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A series of experiments with Aeromonas salmonicida and infectious

hematopoietic necrosis virus (IHNV) were carried out to determine dynamics of the

spread of infection in chinook salmon (1.2-1.98g) and rainbow trout (1.2-3.lg). It was

found in experiments with A. salmonicida that fish infected by bath immersion became

infectious at 4 days postexposure (dpe), one day prior to dying from furunculosis. In

cohabitation experiments with a single infected fish donor, an average of 75% disease

specific mortality was obtained. There was suggestive evidence that there is a positive

relationship between holding volumes and furunculosis prevalence in cohabitation

experiments with single donor fish. Median day to infection was inversely correlated

with density. The threshold density at density of 1.97 fishfL was approximately 30 times

less than the density of 0.08 fishlL, 13.33 and 320 fish respectively. Reproductive ratio

(R0) and transmission coefficient () in the furunculosis epizootic were 3.23 and 0.021

(individuals*day)i respectively. The mortality rate (a) of infected animals was 28.7%

per day. The models constructed successfully mirrored the results of laboratory

experiments. Data produced by simulation of the models were significantly associated

with the data obtained from laboratory experiments for susceptible (S) class and also for

infected class.

In similar experiments carried out with IHNV, it was found that donor fish

became infectious 3 dpe. The virus levels in donor fish and prevalence levels were also

highly associated. Smaller volumes of that led to higher prevalence levels than observed
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in bigger volumes with 60 or 30 fish in each. A single donor fish was able to transfer

virus to recipient fish. However, unlike the A. salmonicida experiment, transmission was

insufficient to initiate a full-scale infectious hematopoietic (IHN) epizootic. Estimated

parameters for dynamics of infection were approximately half of the values for A.

salmonicida (R0 = 2.57, = 0.008 (individuals*day)' and a = 0.15). The models

constructed for IHNV spread were used to simulate the results of density experiment.

However, it was not possible to test the association between susceptible and infected

classes due to inadequate number of infected fish.
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BIOLOGICAL AND MATHEMATICAL MODELiNG OF DYNAMICS OF
FURUNCULOSIS IN CHINOOK SALMON (ONCORJIYNCHUS TSHAWYTSCHA)

AND INFECTIOUS HEMATOPOIETIC NECROSIS (IHN) IN RAINBOW
TROUT (ONCORHYNCHUS MYKISS).

CHAPTER 1
INTRODUCTION

Microparasites (viruses, bacteria and protozoans) and macroparasites (helminthes

and arthropods, etc.) can regulate or limit population dynamics of their host as much as

predators do (Anderson and May 1978, Mena-lorca and Hethcote, 1992). Modeling

disease dynamics has its foundations in the mathematical modeling of human and

mammalian diseases pioneered by Kermarck and McKendrick (1927, 1932 and 1933).

Later, the extensive reviews of Anderson and May (1978, 1979), and Anderson (1982)

discussed and further elaborated such main concepts as critical threshold, basic

reproductive ratio and transmission coefficient. Since then, applications of models to real

life situations by various researchers have been accomplished. Woolhouse and Anderson

(1997) study on a zoonotic cattle disease in Great Britain is a recent example. The study

estimated the change in the invasiveness of bovine spongiform encephalopathy (BSE) by

calculating the average range of basic reproductive rate concept which is an indicator of

the invasiveness per year.

The importance of mathematical models has been discussed extensively by many

researchers (Bradley 1982, Anderson and May 1991 and Heesterbeek and Roberts 1995).

Heesterbeek and Van Ark summarized four important and "justified" uses for

mathematical models for disease epidemics. First, mathematical models provide insight
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into the relative importance of factors influencing spread, and improve our understanding

of the relationship between mechanisms that operate on the level of individual and the

resulting effects on population. Second, mathematical models can be formulated with

precision by considering underlying hypothesis. This type of precise approach may

reveal other underlying factors, if any, which may have been overlooked or not

considered due to complexity of the system. For example, mathematical models can

demonstrate the critical threshold concept. Third, clarification is essential in determining

which parameters are critical in their influence on dynamic behavior. This approach may

lead to the discovery of key parameters whose numerical (range of) values may still be

unknown. Finally, models are widely used in "thought experiments". For example,

sometimes actual experiments are impossible to carry out because of practical,

economical or ethical reasons. In these cases, models can carry out evaluation of

efficiency of a control measure.

