染性疾病，它给水产养殖业带来了巨大的经济损失。目前，已报道的致病菌种类已经多达20多个属。细菌性传染病爆发的几率是相当高的，特别是在高密度和循环水养殖系统中。预防这类疾病发生的最有效的方法是接种疫苗。这是保证养殖经济鱼类健康的一种不可或缺的重要措施。活性弱毒疫苗已经非常成功的广泛应用于预防动物与人类的多种疾病。活性弱毒疫苗能天然的模仿宿主与病原菌之间的相互作用，这就可以有效的激活宿主相应的免疫系统。因此最有效的预防鱼类细菌性传染疾病爆发的措施就是接种活性弱毒疫苗。此外，这种疫苗还具有生产成本低，运输简捷以及保护性长久等优点。下面将会讨论这类疫苗的生物安全性，保护性的强弱，经济价值，生产和运输方法，以及一些潜在的活性弱毒疫苗。
Biosecurity
Aquaculture is emerging as an important economical agribusiness, worldwide.  Disease outbreaks cause severe economic losses in aquaculture production and trade.  Currently, it is not possible to properly quantify the dollars losses, but disease loss estimates in Asian countries amount to more than $3 billion annually1.  Furthermore, disease is being recognized as a primary constraint on the economic development of some countries.  In addition to mortality and morbidity, disease causes reduced slaughter value, growth performance and feed conversion in fish.  Other costs associated with disease are money spent to purchase chemicals and drugs to combat diseases.    
A variety of pathogens are responsible for infectious diseases including viruses, parasites, fungi and bacteria. Among them, bacteria pathogens account for majority of diseases in warm water aquaculture. Bacterial species of more than 20 genera have been reported as causes of diseases.  Prominent Gram negative pathogens include species of Aeromonas, Edwardsiella, Flavobacterium, Francisella, Pasteurella, Piscirickettsia, Pseudomonas, Vibrio and Yersinia.  Species of Lactococcus, Reinbacterium, Streptococcus are examples of Gram positive pathogens while Mycobacterium is a Gram resistant pathogen. Diseases caused by pathogen genus, species, and available U.S. licensed vaccines are summarized in Table 1.   
Table 1.  Gram-negative, positive and resistant bacterial pathogen of fish
	Gram-negative 
	Disease
	US licensed vaccines & type    as of 10/10/2009

	Aeromonas hydrophila
	Motile aeromonas septicemia (MAS)
	

	Aeromonas salmonicida  
	Furunculosis
	Killed

	Edwardsiella ictaluri 
	Enteric septicemia of catfish
	Attenuated

	Edwardsiella tarda
	Edwardsiellosis or Putrefactive disease
	

	Flavobacterium columnare
	Columnaris
	Attenuated, Killed

	Flavobacterium psychrophilum
	Coldwater disease
	

	Francisella sp
	Francisellosis
	

	Moritella viscosa
	Water ulcers
	

	Pasteurella damsella pisicicida
	Pseudotuberculosis
	

	Piscirickettsia salmonis
	Piscircickettoiss
	

	Pseudomonas fluorescens
	Generalized septemia
	

	Vibrio anguillarum, ordalii, parahaemolyticus, vulnificus
	Vibrosis
	Killed

	Yersinia ruckeri
	Enteric redmouth disease
	Killed

	Gram-positive
	
	

	Lactococcus garvieae
	Lactococcosis
	

	Renibacterium salmoninarum
	Bacterial kidney disease
	

	Streptococcus agalactiae 
	Streptococcosis
	

	Streptococcus iniae
	Streptococcosis
	

	Gram-resistant
	
	

