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a. Abstract 
Recent events including epizootics of infectious hematopoietic necrosis (IHN) in ESA listed sockeye and chinook stocks and increased incidence of IHN virus in coho and juvenile chinook have elevated the priority of IHN as an impediment to successful propagation and restoration of salmonids within the Columbia River basin.  New high resolution technologies for IHN virus strain typing, developed at the Western Fisheries Research Center (WFRC) in Seattle, have shown that there are two major families of IHN virus types in the basin, known as the U clade and M clade.  Both of these can cause severe epizootics and occur in several salmonid host species, but there is some host species preference and they are not equally widespread.  Specifically, M clade virus is not yet established throughout the basin, and management to arrest its spread in the lower Columbia  River basin is of utmost importance.  The new technology for IHNV strain typing has become an essential tool for many fish health managers in the basin, who send IHNV isolates to WFRC for typing.  This proposal involves application and technology transfer of IHNV genetic strain typing capability to laboratories addressing state, federal, and tribal agency fish health needs.  This strategy is modelled after a previous successful BPA-funded project that transferred ELISA technology for detection and control of BKD to agency fish health laboratories.  The objectives of this proposal are to provide fish management agencies throughout the basin with a tool to type their own IHNV isolates and generate data essential for sound management decisions regarding IHNV infected fish stocks.  A tangible product will be an ongoing internet-accessible IHNV database that will provide for monitoring and management decisions in the future.  The ultimate goal is to reduce the current impact of IHNV in constraining management options and inhibiting restoration efforts in the basin.

b. Technical and/or scientific background
IHN in the Columbia River basin has historically been considered a disease that impacts mostly juvenile sockeye salmon and steelhead.  The earliest recognized outbreaks of IHN virus were "explosive" epizootics in juvenile sockeye salmon at Oregon and Washington state hatcheries in the 1950s (Rucker et al., 1953; Guenther et al., 1959; Wingfield et al., 1969).  Although the impact of IHN was reduced when the use of pasteurized feed became widespread in the early 1960s, this viral disease was still largely responsible for the elimination of sockeye propagation programs in the Columbia River basin and replacement with chinook and steelhead hatcheries.  Fish hatcheries in the Columbia River basin were then relatively free of IHN disease until the early 1980's, when the incidence of IHN increased by more than 20-fold over 2 years, occurring at numerous locations in the lower Columbia and tributaries that had previously been disease-free (Groberg, 1983; Groberg and Fryer, 1983).  Since that time, IHNV has been a constant problem for many hatchery programs, with epizootic losses occuring mostly in juvenile steelhead and rainbow trout.  The virus has also been fairly common in both steelhead and chinook spawning adults, without causing disease.  


Due to the impact of IHNV in the basin, several researchers have worked to provide virus strain typing methods that can be used to study IHN virus transmission patterns and epidemiology.  The ultimate goal of these strain typing methods is to identify sources of virus outbreaks and provide direction for management approaches to eliminate the routes of virus introduction into cultured fish stocks.  In 1985 an electropherotyping system was developed at Oregon State University (Hsu et al., 1985).  This system differentiated IHNV samples into one of 5 types that correlated most strongly with their geographic origins.  This typing system, and the subsequent monoclonal antibody tools that were developed to distinguish IHNV type 2 from non-type 2 (Ristow and Arnzen, 1989) have been used heavily by fish health managers from state, federal, and tribal agencies dealing with decisions about IHNV infected fish under their care.  Although this system has proven extremely useful over the last 15 years, the electropherotyping is technically demanding, and most labs today use only the monoclonal antibody to distinguish between two main IHNV types.  Thus, the resolving power of this methodology is limited.


During the last 8 years, new genetic tools for strain typing of IHNV isolates have produced data that have re-framed our understanding of IHNV in the Columbia River basin.  The new tools have been applied in both localized studies, and in large-scale analyses of IHNV throughout the entire geographic range of the virus (Anderson et al., 2000; Emmenegger, et al. 2000; Troyer et al., 2000; Emmenegger et al., 2002; Kurath et al., submitted; Troyer et al. submitted; Garver et al., in preparation).  The basis of these analyses is genetic sequencing of a small region of the viral glycoprotein (G) gene.  The sequences from several virus isolates are then compared using a computer program that determines how closely related each one is to all others.  The result is a phylogenetic tree, which is essentially a family tree of the virus isolates, indicating the relationships between them.  We recently completed a large-scale analysis of 323 IHNV field isolates from throughout the range of IHNV, from Alaska to California and inland to Idaho (Kurath et al., submitted).  This analysis resulted in resolution of 93 different sequence types that are shown in the phylogenetic tree in Figure 1A.  This tree shows that all IHNV isolates fall into one of three major groups, called clades.  These were designated clades U, M, and L, because they contain virus isolates from the upper, middle, and lower portion of the IHNV range, as shown in Figure 1B.  
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Figure 1.  Large-scale phylogenetic and geographic patterns of IHN virus field isolates.  Panel A is a phylogenetic distance tree with bootstrap values at major nodes.  Major clades M, U, and L are indicated by vertical bars, as are lineages A-D within clade M (60).  Panel B shows the geographic distribution of the 3 major clades in western North America.

Significantly, the Columbia River basin contains IHNV from two of the major clades, U and M.  These two clades are not distributed evenly throughout the Columbia River basin, as shown in Figure 2 (K. A. Garver and G. Kurath, unpublished data).  U clade IHNV is found throughout the Columbia River basin, with the exception that it has never been isolated from fish upstream of Hell's Canyon Dam on the Snake River.  In contrast, the M clade is focused in the Hagerman Valley in southern Idaho, and extends into the lower Snake and lower Columbia River in a relatively sporadic and transient manner.  No M clade IHNV has ever been detected anywhere in the middle or upper Columbia basin, above the confluence of the Snake and Columbia Rivers.  The U and M clades overlap throughout the lower Columbia River basin.
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Figure 2.  Distribution of U and M clade IHNV throughout the Columbia River basin.