However, the dynamics of disease are virtually unknown with respect to

infectious diseases of teleosts. In the fish disease literature, effects of disease agents on

their host and their biological properties (size, shape, virulence etc.) of various pathogens

have been extensively studied. However, their epidemiology has been neglected. In

recent years, only a few studies emerged in the area of fish disease epizootiology.

Babek's doctoral dissertation in 1996 is the most extensive one. It covered various

epidemic parameters such as critical threshold, basic reproductive ratio for infectious

pancreatic necrosis (IPN) in rainbow trout (0. mykiss). A study of McCallum (1985) that

involved the population dynamics of Ichthyophthirius multzjiliis (ICH) in black mollies,

an aquarium variety of Poecilia latipinna (Lesueur) is a significant study on determining
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density dependence of ICH spread in black mollies. One other study in the area of fish

disease dynamics modeling is the report on the outbreak of the fungal parasite

Icthyophonus hoferi in the North Sea herring (Clupea harengus) (Patterson 1995). This

research was not a study of a single epidemic occurrence; rather, mortality related

population change of herring was studied over 3 years. In this study, cyclic applications

(yearly change) of epidemic models as in human and other animal situations proved to be

applicable to fish populations.

The following part of this Chapter provides a review of different aspects of

modeling disease dynamics since it is a fairly new subject in fish diseases.

COMPONENTS OF DISEASE DYNAMICS

Stages of an Epidemic:

There are four consecutive stages of a disease epidemic: arrival, establishment,

spread and persistence (Anderson and May, 1986; Mollison, 1995). The arrival stage

describes when and how an infection reaches a susceptible population. Careful attention

is paid to the source of the agent at epizootic locations. The establishment stage

determines whether an arriving infection spreads to a sizable part of the population, or

dies out. This parameter is mainly described in terms of basic reproductive ratio (R0). If

establishment is successful, disease spreads through a susceptible population. There are

two types of spreading (Mollison, 1995). The first is in an oscillatory manner in which

the number of susceptible individuals decreases episodically over long periods of time.

The second and simpler type of the spread is the one that spreads over short time periods
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where the number of infected animals grows exponentially. The last stage, persistence,

describes whether infection in a population is at a steady state or occurs periodically. The

main factor in this stage is critical community size (Barlett, 1957) which is determined by

the time scale of infection and rate of growth of susceptible numbers as well as certain

pathogen characteristics. The critical community size is the level that no epidemic occurs

due to insufficient number of susceptible animals for an epidemic to start.

Disease Transmission

Transmission of a pathogen between hosts might occur directly or indirectly in

fish. Direct transmission is a result of either physical contact, or production of free-living

infectious agents in the water. Considering the living environment of fish, the most likely

mechanistic transmission is through water. The transmission mechanism might be

horizontal (fish to fish, by feces, injuries or ingestion of pathogen). Examples include

enteric redmouth disease, caused by Yersinia ruckeri (Bullock and Snieszko, 1975), and

vibriosis (Anderson and Conroy, 1970). The mechanism may be both vertical and

horizontal such as bacterial kidney disease (Evelyn et al. 1986) and infectious pancreatic

necrosis virus which is transmitted via eggs or sperm to progeny (Mulcahy and Pascho,

1984, Wolf, 196).

The life cycle of macroparasites often involves one or more intermediate hosts

before disease occurs. One example is Myxobolus cerebralis, the causative agent of

"whirling disease". Its life cycle involves tubificid worms (Tubifex tubfex) as well as

salmonids (Wolf and Markiw 1985).
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Modeling of Disease Dynamics:

Certain assumptions are made when modeling disease dynamics in general: In

directly transmitted diseases, the dynamics proceed according to the mass action theory:

the net rate that hosts become infected is a product of the density of susceptible (S)

animals multiplied by the density of infected (I) animals. The number of successful

contacts made between susceptible and infected (infectious) individuals determines the

magnitude of disease outcome. A second assumption, linked to the first, is that there is a

constant transmission coefficient. Initially, there is a certain proportion of the total

population (N), which are susceptible (S) and the remaining proportion are infected (I).