	Mycobacterium sp
	Mycobacterosis
	


A major threat to worldwide tilapia aquaculture is Streptococcus infection.  Tilapia infections have occurred or are occurring in at least 26 countries of Americas, Asia, Australia, Middle East and Southern Europe. Streptococcus iniae  and S. agalactiae are the two principal causes of streptococcal infections.  Therefore, effective vaccines against streptococcal infections are urgently needed. In addition to these two streptococcal species, effective vaccines against Lactococcus garvieae, A. hydrophila, E. tarda, F. columnare, Francisella  sp., and Vibrio sp. are needed. 
 Currently, there are only 14 licensed fish vaccines in U.S., including 11 killed bacterial, 1 killed viral, and 2 live attenuated bacterial prophylactics (http://www.aphis.usda.gov/animal_health/vet_biologics). Vaccines are licensed for given fish species and pathogen(s).  They are not broadly licensed for use in other fish species that may be affected by the same pathogen as the target species.   For example, currently the attenuated vaccine, AQUAVAC-COL® (Intervet/Schering-Plough, formerly USDA, ARS, attenuated Flavobacterium columnare strain) is only licensed against F. columnare in catfish species.  
  Seventeen vaccines against 12 bacterial pathogens are available, worldwide27.  The majority of these vaccines are for use in salmonids.  Fewer vaccines are available for tilapia, seabass/bream, Japanese flounder, yellowtail, turbot, catfish and other species.  Fish producers have considerably fewer vaccines available than producers in poultry and livestock industries with a ratio of about 1 to 10.  There is a recognized need to develop new vaccines as well as to improve efficacy of existing vaccines. 
A hallmark of bacterial disease is its rapid spread within a farm, between farms in a locality, nationally and internationally by a variety of means.  Treatment of diseased fish is often done by the use of antibiotics or chemicals.  Some drugs and chemicals may be harmful to the consumer and the environment.  The use of drugs and chemicals in aquaculture is a major issue in international trade and many countries have limited detectable quantities of these substances in fish products. 

Vaccine disease prevention 
The best disease prevention method is vaccination.  Vaccines are an integral tool in any health management strategy applicable to economically reared fish.  Vaccines greatly reduce the need for drugs and chemicals.  Live attenuated vaccines contain weakened or less virulent form of the pathogen that causes the disease.  The concept behind such vaccines is that the pathogens are efficacious to stimulate immunity, but too weak to cause diseases.  Live attenuated vaccines have been extensively and very successfully used against a number of animal and human diseases, over an extensive span of years, whereas killed vaccines were often poorly efficacious. Therefore, we believe that the most valid preventative strategy to combat infectious disease of fish is through the use of live attenuated vaccines.  Aspects of biosafety, efficacy, economic benefits, methods of production, delivery of two available licensed vaccines, and some novel live attenuated bacterial vaccines will be discussed.  
Vaccines types
Six types of bacterial vaccines include killed, recombinant, DNA, subunit, vector and live attenuated are currently available. The killed vaccine that is composed of killed whole bacterial cells. The most commercially available prophylactic is killed vaccine.  Recombinant, DNA, subunit and vector type vaccines are developed on the basis of expression of a protein or peptide antigen that is presumed to be the protective antigen.  However, only a limited number of bacterial proteins have been identified as protective. An alterative concept is that protection is confirmed by multiple antigens that are composed of lipopolysaccharides, lipoproteins, complex polysaccharides as well as proteins. Live attenuated vaccines express these multiple antigens that are needed to provide the most efficacious immunity11,25, therefore they will be emphasized in this paper. The desirable properties of live attenuated bacterial vaccines are summarized in Table 2.  These desirable properties will be discussed throughout this article.  
Table 2.  Desirable Properties of Attenuated Bacterial Vaccines

	Desired Property                                         
	Examples

	loss of virulence
	Gene deletion/point mutations on more than one gene

	Full antigenic complement
	Protein, peptide, carbohydrate, lipopolysaccharide, lipoprotein antigens

	T-cell target
	T-cell presentation and activation of innate and acquired immune system

	In vivo capacity for the mutant to replicate 
	Replication within host for more than about 72 h