Both U and M clade IHNV types cause severe epizootics in the basin, but it appears that there is some host species preference.  U clade IHNV is widespread and stably established throughout most of the basin, and although it does cause epizootics in steelhead fry, it tends to be more often associated with sockeye and chinook.  In contrast, M clade IHNV has been detected in chinook, but it is most often found in steelhead and rainbow trout.  Our current understanding is that M clade IHNV isolates in the lower Columbia originate as relatively recent introductions from the Hagerman Valley.  Although they tend to be more transient, they have been associated with dramatic disease consequences.  Due to the high resolving power of this methodology, we know that the specific M clade IHNV types detected in the lower Columbia are not those that are most prevalent in the Hagerman Valley, strongly suggesting that simple downstream transmission of waterborne virus is not the mechanism of virus spread.  Instead, it appears that M clade IHNV is occasionally transmitted from the Hagerman Valley to specific locations downstream in the lower Columbia basin, most likely being carried by infected fish.  Most often, M clade virus outside the Hagerman Valley does not persist, possibly because of the lower temperatures or other different environmental factors.  However, on at least two different occasions an M clade virus has become established in the lower Columbia for a period of several years, during which it spread to other facilities nearby, often causing significant episodes of disease.  One of these events was the well known rash of IHNV epizootics in the early 1980's (K.A. Garver and G. Kurath, unpublished data).  The second event was more recent, resulting in the rainbow trout epizootics at Merwin Hatchery in 1999.  Thus, in our current picture of IHNV in the Columbia River basin, U clade virus types are relatively stable and indigenous, and M clade types are transient invaders that have not yet become established and widespread.  This suggests that an important goal of fish health management decisions should be to arrest the spread of M clade IHNV in the lower Columbia basin.


As this new, high resolution picture of IHNV types in the Columbia River basin has emerged, we have communicated it with numerous fish health managers and presented it at local and regional scientific forums.  We have long-standing collaborations with fish health colleagues from many state, federal, and tribal agencies, all of whom have provided IHNV isolates for our studies, and who now request our assistance in virus typing using our new techniques.  It has become reasonably standard throughout the basin for fish health managers to contact us whenever they obtain IHNV isolates of particular interest : for example, from unexpected or unusual disease outbreaks, from fish stocks that have previously been virus-free, or from locations or fish stocks of particular importance.  Typically they send us the virus isolate(s) of interest, and several additional isolates from relevant sources, such as from adjacent fish stocks, for comparison.  For the last several years we have tried to accomodate all these requests for technical assistance despite the lack of any specific funding for these activities.  A list of the IHNV strain typing reports that we have provided to fish health managers is shown in Table 1.

Table 1.  IHNV Genetic Strain Typing Reports 1997-2002.

	Agency* contact

requesting analyses
	# IHNV

isolates
	Report

Date
	Reason for Request

	W. Groberg and S. Onjukka

ODFW, La Grande
	4
	2/14/97


	Lookingglass H. : IHNV isolate responsible for 1995 epizootic in ESA listed chinook smolts  Compared with 3 other isolates from LG.

	S. Lutz,

NWIFC


	22
	2/4/98


	Typing of coastal Washington IHNV for

genetic diversity patterns and epidemiology

	J. Thomas

WDFW
	2
	2/4/98


	Comparison of unusual IHNV isolate from Hoodsport H. with other coastal Washington IHNV isolates.

	S. LaPatra

Clear Springs Foods, ID
	84
	3/1/99


	Characterization of genetic diversity of IHNV types in 4 trout farms in the Hagerman Valley, Idaho

Published as Troyer et al., 2000

	D. Keiser and G. Traxler, 

Nanaimo Marine Lab,

Canadian DFO
	4
	6/30/99


	Okanagan sockeye IHNV:Typing of virus above and below proposed modification for fish passage into Okanagan Lake.

	T. Meyers

ADFG


	42
	4/20/00


	Genetic diversity and epidemiology of IHNV isolates throughout Alaska

Published as Emmenegger et al., 2000

	J. Kaufman, R. Holt, ODFW, Corvallis


	28
	4/15/00


	IHNV epidemiology in southern Oregon coastal watersheds:Typing of newly introduced IHNV from Elk, Rogue, and Alsea Rivers in 1999.

	S. St. Hilaire

Nanaimo Marine Lab,

Canadian DFO
	5
	4/4/00


	Genetic typing of IHNV isolates from recurrence of IHNV in British Columbian Atlantic netpen industry in 1999.  

	J. Thomas and

L. Durham

WDFW


	4
	1/5/01


	Typing of IHNV from outbreaks at Merwin H. on the Lewis River, to answer whether the ozonater is working.  Compare with IHNV in upstream kokanee.

	R. Hedrick, (U.S. Davis), B. Cox (CDFG), and K. True, (USFWS)
	31
	1/15/01


	Typing of California IHNV:  Changing IHNV types (by Ab) in Feather R. system, potential threat to fishery in Lk. Oroville.  

	S. Gutenberger, USFWS


	1
	2/8/01

sent in

48 hour 
	Typing of IHNV from a pre-release virus check of juvenile Umatilla chinook at Little White Salmon H. Risk assessment for proposed transfer of fish.

	D. Ramsey (Rangen), S. Landin, K. Johnson, (IDFG),  S. LaPatra (Clear Springs), G. Fornshell (U. of I. Extension), B. Busch
	63
	5/28/01


	Expanded study of IHNV throughout the HagermanValley, Idaho.  Evidence for viral traffic between facilities in the valley.

	S. Gutenberger and M. Paiya, USFWS
	1
	6/6/01


	Typing of Warm Springs IHNV isolate from chinook 4/17/01.  

	S. Onjukka

ODFW
	15
	7/10/01


	Typing of priority IHNV isolates from NE Oregon and lower Snake Rivers.

	K. Johnson and S. Landin

IDFG
	1
	4/3/02


	Typing of IHNV from chinook juveniles with disease signs at Sawtooth H. Idaho.  In raceway adjacent endangered Redfish lake sockeye.

	S. Gutenberger

USFWS
	4
	4/16/02


	Typing of IHNV isolates from Willard coho yearlings and Little White Salmon chinook yearlings (both BY2000).  This is the first IHNV ever in coho juveniles and the second IHNV ever from chinook juveniles at LWS.

	R. Brunson

USFWS


	3
	4/16/02
	Typing of IHNV from coho adults 2001, Chiwawa pond, Chiwawa, Winthrop.

Part of Yakima tribe restoration plan.

	J. Kaufman

ODFW, Corvallis 
	3
	5/17/02


	Typing of IHNV in endangered stock Redfish Lake sockeye smolts at Bonneville H., isolated 4/01.  Compare with IHNV from chinook adults 11/01 and dead steelhead at Tanner Ck. intake.