Per unit time, a proportion of (I) infected animals make 13*J potentially infective contacts.

The proportion of contacts made by susceptible individuals is SIN. Therefore, the

number of new cases arising per unit time is

where 13 is the transmission coefficient.

(1)

Three other assumptions are associated with the dynamics of furunculosis and

IHN. First, every individual has the same chance of coming into contact with an

infectious individual or agent as any other fish in the container. Second, animals recover

from infections as a rate (n) after which they are immune to further infection for some

period of time. The last assumption is that N is closed. The time scale of the epidemic

process of transmission and recovery is much shorter than the time scale on which the

population size is changed due to natural births and deaths.



Components of Epidemiological Models:

There are three subsets of a population with reference to disease status at a given

time during an epizootic (Watman 1974). The susceptible (S) class is those individuals

who are not infected but who are capable of contracting disease and becoming infective.

The infective (I) class is those individuals who are infected with the pathogen and capable

of transmitting the disease to others. The removed class includes those individuals who

have had the disease and are dead, have recovered, and are permanently immune, or are

isolated from the susceptible class until recovery and immunity may occur.

In a population, the spread of an infectious disease follows the SIR

(Susceptible->Infected->Removed) dynamics model (Figure 1.1 and 1.2). Analysis of

this process has been carried out extensively in humans and mammals (Anderson and

May, 1978, 1979; Anderson, 1982; Giesecko, 1994). In this closed population, it is

assumed that there is homogeneous mixing among individuals.

Each infected individual is infectious during a period of time (D; mean infectious

period). After successful contacts between susceptible and infected animals, some

susceptible individuals become infected. Finally, death or immunity (See Figure 1)

removes them from population contributing to contact rates generated by susceptible and

infected individuals.
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Figure 1.1 Development of an epidemic during a short (epidemic) time period is
represented. Initial values of corresponding parameters are: population (N) = 2,000
individuals, susceptible (S) = 1,990 individuals, infected (I) = 10 individuals,
transmission coefficient = 1.55 individuals/days, disease related mortality rate (a) = 0.5
day-i, natural mortality rate (b) = 0.002 day-i, Removal rate (n) = 0.498 day-i





Figure 1.2. Disease dynamics of a population the during course of an epidemic. b=
natural mortality, B = Transmission coefficient, a = disease related mortality, v =
recovery rate, a = birth rate (Modified from Anderson and May, 1979). Note that
bolded system was used in the study described in the following chapters.
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Figure 1.2
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Basic Reproductive Rate, Ro:

The basic reproductive rate, R0, is the most crucial component of the disease

dynamics modeling process. R0 is the mean number of animals directly infected by an

infectious case during an animal's entire infectious period within a totally susceptible

population (McDonald, 1957; Anderson, 1982; Anderson and May, 1986; Giesecko,

1994). R0 is determined by factors which are specific to the disease agent (i.e. its

virulence), the host (i.e. the level of susceptibility, which determines levels of latent

period-the time required for an epidemic to occur, host density and behavior), and

environmental factors (Anderson, 1982). R0 is the measure of disease spread into the

population (Heesterbeek and Roberts (1995) and hence is essential to understanding

disease dynamics. R0 measures whether an epizootic will develop after introducing

infected individual (s) into a totally susceptible population.

DISEASES OF INTEREST:

We worked with two different diseases; one was bacterial, furunculosis caused by

Aeromonas salmonicida, and the other viral, infectious hematopoietic necrosis caused by

infectious hematopoietic necrosis virus.

Furunculosis:

Aeromonas salmonicida, recognized for over 100 years, can infect a wide variety

of fish species (Hiney and Olivier, 1999) in fresh, brackish, and seawater. It can cause
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disease with clinical manifestations, or the host can be covertly infected without any

clinical signs (Hiney et al. 1997). Excellent reviews about A. salmonicida have been

published by various researchers (Austin and Austin 1993, Bemoth et al. 1997, Hiney

and Olivier 1999).