	Bacteriological detectable marker
	Antibiotic resistance

	Long duration of protection
	One year or longer

	Cross protection
	Effective majority field strains

	Easy and mass delivery
	Immersion or orally

	Low production cost
	Fermentation

	Long shelf life
	Lyophilized or frozen product


Biosafety
The development and use of live attenuated bacterial vaccines is becoming more attractive due to their many advantages, despite concerns raised by some about their biosafety.  The principal reason behind the concern that attenuated vaccines are considered more risky than killed vaccines is their possible reversion from the weakened state to virulent state. However, this risk appears to be unfounded as no reversion has been documented for the AQUAVAC-ESC® attenuated vaccine (formerly USDA, ARS, RE-33) which has been used in U.S. catfish industry for more than 10 years. 
Development and biosafety evaluation of vaccines is regulated by the USDA, Animal and Plant Inspection Service, Center for Veterinary Biologics in the U.S.   Acceptance of vaccines requires comprehensive assessments of all criteria of vaccine development.  This assessment includes biological safety to both aquatic animals and environment.  The assessment also includes purity and efficacy of the vaccine.  U.S. protocols for studies of host animal immunogenicity/efficacy, safety, backpassage, shed/spread, immunological interference, and other areas can be found at http://www.aphis.usda.gov/animal_health/vet_biologics.  U.S. environmental release- risk assessment comply with the regulations of the National Environmental Protection Act (NEPA), applies to products not exempted by categorical exclusion by 7 CFR 372.5(c). This requirement applies to conventionally derived modified live vaccine products and those derived by recombinant DNA technology.   
In general, attenuated vaccines should be both safe and efficacious to achieve the desirable features of a live vaccine.  Phenotypic and genotypic stability, pathogenicity to other organisms, and the potential effects to non-target organisms are major biosafety-related properties to be examined for any attenuated vaccine and its wild type parent.  A risk/benefit analysis on the use of live attenuated bacterial vaccines may reveal the potential preventive benefits that outweigh the decision to preclude these vaccines from the market.  Favre and Viret8 have provided a framework on European regulations for biosafety assessment of human oral attenuated vaccines that provides valuable insight to the assessment of veterinary attenuated vaccines.   Incorporation of specific genetic markers such synthetic antibiotic resistance into the attenuated vaccine strain will allow the wild type parent strain to be distinguished from the attenuated vaccine strain by appropriate bacteriological methods.  This is important for monitoring the biosafety of the attenuated vaccine in the field. 
Licensed attenuated vaccines

Currently two licensed attenuated bacterial vaccines are available for use in U.S. catfish. These commercially available vaccines include E. ictulari (AQUAVAC-ESC®) and F. columnare AQUAVAC-COL®9,26.  These two vaccines were successfully developed by the USDA, ARS Aquatic Animal Health Research Laboratory and licensed from the USDA to Intervet/Schering-Plough for manufacture and distribution.  The two attenuated vaccines mentioned above were developed by serial passages of the virulence wild type parent bacteria on increasing concentrations of the synthetic antibiotic, rifampicin. These mutants were demonstrated to be both safe and effective vaccines9,26,14,32,33.  The loss of virulence was associated with alterations in their LPS2,9,26,34. 

Delivery
Attenuated bacterial vaccines, such as E. ictaluri vaccine, are deliverable to large numbers of fish by immersion with minimum stress10,15.   The vaccine was licensed to be used in 7-10 post-hatched or older catfish by immersion9.    Further, attenuated vaccines such as F. columnare are efficacious when delivered in 10 d post-hatched fry by immersion26.  The relative percent survival (RPS) was 57 to 94% between 10 to 48 d post-hatch.  Eyed catfish eggs were also successfully vaccinated using the E. ictaluri  RE-33 attenuated vaccine.  The RPS was 57.9% when the immunized fingerlings were challenge at 60 d post-immunization22,24.  However, when the immunized fry were booster by immersion at 7 d post-hatch the RPS declined to 27.3%.   These results indicated that the additional antigen load from the booster immunization compromised the immune protection of the attenuated vaccine.  Attenuated vaccines that stimulate a strong cellular immune response have been reported to lead to immunosuppression17.  It was believed that the persistence of the attenuated vaccine strain in the egg and fry resulted in the successful immunization of eyed eggs and their fry.  The results also showed that eyed catfish eggs were safely immunized with no adverse mortality. 

Eyed catfish eggs were immunized by immersion with either monovalent F. columnare attenuated vaccine or bivalent attenuated F. columnare and E. ictaluri vaccines23,24. The RPS of monovalent attenuated vaccine was 76.8% at 137 d post-immunization following F. columare challenge. The RPS of divalent attenuated vaccine challenged with F. columnare was 56.7% at 109 d post-immunization and when challenged with E. ictaluri, the RPS was 66.7% at 116 d post-immunization. Attenuated vaccines may be very effective at protection of fish following immunization at the nursery or fingerling stages. Application of this strategy would best protect fish throughout their production cycle. Little research has been done on feeding attenuated vaccine to fish. It seems to be a promising alterative strategy to immersion immunization22.  