* Agency abbreviations are: ODFW, Oregon Department of Fish and Wildlife; NWIFC, Northwest Indian Fisheries Commission; WDFW, Washington Department of Fish and Wildlife, DFO, Department of Fisheries and Oceans; ADFG, Alaska Department of Fish and Game; CDFG, California Department of Fish and Game; IDFG, Idaho Department of Fish and Game; USFWS, U. S. Fish and Wildlife Service.

This list is evidence of genuine practical interest in this technology from various agencies that operate in the Columbia River basin.  In addition to these requests that we were able to fulfill, we currently have at least 200 virus isolates from other requests that we have not been able to fulfill due to lack of personnel.  The recent increase in these requests has made it essential to obtain funding for personnel and supplies to continue to respond to these requests in a timely manner, and to work with the backlog of samples we have already received.  This also highlights the need to begin transferring this technology to other laboratories so that fish health managers from state, federal, and tribal agencies can do the strain typing of their own virus isolates.  We estimate that three years of funding for a person dedicated to these efforts would allow us to respond to new data requests, analyze the backlog of priority samples from previous requests, and conduct several training sessions to get other laboratories started in using this technology, and develop a system-wide internet-accessible IHNV database.  After that time we envision that our laboratory would continue to function in an advisory role to assist agency laboratories with any difficulties they encounter, and to oversee the ongoing integration of all virus data into the IHNV database.  In the future this ongoing IHNV database will be a critical tool in continued monitoring of virus impact, and in evaluating the success of actions taken to reduce virus disease incidence in the basin.

c. Rationale and significance to Regional Programs
Fish disease has typically not been considered a high priority for funding by the Bonneville Power Administration, and it is not specifically identified as an area of research or monitoring in the BiOp RPAs or FCRPS Opinion Gaps.  However, the increased incidence of infectious hematopoietic necrosis (IHN) disease throughout the Columbia River basin in the last two years and the specific impacts of IHN epizootics in threatened and endangered salmonid stocks being reared for recovery plans has recently raised the importance of IHN virus to a new level.  IHN disease recently threatened the endangered Redfish Lake sockeye being reared at Sawtooth National Fish Hatchery in Idaho due to detection of the virus in adjacent threatened spring chinook stocks.  A subsequent outbreak of IHN is specifically responsible for the current dilemma over the future of the Redfish Lake sockeye being reared at Bonneville Hatchery.  The IHN epidemic at Bonneville, which began in April of 2002, made it impossible to return the fish to Idaho for their intended purpose of contributing to the recovery of the ESA listed Redfish lake sockeye (Phinney, 2002; Keith Johnson, IDFG, personal communication).  Additional legal and political constraints have created a major conflict regarding whether the fish should be destroyed.  As of May 28th the epizootic was escalating, with up to 5% mortality per day, and a cumulative mortality of approximately 30%.  It is probable at this point that a management decision will be made by NMFS to destroy the entire stock (Keith Johnson, IDFG, personal communication), meaning the loss of 68,000 endangered sockeye smolts due to IHNV.  IHN outbreaks in endangered fish stocks have occurred before in the basin.  Another example was an epizootic in ESA listed spring chinook smolts at Lookingglass Hatchery in 1995.  Both the Bonneville Redfish Lake sockeye epizootic and the Lookingglass chinook epizootic were caused by U clade IHNV (our unpublished data).  In cases involving threatened and endangered fish stocks, IHN outbreaks cause serious constraints to management options.


In the last two years the incidence of IHNV has increased at many locations throughout the basin, and it has appeared in fish stocks that have not previously been considered at risk (Ray Brunson, USFWS; Susan Gutenberger, USFWS; Joan Thomas, WDFW).  There have been several IHN virus isolations from coho salmon in the upper Columbia, causing concern for fish health managers attempting to support Yakima tribal programs for coho restoration in the Yakima River.  In these cases we identified a U clade IHNV type that was already widespread in both the middle and lower Columbia basin (our unpublished data).  There have also been several IHN virus detections in juvenile chinook, which were previously considered to be refractory to the virus.  These recent changes in the demographics of IHNV constitute an increased threat to all programs for rearing both non-listed and ESA listed salmon in the Columbia River basin, and they threaten to constrain management and inhibit restoration efforts in the future.


Application of our recently developed technology for IHNV strain typing and transfer of the technology to laboratories within these agencies would contribute to reform of hatchery RM & E programs on a system-wide scale.  Thus, this proposal addresses RPA 184 of the FCRPS Opinion Gaps.  Virus typing information can assist managers with decisions regarding sources of virus outbreaks, and modifications of hatchery practices to prevent or eliminate virus introduction.  When a hatchery manager is faced with IHNV epizootics, there are basically four possible sources of virus that need to be considered: virus in the water supply, importation of infected fish, horizontal transmission from other infected fish in the hatchery, and vertical transmission from infected parents.  Virus strain typing can often indicate which of these routes is occurring, so that management efforts and resources are properly spent.  As an example, a localized strain typing study at Round Butte Hatchery showed that IHNV in hatchery steelhead and chinook salmon came from resident kokanee in the water supply that were undergoing epizootics (Anderson et al., 2000).  In contrast, our recent analyses of IHNV isolates associated with the IHNV epizootic in Redfish Lake sockeye at Bonneville Hatchery indicated conclusively that the virus from a wild steelhead found dead above the hatchery water intake was not the source of the outbreak, because it was an M clade virus and the sockeye epizootic was caused by a U clade type.  Thus, at Bonneville efforts to decontaminate the intake water would not have solved the problem.  As a final example, in January 2001 managers at Merwin Hatchery on the Lewis River considered discontinuing their ozonation of the hatchery intake water because they had several IHNV outbreaks in the hatchery and they suspected that the virus came from resident kokanee in the water supply.  Our strain typing showed that the virus type in the kokanee was different from those in the hatchery, eliminating them as a possible source, and suggesting that the ozonation was indeed functioning properly.  With this information the decision was made to continue ozonation, preventing introduction of the kokanee virus into the hatchery.  These examples illustrate that there is no general rule, and that strain typing should be done on a case by case basis, to assist each facility in identifying and eliminating the source of virus introduction.