Many species of salmonids including brook trout and brown trout are susceptible

toA. salmonicida (Evelyn 1971, Klontz ad Wood 1972, Miyazaki and Kubota 1975 and

Cipriano and Heartwell 1986). Rainbow trout are resistant to this bacterium (Austin and

McIntosh 1988, Cipriano and Hearthwell 1986). There might also be differences in

susceptibility within species resulting from genetic lines (Dahie et al. 1996) or different

histories of exposure to A. salmonicida (St Jean 1992). Some researchers believe that

susceptibility of salmonids within the same species is age-related. Mackie and Menzies

(1938) reported that younger fish are more resistant to A. salmonicida. However, there is

contradictory evidence as reported by McCarthy (1977) and McCarthy and Roberts

(1980): the latter reported an acute form of furunculosis with very few signs of disease

(exophthalmos) in fingerlings. In another study by St Jean (1992), mortalities were

between 40 to 93% during the egg to smolt stages of Atlantic salmon.

Seasonality is also important in susceptibility of salmonids to furunculosis.

During spawning/smolting (due to high cortisol levels resulting from physiological

changes) and periods of high water temperatures R1 (Maule et al. 1986, Pickering 1997).

Covert or clinical infection ofA. salmonicida occurs more often at high temperatures and

during spawning seasons (Hiney and Olivier, 1999). High water temperatures can

influence the stress response of the fish (Groberg et al. 1978) and division rate of bacteria

in fish (Sako and Hara 1981). Spawning activity is one major event for salmonids. It
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increases salmonids' susceptibility to furunculosis due to chronic cortisol elevation and

associated lymphocytopaenia (Pickering 1986), decline in antibody production

(Yamaguchi et al. 1980), and immunosurppression associated with gonadal steroids

(Slater and Schreck 1993).

The microorganism and furunculosis disease:

A. salmonicida subsp. salmonicida, is non-motile, non-sporulating, fermentative,

gram negative, aerobic bacillus, that reduces nitrate, liquefies gelatin, hydrolyzes starch

and produces cytochrome oxidase. Its size is approximately 1.0x2.0 pm. When cultured

on tryptone containing media, it produces brown, melanin-like, water-soluble pigment.

Moreover, it is a hydrophobic bacteria due to a layer called "A layer", described by Udey

and Fryer (1978). Sakai and Kimura (1985) reported that this layer is present in virulent

isolates and an indication of virulence. In contrast, there are also reports stating that it is

not always the case, sometimes avirulent isolates also could have an A-layer (Ellis et al.

1988).

The name furunculosis was derived from the lesions present on the skin and

musculature of infected fish caused by A. salmonicida. However, these boil-like

structures are not true furuncles and are not always present. Generally, four different

types of furunculosis disease are described: peracute, acute, subacute/chronic, and

intestinal. Peracute furunculosis, restricted to young fish, results in rapid death of the

host with the only external signs being exophthalmos (McCarty and Roberts 1980).

Peracute septicemia is the form of disease exhibiting typical gross pathology, and
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microcolomes of bacteria can be detected in various organs with little necrosis. McCarty

and Roberts (1980) suggested that cardiac damage is the most likely cause of the death.

Acute furunculosis, described by generalized bacterial septicemia, is often observed in

growing fish. In this type of furunculosis, formation of boil-like structures are rare and

incomplete compared to the chronic furunculosis due to short duration of the disease (2-3

days) before death. Subacute/chronic furunculosis is common in older fish. During the

progress of chronic infection, often large furuncles are formed. Intestinal furunculosis,

described by Amlacher (1961), causes prolapse of the anus, hemorrhage, and intestinal

inflammation.

It is well known that A. salmonicida can cause covert infections in their hosts

without any clinical signs. Covertly infected hosts are carriers and could shed bacteria

when stressed (Mackie et al. 1985). However, many issues such as persistence, location,

lack of clinical signs, host defense mechanisms and transmission of covert infections

have not been resolved. Hiney et al. (1997) categorized covert infections into three

types: covert infection, (covert) carriers, and (covert) stress inducible infection. In covert

infections, there are no clinical signs although antigens are present in the fish. Shedding

of bacteria from a host without any clinical signs but presents of the bacteria in or on

them constitutes a (covert) carrier infection. In (covert) stress inducible infections, there

are also no clinical signs of disease on host, but furunculosis could be initiated in them by

stress, immunosurpression or elevated temperatures (Anderson 1990; Sako and Hara.