Efficacy 
Live attenuated vaccines activate immune responses that closely mimics a natural infection because the majority of its antigens are expressed in vivo.  Attenuated vaccines activate both innate and acquired immune systems.  While stimulating antibody and cellular responses, live attenuated vaccines induce both local and systemic immune responses6.   Live attenuated vaccines are generally more potent than killed vaccines in activating cellular immunity.  Live attenuated vaccines activate strong and long-memory T-cells18, stimulate the production of cytokines, and produce cytotoxic T-lymphocytes19,20.     The pathway is initiated by first interactions between naïve CD4 T -cell and antigen presenting cell that leads to cytokine production. This is followed by pathways that activate and differentiate T -helper cell subsets, which release different types of cytokines that finally stimulate specific immunity against a pathogen.   

Generally, attenuated bacterial vaccines are protective against many wild-type strains encountered in the field9. This is an advantage over a killed bacterial vaccine that is usually limited in its capacity to provide cross-protection against different strains. Killed vaccines are able to stimulate specific antibody responses21. Formalin killed E. ictaluri vaccine has not been efficacious16. This may be due to the mode of action of formalin that may result in alterations of surface antigens3or or the loss of the ability to enter the host fish16. Furthermore, killed vaccines stimulate short-lived immunity, whereas attenuated vaccines produce long term immunity. It is believed that this longer duration of immunity is the result of replication of the attenuated bacteria within the tissues of the fish15. It is believed that the longer the attenuated strain persists in the host, the more protection is achieved17. This might be due to the strength of the immune response induced by the attenuated live vaccine and/or the functions of the antigens expressed by the live vaccines.  Duration of immunity following bath immersion exposure to live bacteria has been reported to last more than 4 months9,25.  Since live attenuated bacterial vaccines are more effective in eliciting stronger cellular immune responses, they are more potent against intracellular Gram-negative pathogens such as E. ictaluri .
Economic benefits

Vaccines should not only reduce fish mortality and morbidity, but also provide additional economic benefits in the form of promoting faster growth rate and improved feed conversion. Economically profits of $3000 to 4000 per ha were experienced for AQUAVAC-ESC® vaccinated over non-vaccinated catfish in field trials33. The use of this attenuated vaccine has also been found to improve survival and to increase profits for catfish held longer in nursery ponds before being released in fingerling ponds5. The added economic benefits to the producer using this or similar attenuated vaccine is obvious.  


The decision whether to vaccinate against a certain pathogen or not is the producers’ willingness to take the risks of a disease outbreak29. Vaccination is a form of insurance policy against a disease outbreak occurring and its economic impact to the producer. The risks of a major economic loss occurring becomes greater in relation to the production time. A disease outbreak with high mortality and morbidity at the food size stage will be considerably greater than at fingerling stage. The loss of 50 or greater percent of fish at or about the food size stage may lead to farm closure. Vaccination with attenuated vaccines would reduce the disease risk and provide additional profits that may offset the cost of vaccination. If a particular disease occurs with some frequency on a farm, a decision against vaccination is the highest form of risk taking. A good vaccination strategy that is applied on a regular basis will result in a reduction of disease outbreaks overtime and consequently result in greater profits. Treating disease outbreak with drugs generally do not achieve this beneficial outcome. In a study of vaccine usage in the Chilean salmon industry during the period of 1999-2003, it was reported that usage by immersion increased from 97 million to 200 million doses and by injection from 2 thousand to 16.5 thousand doses4. The Chilean salmon industry accounts for a fish harvest at 585 thousand tons and netting an income of $1.721 million in 2005 (http:salmonchile.cl).  More than 20 different vaccines are used or have been used in the Chilean salmon industry4.  