By providing critical virus typing information in a timely manner, this technology can also assist with sound management decisions regarding proposed stock transfers of fish.  As an example case, in 2001 Susan Gutenberger of the USFWS Lower Columbia Fish Health Center asked us to type IHN virus isolated in a pre-release test of asymptomatic fish that were to be transferred to another location in the basin within two weeks.  Within 48 hours we were able to tell her that the virus was a common U clade type that is already widespread in several locations throughout the basin.  Since this same virus type had been previously isolated from fish at the destination site for the proposed transfer, our data suggested that this transfer posed a low risk, and it was therefore approved.  In general, if asymptomatic fish anywhere in the Columbia River basin below Hells Canyon Dam are infected with a common U clade IHNV at a low level, their tranfer within the basin should not represent a significant risk of increased disease because this virus type is already widespread.  In contrast, if an M clade IHNV is detected in fish outside of the Hagerman Valley, transfer of these fish would involve introduction of a non-indigenous virus type, with unknown disease consequences.  It is especially critical to avoid spread of the M clade into the middle and upper Columbia, where there has never been an M clade virus isolation.  In general, preventing the spread and establishment of M clade IHNV anywhere in the Columbia basin is an important goal for reducing the impact of IHNV on Columbia River fisheries.  The overall utility of the new strain typing technology described in this proposal is in enhancing our understanding and control of IHNV epidemiology.  In a 1994 survey by the Pacific Northwest Fish Health Protection Committee (Stewart 1994), fish health managers in the Columbia River basin ranked integrated fish health management and epidemiology as the most important approaches to pursue to prevent or control specific diseases.  IHNV is currently the only virus on the PNFHPC list of important fish diseases and pathogens (PNFHPC website).  


It is important to note that the value of this project goes beyond control of IHNV in the basin.  The technology and equipment provided by this proposal will be directly applicable in the near future to additional pathogens of concern in the basin including IPN and VHS viruses, and the bacteria that cause BKD and cold water disease.  Sequence-based strain typing systems are currently under development for these pathogens, and in the future these methods will be applied to any widespread pathogen of importance.  Thus, the benefits provided by this proposal will have expanded utility in the future.

d. Relationships to other projects 
This project has little relationship with other ongoing projects because of its fish health focus.  In general terms it is related to any hatchery RM & E program, and to all recovery and captive broodstock programs for ESA listed fish stocks.

e. Project history (for ongoing projects) 

This is a new project.

f. Proposal objectives, tasks and methods
The long-range goal of this proposal is to enhance the health of Columbia River basin salmonids by providing IHN virus genetic strain typing technology to fish health management agencies.  This will involve both continuation of strain typing as a service by the USGS laboratory at the Western Fish Research Center (WFRC), and technology transfer to develop the capability to conduct these methods in laboratories of various state, federal, and tribal agencies that have expressed interest.  The proposal is a three year process that is structured as four objectives listed below, followed by detailed descriptions of each one.

List of Objectives

Objective 1.  Continue to provide IHNV strain typing on a case-by-case basis at WFRC for the next two years.

Objective 2.  Conduct focus studies of specific sites in the Columbia River basin that have had both U and M clade IHNV, making them of particular interest for IHNV epidemiology.  This involves analysis of IHNV samples from previous agency requests.

Objective 3.  Facilitate transfer of the IHNV genetic strain typing technology to state, federal, and tribal agency laboratories by means of training courses and purchase of equipment and supplies.

Objective 4.  Development and implementation of an internet-accessible IHNV database.

Objective 1.  Continue to provide IHNV strain typing on a case-by-case basis at WFRC for the next three years.

As shown in table 1, the laboratory of the principle investigator receives requests for IHNV genetic strain typing assistance on a fairly regular basis.  The demand for this service has increased over time as the methodology has become more well known and widely sought by fish health colleagues dealing with IHNV infected fish.  The requests are most often from the Oregon Department of Fish and Wildlife (ODFW), Washington Department of Fish and Wildlife (WDFW), Idaho Department of Fish and Game (IDFG), and the U.S. Fish and Wildlife Service (USFWS).  Tribal fish health needs in the basin are typically directed to us through the USFWS laboratories.  Considering the rapid increase in IHNV incidence in the Columbia River Basin over the last year, and the resulting increase in requests for our strain typing services, we anticipate that we will continue to receive approximately 1-2 requests for analysis of multiple virus isolates each month for the next two years.  This proposal would provide salary and supplies for a staff person to conduct these analyses and write reports of the resulting data to the clients that sent the virus isolates.  An example of a typical client report is provided as an appendix at the end of this section.  Our goal would be to have all requests for data fulfilled within 2 weeks, or in as short as 48 hours if the management situation demands fast turn-around.  We have shown in the past that this is possible, but without having a person dedicated to this effort we have not been able to accomplish this in many cases in recent years.


The tasks that comprise this objective cannot be specified at this time because they involve IHNV-associated situations that will arise over the course of the next three years.  In each case, when we are contacted by a fish management agency colleague with an IHNV-related question, they will send us the IHNV isolate(s) of interest, and also any available IHNV isolates that would be relevant for comparisons.  Upon receiving the new virus isolates they will be recorded in our local IHNV database and archived in our ultrafreezer collection.  A small amount of each isolate will be used as template for a reverse-transcription reaction, followed by nested polymerase chain reaction (PCR) amplification of a 400 nucleotide DNA fragment in the middle of the glycoprotein (G) gene of the virus.  Specific reaction conditions and protocols for the genetic typing have been published (Emmenegger et al., 2002) and will not be repeated in detail here.  The product of the nested PCR amplification will be used as a template for sequence determination using a BigDye terminator cycle sequencing kit (Applied Biosystems, Inc.) and an ABI-PRISM 310 genetic analyzer that at the WFRC.  The sequences obtained will represent a 303 nucleotide region, designated the "mid-G" sequence, that is known to be variable between different IHNV isolates.  We have shown in numerous studies that this small portion of the virus genome is informative for phylogenetic analyses, and it has been used for the large scale analysis shown in Figure 1.  Once sequences have been obtained for each new isolate they will be edited, compared and analyzed using Sequencher 4.1 (GCC 1999) and PAUP*4.0 (Swofford, 1988) software programs.  Phylogenetic analyses will be run to compare the new IHNV sequences with each other, and with the 93 IHNV sequence types already in our IHNV database.