1981).
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Control and Treatment:

Prophylactic treatment of fish against A. salmonicida is essential. Success of a

treatment could be determined by how much earlier treatment started to protect fish or

prevent loses due to an epizootic. Treatment usually starts when disease related mortality

is observed (Hiney and Olivier, 1999). With antibiotics, control is usually attained in 4-5

days. Antibacterial susceptibility of the bacteria occurs in 4-5 days. Therefore, timely

application of treatment is essential to decrease or prevent wide spread epizootics.

Typical A. salmonicida is sensitive to a wide range of antimicrobials (Austin and Austin

1993). Sensitivity testing of isolates to antibiotics from every epizootic is essential

before applying medication (Inglis et al. 1991).

A variety of vaccines that can be administered orally by immersion or injection

have been developed over the years (Midtlyng 1997). However, none of them were

100% effective in control of A. salmonicida until production of an oil-adjuvant injection

vaccine (Anderson et al. 1997). This type of vaccine proved to be very effective for

controlling furunculosis (Munro and Gauld 1996). Moreover, it drastically helps reduce

uses of antimicrobials in control of furunculosis.

Infectious Hematopoietic Necrosis (IHN):

Infectious hematopoietic necrosis virus (IHNV), a rhabdovirus, causes infectious

hematopoietic necrosis (uN) disease characterized by extensive necrosis of

hematopoietic tissues in early life stages of economically important salmonids and trout.

It was first reported in Washington (Rucker et al. 1953) followed by other states in the
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U.S.A and Canada: California (Ross et al. 1960), Oregon (Wingfield et al. 1969), British

Columbia (Amend et al. 1969), Alaska (Grischkowsky and Amend 1976) and Idaho

(Bush 1983) in the following years. It is now considered enzootic in the Pacific

Northwest of North America (Parisot et al. 1965, Amend 1975), but it has also been

detected in other parts of the world including Japan (Sano et al. 1977), Taiwan (Chen et

al. 1985), Italy (Bovo et al., 1987), France (Laurencin 1987), Northeast China (Niu and

Zhao 1988) and Belgium (Hill 1992. Spread of the virus to the other states and countries

probably occurred with transportation of infected eggs and fry from Pacific Northwest of

USA (hill 1992).

Infectious hematopoietic necrosis primarily affects members of the genus

Oncorhynchus; sockeye (0. nerka), chum (0. keta), chinook (0. tshawytscha), rainbow

(0. mykiss) and steelhead (0. mykiss). Members of Salmo and Salvelinus also are

affected (Bootland and Leong, 1999). There is high variability among and within species

in tenns of susceptibility to the virus. Resistance of certain hosts to a particular isolate

does not guarantee resistance under different conditions with a different isolate. In

experimental challenges, a high dose of IHNV caused mortality in coho (0. kisutch) fry

(Wingfield and Chan 1970, Wingfield et al. 1970 and Chen et al. 1990) but not in pink

salmon (0. gorbuscha) fry. There have been no outbreaks of IHN reported in coho or

pink salmon. Arctic char (Salvelinus alpinus) is one species that is considered to be

totally refractory to the disease (LaPatra et a! 1992). Sporadic outbreaks of IHN were

reported in brook trout (Salvelinusfontinalis) in Japan (Yamazaki and Motonishi 1992).

IIINV uses gills as the main portal entry (Mulcahy et al. 1983a); Burke and

Grischkowsky 1984; Drolet et al. 1994) and cause lesions related to subsequent viremia
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in various tissues of salmonids. Various sites were checked to determine early virus

replication in 1 and 3 month-old-trout (Yamamoto, 1990). In 1 month-old rainbow trout,

the epidermis of the pectoral fins, opercula and ventral body surface were the first sites

(24 hrs post-exposure) where viral antigens were detected; on the second day, kidneys

and on the fifth day gill tissue presented significant increases in virus titer in 3-month-old

rainbow trout. Age may influence the infection process: viral antigens in the skin of 3

month-old rainbow trout were evident 1 day post-exposure (dpe) but were not evident 3

dpe in the skin of 1 month-old rainbow trout.