Licensed and other attenuated vaccines
Attenuated mutants have been produced using auxotrophy, transposon insertion and by chemical/drug mutagenesis (Table 3).  Auxotropic mutants were produced by inactivation of the aroA gene by the insertion of a DNA fragment containing an antibiotic resistant gene.  After allelic exchange using a suicide vector, aroA mutants were selected for their loss of survival in fish due to their need for aromatic metabolites30. The aroA attenuated vaccine was shown to have 5 log10 loss of virulence over the wild type.  However, no viable mutant cells were detected in catfish following immersion immunization at 48-72 h. Furthermore, the aroA attenuated vaccine was found to be not highly efficacious (RPS, 54.1- 63.8) against ESC30.   
A purA mutant of E. ictaluri was produced and evaluated for its attenuation, persistence and efficacy in catfish12.  The attenuation resulted in 5 log10 loss of virulence compare to the wild type.  The purA mutant was detected following immersion immunization for 48 h. The RPS for catfish challenged with wild type E. ictaluri was 63.3%.
Transposon mutagenesis was also used to produce E. ictaluri mutants that were deficient in lipopolysaccharide O side chain (O LPS)13.  The O LPS attenuated mutant was shown to be highly attenuated13.  The attenuated mutant was detectable for 14 d in catfish following immunization by immersion exposure14.  Only i.p. injection produced protection (RPS, 90%) whereas immersion exposure resulted in a RPS of 0%. Table 3 summarized the RPS provided by the O LPS mutant compared to the RPS provided by the attenuated RE-33 mutant14. The RE-33 attenuated vaccine by immersion exposure had a RPS of 100% whereas the RPS of the O LPS mutant vaccine was 0% (Table 3). 

Table 3. Examples of some bacterial attenuated vaccines
	Pathogen
	Fish 
	Attenuation

Method
	Delivery  
	Fish age or size
	RPS 

(Weeks Post Vaccination)

	E. ictaluri 9,14,31,32
	Catfish
	Rifampicin-

resistant
	Immersion


	7-10 d
	60-100 (4)

	E. ictaluri 30
	Catfish
	aroA-deletion
	Immersion
	8 m
	54.1-63.8 (4)

	E. ictaluri 12
	Catfish
	purA-deletion
	Immersion
	5 g
	67 (3)

	E. ictaluri 13,14
	Catfish
	LPS deletion
	Injection

Immersion
	6 m
	94 (4)

0 (4)

	E. tarda 28
	Japanese

flounder
	Rifampicin-resistant
	Injection

Oral plus Immersion
	9.1 g
	51.4  (10) 

69.4  (10) 

	F. columnare 26
	Catfish

Largemouth bass
	Rifampicin-resistant


	Immersion

Immersion
	10 d

10d
	57-94 (5)

74-97 (5)

	F. psychrophilium 11
	Rainbow trout
	Rifampicin-resistant
	Injection 

Immersion
	2.4 g
	45(8) 

45 (0)


The rifampicin strategy was used to produce an attenuated vaccine against F. psychrophilium, the cause of coldwater disease in salmonids11. The rifampicin resistant mutant was demonstrated to be highly attenuated and efficacious in rainbow trout.  The same strategy was used to produce an attenuated vaccine against E. tarda, an important pathogen of marine and freshwater fish28. The rifampicin-resistant mutant was produced by multiple passages on growth medium containing the antibiotic rifampicin. This attenuated vaccine was shown to be safe and efficacious in Japanese flounder by injection, immersion and oral delivery28. Feeding plus immersion booster was shown to produce the highest RPS levels of 80.6 and 69.4% at 5 and 8 weeks, respectively.  The mutant was demonstrated to survive in intestine, liver and spleen of fish for 1-10 d post vaccine feeding28. When administrated by immersion, the spleen, liver, kidney and blood were positive for the live attenuated vaccine at 1-14 d post immunization28. 
Conclusion

The development and use of attenuated bacterial vaccines in the U.S. has provided very promising benefits and advantages over other types of vaccines in the last 10 years in the catfish industry.  The use of attenuated vaccines in world aquaculture will grow to a stage as much as they are used in livestock, poultry and humans to prevent diseases. The further development and use of attenuated vaccine in disease endemic areas is expected in the future, especially where no efficacious vaccines are available.    
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