The first important results of these analyses will be determination of which IHNV clade each isolate belongs to.  IHNV isolates that fall within the endemic U clade are relatively homogeneous, and often we find sequence types that are identical to types already in our database.  Since the M clade is more diverse and contains several sub-clades, any isolates that fall within the M clade can be typed with higher resolution, providing more information about possible and probable connections between isolates.  All results will be described in a report that will be provided to the client within two weeks of our receipt of the virus isolates.  In most cases this first level of characterization is sufficient to assist the client with fish health management decisions related to any particular case.  As objective 4 progresses, the results will also be recorded in the IHNV database and examined for relevance to previous results from related situations.  This database will eventually become an essential source for recognizing patterns in IHNV epidemiology and impact throughout the Columbia River basin.

Objective 2.  Conduct focus studies of specific sites in the Columbia River basin that have had both U and M clade IHNV, making them of particular interest for IHNV epidemiology.  This involves analysis of IHNV samples from previous agency requests that are currently stored at WFRC.
The staff person dedicated to this proposal will also analyze selected samples from our backlog of IHNV isolates that have not been analyzed due to lack of personnel.  Many of these samples are from specific sites and situations that are of particular interest for understanding the epidemiological patterns of IHNV within the Columbia River basin.  The highest priority samples constitute focus studies of sites where both U and M clade IHNV have been isolated in the past and/or present.  For each site, approximately 20 virus isolates will be analyzed using the methods described for objective 1.  The goal of these studies is to gain an understanding of how U and M clade IHNV interact at individual sites, and to define factors that may have influenced the various possible patterns of interaction that have occurred in the past.  The principles identified in these studies would be published as manuscripts in peer-reviewed journals, and they would be of great use in understanding and predicting various scenarios of IHNV expansion that may occur in the future.  From our collection of IHNV isolates that remain to be analyzed, we have selected five priority focus studies that are located throughout the portion of the basin where the U and M clades overlap, as shown in Figure 4 (sites labeled a-e).  

Figure 4.  Focus study sites. [image: image2.wmf]T
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In addition to representing different provinces and sub-basins, these focus studies were selected to include the range of salmonids that are impacted by IHNV in the basin.  Thus they will examine IHNV from facilities that rear chinook, steelhead, rainbow trout, and sockeye, and also wild fish in water supplies where possible.  Descriptions of the reasons for selection of each site are provided below, roughly in order from the mouth of the basin.

Task a)  Lewis River focus study 

(Lower Columbia province, Lewis sub-basin)

This study site includes three fish culture facilities on the Lewis River in the lower Columbia River basin; Lewis River, Merwin, and Speelyai Hatcheries.  Joan Thomas of WDFW has provided us with 28 IHNV isolates obtained from fish at these three facilities and from kokanee in the local reservoir between 1991-1999.  Minimal analyses conducted to date indicated that the virus responsible for rainbow trout epizootics in 1999 was an M clade IHNV type, while U clade IHNV was present at two earlier dates.  A more thorough analysis of these samples will determine when the transition from U to M clade IHNV occurred, if it was associated with any specific fish stock or with the kokanee in the water supply, and if the two clades co-existed at any time.  Most importantly, analysis of several virus isolates prior to the rainbow trout epizootics may identify a source of the virus that caused the epizootics.  The data will indicate if those epizootics were specifically associated with the M clade virus, or if M clade virus was present before or after the outbreaks without causing disease.  

Task b)  Round Butte focus study 

(Columbia Plateau province, Deschutes sub-basin)

This study site in the Deschutes River watershed includes the Round Butte fish hatchery and the wild kokanee stocks in Lake Billy Chinook and the Metolius River.  IHNV has been studied in this region since 1971 (Mulcahy et al., 1980), and the virus is known to have been endemic in both the wild kokanee and in fish at the hatchery since that time.  In collaboration with Mark Engelking of ODFW, this is our longest term study site for application of genetic strain typing methods for IHNV.  A thorough analysis of 42 virus isolates from 1975 through 1995 has been published (Anderson et al., 2000).  The results indicated that there have been 13 different genetic types of IHNV at Round Butte Fish Hatchery over the last 20 years, including both U and M clade types.  This indicates much more dynamic virus traffic than was previously recognized.  There have also been at least three U clade virus type shifts in the wild kokanee in Lake Billy Chinook, with the last one causing major epizootics from 1991-1995.  Our data showed conclusively that this last virus type was transmitted from the wild kokanee to hatchery fish soon after the first kokanee epizootics began.


Our previous study concluded at the end of the kokanee epizootics in 1995, but since that time ODFW has continued to provide us with IHNV isolates from fish at Round Butte hatchery and also from a second round of kokanee epizootics in 2000-2001.  Analysis of these samples is guaranteed to reveal more insights into the long-term dynamics of IHNV at this site, and update our understanding of how IHNV moves between wild and hatchery fish.

Task c)  Bonneville focus study

(Lower Columbia province, Lower Columbia sub-basin)

Figure 2 reveals that Bonneville hatchery on the lower Columbia mainstem has had both U and M clade IHNV.  To date we have analyzed 7 Bonneville IHNV isolates from over the last 15 years and found 5 U clade types and 2 M clade types.  These are intermixed temporally, suggesting that the two virus types may co-exist at this site, or that transitions occur at some frequency.  As described earlier, IHNV strain typing of IHNV from the current epizootic in endangered Redfish Lake sockeye (Figure 3, J. Kaufman, ODFW, K. A. Garver, and G. Kurath, unpublished) revealed that this virus is a common U clade type that was also found in adult chinook at Bonneville hatchery just 5 months prior to the sockeye epizootic.  In combination with the finding that the dead steelhead at the water intake had an M clade virus, this indicates that the source of the sockeye epizootic is not the intake water, but may be horizontal transmission within the hatchery.  Although the steelhead was not the cause of the current epizootic, the presence of an M clade virus indicates a serious threat of introduction of an unusual IHNV type in the future.  Thus, it appears that at Bonneville there are at elast two active routes of virus introduction that require attention.  Further analyses of a more complete set of isolates will be aimed at providing assistance to managers to prevent recurrence of events such as the Redfish Lake sockeye epizootic.  These patterns of U and M type occurrence at Bonneville will be compared with results from adjacent facilities such as Carson NFH and Little White Salmon NFH, in an attempt to discern if there are differences in the epidemiological patterns in the local area.  