In acute infections, infected fish may have no signs of disease at all and die

quickly. Common external signs of I}IN in moribund fish include the following: periodic

whirling, darkening, abdominal swelling, exophthalmia, pale gills, opaque fecal casts and

petechial hemorrhages at the base of fins. Internally, the major tissues of kidney and

spleen of young fish are necrotic (Amend et al 1969).

Fish up to two months old are considered to be the most vulnerable to the virus

(Amend 1974, Amend and Nelson 1977). The level of resistance increases as fish age.

Up to 90% mortality was observed in trout less than 2 months old, whereas mortality

dropped to 60% in 4-6 month old fish (Bootland and Leong 1999). In a study to

determine susceptibility of different sizes of sockeye salmon, LaPatra et al. (1 990a)

reported that sockeye salmon juveniles were susceptible to IHNV up to 210 days (7.2 g)

and rainbow trout up to 170 days (13.lg) post-hatch. The virus was isolated from 96% of

the dead fish. Concentrations of the virus ranged from 104.2 to 106 plaque-forming

units/g of tissue. IRN virus could still cause a low level of mortality in sockeye

(Yasutake 1978), kokanee (Traxier 1986) and rainbow trout (Bush 1983) up to 2 years of
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age. The virus could be isolated up to 50 days after an epizootic in young fish (Amend

1975, Bootland et a! 1995, and Drolet et al. 1995). Amend (1975) reported that the virus

could not be isolated within 3 weeks after an epizootic or over the next 2 years until

sexual maturity at which 33% of the fish were infected with the virus. Similarly, Bush

(1984) reported that the virus was not isolated after 60 days post-exposure or over the

next 2 years during which the fish were kept in virus free water. When they reached

sexual maturity, approximately 2.6% of the fish were infected with IHNV. Survivors of

an I}{N epizootic are thought to be carriers/latently-infected (Amend 1975). Mulcahy et

al. (1982) suggested that 100% infection rate in susceptible individuals may result from

reactivation of IHNV in life long carriers. However, it is not clear whether survivors of

an epizootic will continue to carry and shed virus, or become reinfected (Drolet et al.

1994).

The virus can be transferred horizontally via feces, urine, ovarian or seminal fluid

(Pilcher and Fryer 1980, Mulcahy et al. 1983a; 1983b; Mulcahy and Batts 1987). During

epizootics, it can also be detected in hatchery water (Leong and Turner 1979). The

vertical transmission of the virus is evident but not frequent event (Bootland and Leong

1999). I}INV occurred in progeny from the eggs disinfected with iodophor and raised in

virus-free water (Wingfield and Chan 1970, Ratliff 1982). There were also cases

shipments of IHNV infected eggs resulted in IHN in new geographic areas (Plumb 1972,

Holway and Smith 1973). However, there are several reports in which ll{NV infected

parents did not lead to IHNV infected progeny (Amend 1975, LaPatra 1990, and Traxler

et al. 1997).
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Different species are more susceptible to a certain electropherotype of IHNV than

others. Kokanee and sockeye are most susceptible to type I strains, whereas rainbow and

steelhead are more susceptible to type 11 than type I and ifi (LaPatra et al 1990a,

1993a,b). On the other hand, chinook salmon are the most susceptible to type ifi isolates

but susceptibility varies with different isolates of type ifi. II{NV electropherotypes have

distinct geographic distributions. Isolates of type ifi from Oregon and California are

more virulent to chinook salmon than the type ifi isolates from the Columbia River (Chen

eta! 1990, LaPatra et a! 1993a).

Fish density is also considered to be a significant factor for disease outbreaks.

However, it is not well documented. Most reports are based on the observations. Olson

and Thomas (1994) compared two areas that were different in terms if holding densities.