Task d)  Grande Ronde and Imnaha focus study

(Blue Mountain province, Grande Ronde and Imnaha sub-basins)

This study site includes four ODFW fish culture facilities on adjacent tributaries of the lower Snake River.  W. Groberg and S. Onjukka of ODFW, LaGrande, Oregon, have provided us with an extensive collection of current and historical IHNV isolates from this region.  Preliminary analyses of a small number of isolates has indicated that these facilities have notable differences in their IHNV types.  At the Lookingglass chinook hatchery in the Grande Ronde sub-basin, at around the time of the 1995 epizootic in ESA listed chinook smolts, we found that four IHNV isolates including the one associated with the epizootic were all U clade IHNV.  In contrast, the Wallowa steelhead hatchery in the same sub-basin had an M clade type in 1987, U clade in 1991, and a different M clade type in 1998.  In the adjacent Imnaha sub-basin, the Little Sheep Creek trap and acclimation facility had two M clade isolates in the late 1980's, while the Imnaha trap and acclimation facility had an M clade virus in 1991, but a U clade virus in 1998.  Little Sheep Creek is a satellite facility collecting adult steelhead for Wallowa Hatchery, and Imnaha is a satellite that collects adult chinook for Lookingglass Hatchery.   Clearly this diversity of IHNV patterns indicates active virus traffic in this region, and there is some indication of support for our hypothesis that M clade virus types are more often associated with steelhead and trout while U clade types are in chinook and sockeye.  Further analyses would more clearly define any host species specificity that is occurring, and attempt to identify the sources of the M clade virus introductions.

Task e)  Clearwater focus study

(Mountain Snake province, Clearwater sub-basin)

Several early reports by other researchers have indicated diversity among the IHNV isolates from Dworshak NFH (Hsu et al., 1986; Ristow and Arnzen de Avila, 1991).  We have in hand a large collection of IHNV isolates from this area, mostly provided by Kathy Clemens of the USFWS.  Although we have only analyzed 2 IHNV isolates from Dworshak NFH and 2 from the nearby Kooskia NFH, we found both U and M clade types at both sites.  Further analysis of IHNV in this area promises to reveal interesting epidemiological phenomena, and to provide genetic interpretations underlying the previous observations of diversity.

The Clearwater sub-basin is particularly interesting due to its proximity to the focus of the IHNV M clade in the Hagerman Valley.

By understanding the IHNV patterns at these focus sites we hope to elucidate general principles of IHNV epidemiology that will apply throughout the basin.  These principles should provide the insight needed to assist hatchery and agency managers in reducing the impact of IHNV, and possibly other pathogens that follow the same epidemiological patterns.  All data generated in these studies will contribute to the IHNV database described in objective 4, and the studies will be published as several peer-reviewed manuscripts.

Objective 3.  Facilitate transfer of the IHNV genetic strain typing technology to state, federal, and tribal agency laboratories by means of training courses and providing start-up equipment and supply kits.
The work outlined in this proposal is similar, in concept, to the highly successful BPA-funded project that was used to transfer technology (also developed at the WFRC) associated with the application of the enzyme-linked immunorsorbent assay (ELISA) for detection and control of R. salmoninarum, the causative agent of bacterial kidney disease (BKD) in salmon. The 5-year project, initiated in 1991, provided training and equipment for essentially all fish health laboratories in the Columbia River Basin (CRB), allowing the ELISA technology to be actively implemented in the CRB. Today, ELISA-based segregation forms the most effective method developed to date for reducing levels of BKD among salmonids reared in CRB hatcheries.  The BKD ELISA technology transfer project was as follows:

Implementation of ELISA-based Segregation of Adult Chinook Salmon for Control of BKD. Bonneville Power Administration Project 91-22. P.I. James Winton. Total funding $1,232,072.00 for period June 1991-1996.  

Several fish health colleagues from management agencies have expressed interest in obtaining the capability to conduct genetic strain typing of IHNV within their own laboratories.  This is well within their skill levels once provided with a 2-day training course.  The advantages gained would be significant in terms of the ability to rapidly analyze their own high priority samples and use the data to support sound management decisions in a timely manner.  Our initial goal would be to provide this capability for eight laboratories that operate in the basin.  The final list of client laboratories will be based on need, interest, and representation of geographic and agency diversity, but will likely include the following agencies :  ODFW (2 labs), WDFW, IDFG, USFWS (2 labs), and NMFS.  

Task a)  Design and conduct training sessions 

We envision that each collaborating agency would send one or two staff members to a training session at the Western Fisheries Research Center in Seattle to learn the methodology and bring it back to their agencies.  Training sessions would take two days, and involve both theory and hands-on experience with the methodology they will need to independently conduct and interpret IHNV genetic strain typing.  The basic strategy is that agency laboratory personnel will use their virus isolates as templates to amplify and purify the appropriate DNA fragment for sequencing.  Purified DNA fragments will then be sent to contract sequence analysis services at universities or commercial labs, where the raw sequence will be determined for a very reasonable price.  Due to the high volume of sequence analysis in research today, the use of contract services for this step will be much more cost effective for agency laboratories than attempting to do the sequencing themselves, which requires very expensive equipment and a high level of specific technical expertise.  When the raw sequences are obtained, computer software will be required to edit the raw sequence data to create final consensus sequences, which will then be compared, aligned, and used in phylogenetic analyses to identify the clade and specific sequence types in comparison with all other known IHNV sequence types.

The specific skills taught at the training sessions will include; 

i)  reverse-transcriptase polymerase chain reactions (RT-PCR) to amplify mid-G DNA fragments from virus isolate samples

ii)  agarose gel electrophoresis and preparation of DNA fragments for sequence analysis

iii)  editing of raw sequence data to generate a final consensus sequence for each virus isolate.

iv)  analysis of the sequence data using computer software programs for sequence comparisons, alignments, and generation of valid phylogenetic trees.

v)  accessing and searching the IHNV database described in objective 4.

Theory sessions before and after the hands-on training will provide the necessary background to fully understand the capabilities and limitations of this technology.  As mentioned earlier, the Seattle lab will also continue indefinitely to act in an advisory role whenever agency laboratories need assistance either with the methodology or with interpretation of results.

Task b)  Providing each agency client laboratory with start-up equipment and supply kits
Optimally, to get each laboratory started we would like to provide them with the following:

i)   Laboratory equipment:  one PCR machine and an agarose gel apparatus.

ii)  Computer and software:  one stand-alone IBM compatible computer dedicated to sequence analysis sofware and data storage, and internet-based access to the IHNV database.  Sequence analysis software includes the sequence editing and alignment program Sequencher 4.1, and the phylogenetic analysis program PAUP*4.0.

iii)  Start-up reagents and supplies kit containing:  PCR plastic-ware including tips and tubes; a reagent kit of four IHNV-specific PCR primers, reverse-transcriptase, Taq polymerase, and PCR reagents; molecular biology-grade agarose and ethidium bromide; and columns for purification of DNA fragments from gels.

iv)  Detailed protocols, a reference book on phylogenetic analyses, and specific information for purchasing their own reagents and supplies once they use up the starter kit.

Although it would be possible to offer the training courses without providing start-up equipment and supplies, there are distinct advantages to having all laboratories using the exact same PCR machines, reagents, and software programs.  This will ensure that the data generated is of comparable quality, and it will facilitate the ability of the WFRC staff to assist the client laboratories if they run into difficulties with any of the methodology.  

Task c)  Provide operations costs 
Once each laboratory is trained and equipped for this technology, the operating costs of conducting their own sequence analysis will consist only of replacing supplies and reagents as needed, and sending out the DNA fragments for raw sequence analysis.  These costs should be very reasonable on an annual basis.  In order to assure that IHNV strain typing technology is actively used once the labs are equipped, we are requesting funds to support these operations in each client laboratory.

Objective 4.  Development and implementation of an internet-accessible IHNV database.
Task a)  develop the IHNV database at WFRC

A goal that we hope to accomplish within the first year of this project is to develop the IHNV database for archiving and searching all background information and strain typing data for each IHNV isolate that has been analyzed.  At present we are developing a pilot scale database for use within our research program at WFRC.  We have selected FileMaker Pro 5 as the best database software for our needs, and we are in the final planning stages of identifying the fields of information that need to be recorded, and the best hierachical structure for the information.  The data that will be entered for each IHNV isolate is the following:

1.  General isolate information: Region, study name, universal isolate designator, alternative isolate names, date of isolation, general notes.

2.  Geographic information: Location of sampling site (specific hatchery, lake, etc.), watershed, sub-basin, latitude and longitude, geographic notes of interest.

3.  Host information:  Host species, stock, life stage, origin (hatchery, wild, feral, etc.), life history (anadromous, captive, landlocked, etc.), disease status of host fish, tissue source, host sex, notes.

4.  History/contact information:  person who made the isolation, person who sent us the isolate, their agency, address, phone, email, date received, WFRC lab contact, lab reference book, publication reference for this isolate, history or contact notes.

5.  Virus culture and stocking: cell culture notes if amplified, location in -80 freezer, # vials

6.  Virus strain typing data: midG sequence type, mid-G sequence, person who determined the sequence, virus clade, subclade, list of other isolates that are identical

7.  RNase protection fingerprint data, if available.

The staff person supported by this proposal will be responsible for overseeing the entry of all data for the IHNV isolates that have been characterized to date is studies at the WFRC.  Once this data has been entered the database can be searched using any of the fields listed above, or using predetermined or custom search strategies.  For example, managers could search for all sockeye isolates, for isolates from a particular geographic area, or from specific years.  It is also possible to use combined search terms, such as "all isolates from sockeye between 1994-1998".  Once the database is functioning properly at WFRC, it will be ready for modification to make it internet accessible.  

Task b)  Web enable the database and expand to include data from client laboratories

The IHNV database will reside on the USGS server at the WFRC, under a URL with a link to the WFRC homepage.  Web enablement of the IHNV database will require the services of a contract FileMaker Pro consultant who will upgrade the capabilities using a server version of FileMaker Pro so that more than one person can access the database at a time.  All client laboratory staff will have been introduced to the database during the training sessions, and each lab will have dedicated IBM compatible computers configured by the WFRC computer specialist for easy access to the IHNV database.  Anyone can access and serach the database, but all data entry and any database modifications will be done by the dedicated staff person at WFRC.  In this way we will avoid unintentional changes or errors in the database, and maintain control over the quality of the data that is available.  We will enlist the participation of agency personnel in a plan for having all the sequence data generated in the independent laboratories sent to us for entry into the IHNV database.  Again, the staff person supported by this project will be responsible for entering The WFRC laboratory in Seattle will act as a centralized data repository to collect and assemble all data in a searchable database form that will be updated regularly, and will faciliate large-scale assessments to identify, and/or confirm patterns of virus epidemiology and traffic patterns in the basin.  Ultimately we hope that this will become an essential tool used by managers who are interested in the IHNV that impacts fish in their areas if interest.  By searching the database, managers will not only learn about the IHNV in their fish, but they may identify correlations and patterns that we have not recognized.  In this way they will be contributing their field knowledge to our understanding of IHNV, and to controlling IHNV in the Columbia River basin.

APPENDIX: Example of an IHNV strain typing case report.  This information was prepared for Keith Johnson by K. Garver in the laboratory of G. Kurath.

Keith Johnson

Idaho Fish and Game

Eagle Fish Health Laboratory

1800 Trout Road

Eagle, Idaho 83616











April 3, 2002








Dear Keith and Sharon,


I have some interesting data for you!  I’ve managed to type the IHNV isolate from the spring Chinook at Sawtooth Hatchery and it turns out the isolate is identical to the most prevalent Columbia River basin sequence type.  Here are the specifics:


I’ve sequenced a 303 nucleotide (nt) region in the middle of the G gene of IHNV. I then compared this sequence to all other 303 nt G sequences that we have for the Columbia River basin.  To date, this database contains sequences from over 100 IHNV isolates from the Columbia River basin NOT including the Hagerman Valley.  Out of these sequences, there are 29 different sequence types.  Therefore many of the isolates are identical, with the largest sequence group containing 40 isolates that all have identical sequence (we denote this sequence type U-crb).  This is the sequence type that the Sawtooth Hatchery isolate is identical to.  Sequence type U-crb includes isolates from all over the Columbia River basin including the Upper Columbia and Snake tributaries, with isolation dates ranging from 1973-2002 (Fig. 1 A and B).  It should be noted however that U-crb is not present in the Hagerman Valley.  This means we can pretty much conclude that your Sawtooth IHNV did not come from the Hagerman Valley, but rather from any of several possible sources in the Columbia River basin.


Although this analysis doesn’t allow us to conclude anything regarding potential virulence, it is interesting to note that of the 40 U-crb isolates, 37 of the isolates were obtained from either adult, juvenile, fingerling, or yearling fish during routine fish health inspections and only three were recovered from either fry or fingerling fish dying in outbreaks of IHN (Table 1).  This same virus type was present in the Metolius River Kokanee for 15 years without causing detectable epidemics.  The virus was also recovered in a variety of different salmonid species including: chinook, kokanee, and steelhead or rainbow trout.


So there you have it, the virus that your spring Chinook unfortunately have is the type which is commonly found throughout the Columbia River basin (excluding the Hagerman Valley).  I hope this is clear and if you have any questions please don’t hesitate to contact me.  I’ve also included a rough draft of a paper detailing the characterization of the Columbia River basin IHNV and how these types relate to those seen in the Hagerman Valley.  I would greatly appreciate any comments, thoughts and/or suggestions you may have.

Sincerely,

Kyle Garver

g. Facilities and equipment
All objectives in this proposal will be carried out at the Western Fisheries Reseach Center (WFRC), 6505 NE 65th St., Seattle, WA 98115.  WFRC is a federal research laboratory of the USGS Biological Resources Division.  The laboratory has been active in fish microbiology research since the its establishment in 1934 as part of the national Fish Hatchery Disease Service.  New dry laboratory and wet laboratory buildings completed in 1994 represent state-of-the-art facilities for fish microbiology research.  The dry laboratory has more than 16,000 square feet of laboratory space with facilities for virology, bacteriology, cell culture, molecular biology, immunology, and histology.  The project director has immediate responsibility for two laboratories with a combined area of 1440 square feet.  The laboratories are equipped with centrifuges, ultra-freezers, DNA synthesizer, electrophoresis equipment, spectrophotometer, and all major equipment needed to perform the work described in this proposal.  Funds for one PCR machine and one microcentrifuge are requested to replace out-dated items.  For sequencing, WFRC has an ABI 310 automated sequence analyzer in the laboratory adjacent to the principle investigator's laboratory at the WFRC.  This is common use equipment that is available for the analyses and training sessions in this proposal.  WFRC has ample computer capability in terms of both personal computers and a server to meet the demands for the IHNV database.  The database will reside on the USGS server at a url that can be accessed and searched in read-only format by any interested party.
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Gael Kurath, Ph.D., Principle investigator

Research Microbiologist, GS13-4, 

15% effort, no salary or support requested

As principle investigator Dr. Kurath will be responsible for the direction and coordination of this project.  She will train the new staff person who will be the project manager, and facilitate communication between the manager and established contacts in agency laboratories.  During the project she will convene regular meetings to discuss research progress, data analyses, progress on training sessions and database development, and future directions.  Dr. Kurath is the PI of the laboratory that developed the IHNV genetic strain typing methodology ,and her lab has assembled the collection of IHNV isolates that will be analyzed in focus studies.  Thus, she is uniquely qualified to carry out this strain typing and technology transfer project.  Resume included on the following page.

To be hired, Project manager

Microbiologist, GS 11

100% effort, one full FTE, with salary and benefits.

With guidance from the principle investigator, this person will be responsible for conducting all the objectives in this proposal, and for preparing strain typing reports for clients and manuscripts for publication.  Specific duties will include:

1.  IHNV strain typing on an as-needed basis, in response to requests from fish management agencies.  Analysis of data and preparation of case reports to the clients who requested the information.

2.  IHNV strain typing for focus studies, analysis of data, and assessment of trends and patterns of IHNV epidemiology.  Preparation of manuscripts for publication.

3.  Design and conduct of technology transfer courses at WFRC, including both theory and hands-on training for client laboratory staff in a small group setting.  

4.  IHNV database development, testing of database capabilities, and coordination of web-enablement consultation.  Also entry of data on IHNV isolates analyzed at the WFRC lab, communication with participating client labs, and entry of data from client laboratories.

No CV is included for the project manager because this person has not yet been identified.  Candidates will likely have a masters degree or equivalent in microbiology and/or fisheries, with experience appropriate for managing a genetic strain typing project.

 Gael Kurath, Ph.D.

U.S.G.S. Biological Resources Division
phone: (206) 526-6583

Western Fisheries Research Center
fax: (206) 526-6654

6505 NE 65th St.

e-mail: Gael_Kurath@usgs.gov

Seattle, Washington, 98115

EDUCATION
B. A. - 1978, Miami University, Oxford, Ohio (Microbiology, cum laude)

M.S. - 1980, Oregon State University (Marine microbiology)

Ph.D. - 1985, Oregon State University (Microbiology, virology)

EXPERIENCE
Postdoctoral Research Associate -1985-1988 and 1989-1992

     Cornell University, New York; University of California, Riverside

Research Microbiologist , GS12- 1992-1996

     NBS Northwest Biological Science Center, Seattle, Washington

Research Microbiologist , GS13- 1997-present

     BRD USGS Northwest Biological Science Center, Seattle, Washington

Assistant Professor of Pathobiology, affiliate- 1994-1999

     University of Washington, Seattle, Washington

Associate Professor of Pathobiology, affiliate- 1999 to present

     University of Washington, Seattle, Washington

EXPERTISE

Molecular and genetic analyses of RNA virus epidemiology, genetic diversity, phylogeny, and control.  Application of molecular tools to natural resource problems in fish health, including epidemiological analyses and DNA vaccine control strategies.

FIVE SELECTED PUBLICATIONS IN REFEREED JOURNALS 
1.  Emmenegger, E.J., Meyer, T.R., Burton, T.O., and Kurath, G.  (2000)  Genetic diversity and epidemiology of infectious hematopoietic necrosis virus in Alaska.  Dis. Aquat. Org. 40:163-176.

2.  Anderson, E.D., Engelking, H.M., Emmenegger, E.J., and Kurath, G.  (2000)  Molecular epidemiology reveals emergence of a virulent IHN virus strain in wild salmon and transmission to hatchery fish.  J. Aquat. Anim. Health 12:85-99. (invited feature article).

3.  Troyer, R.M., LaPatra, S., and Kurath, G.  (2000)  Genetic analyses reveal unusually high diversity of infectious hematopoietic necrosis virus in rainbow trout aquaculture.  J. Gen. Virol. 81:2823-2832.

4.  Emmenegger, E.J., and Kurath, G.  (2002)  Genetic characterization of infectious hematopoietic necrosis virus of coastal salmonid stocks in Washington State.  J. Aquat. Anim. Health14:25-34.
5. Kurath, G., Garver, K.A., Troyer, R.M., Emmenegger, E.J., Einer-Jensen, K., and Anderson, E.A.  Phylogeography of infectious hematopoietic necrosis virus in North America.  Submitted to Virology.
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