The virus titer of the water from transportation truck was 50 times higher (1000 p.f.u.Iml)

than the level in the artificial spawning beaches (20 p.f.u.Iml). The fry were infected

prior to transportation and almost 100% died 2 weeks after transportation. It was not

clear whether they died from high exposure to the virus during transportation or from the

stress caused by transportation, or both.

In an experimental infection, LaPatra et a! (1991b) tested the effect of two

different densities (formed with 25 and 50 fish) on the development of IHN disease. No

statistical difference was found between the two densities. So, it was concluded that

smaller differences in densities appeared to not make big differences in prevalences.

There is some evidence that other aquatic organisms could potentially serve as vectors for

the virus. IHINY was isolated from a freshwater leech (Piscicola salmositica) and a

copepod (Salmincola sp.) taken from the gills of infected spawning salmon (Mulcahy et
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al. 1990). It has also been isolated from mayflies near IHN epizootic sites (Shors and

Winston 1989b).

Temperature is also an important environmental factor to consider for disease

outbreaks (Bootland and Leong 1999). The range of optimum temperature for high level

IHN outbreaks is 10-12 °C. Hedrick et al. (1979) showed that IIINV could cause 72% to

88% mortality in 0.2-0.3 g salmon at 18 °C and 72% to 94% at 3 °C. The mean day to

death was 15-18 at 3 °C and 7 to 10 at 18 °C.

In conclusion, both of the pathogens proposed for study have had important

impacts on salmon fisheries in the Pacific Northwest. There has not been efficient

control of these diseases. Our ultimate goal is to find a possible control procedure by

analyzing the dynamics of infections caused by two pathogens mentioned above. It

should be emphasized that models discussed here are simple. Some may consider them

too simple. Since disease dynamics models are more and more finding applications in

human and animals diseases and less number of assumptions are involved in fish disease

dynamics, we strongly believe that proposed study should be conducted before aiming on

more complex systems. The number of assumptions for complex systems could be

decreased significantly, leading to more powerful predictability ability.

Developing a better understanding of fish diseases dynamics using models

depends on conducting lab experiments that explore these dynamics. The diseases,

furunculosis and [fIN, were used because each are wide spread in the Pacific Northwest
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salmon and trout hatcheries. Any differences between viral and bacterial disease

dynamics also would provide valuable insight into understanding infection dynamics. In

all of the experiments, a cohabitation method was used as the method of choice for

challenge experiments since it mimics natural infection transfer.

In the laboratory experiments,

1. The following disease dynamics parameters I determined for each pathogen selected:

- Transmission coefficient (B),

- Reproductive ratio (R0)

- Threshold density (NT)

2. I constructed models describing the epizootics observed in both experiments studied.

3. The relationship of density and disease spread in each case was determined.

4. Time to infectiousness of an infected individual in each disease was determined.

5. The relationship between the level of infection in donors used for cohabitation and the

level of prevalence in the recipient susceptible population was determined.

Using the data from laboratory experiments, I constructed models of the disease

dynamics in the cultured fish. The models constructed here are now at a stage that they

can be expanded and refined by including some other factors such as fish age, water

temperature and other environmental factors which might affect B or other parameters.

Understanding the dynamics of fish diseases will ultimately allow us to make better

decisions in the process of controlling and eliminating disease.
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ABSTRACT

Chinook salmon (Oncorhynchus tshawytscha) were experimentally infected with

Aeromonas salmonicida, the causative agent of furunculosis disease, to determine the

dynamics of the transmission of infection to recipient fish exposed by cohabitation. Time

required for exposed fish to become infectiousness was determined by exposing a group

of chinook salmon fingerlings to Aeromonas salmonicida by bath. Recipient fish

(susceptible) were cohabited with five donor fish for 24 hrs. Bath exposed fish began

shedding the bacteria by day 3 days post-exposure (dpe), 1-2 days prior to the

development of disease signs, (usually 4 dpe). It was found that the prevalence and

intensity of infection (infection force) in donor fish were highly correlated with the

development of disease in susceptible chinook salmon. Effects of host density on

infection and disease were also studied. Thirty and 60 chinook salmon were held in

various volumes of water: 7.5L, 95L, 366L and 2500L. No pathogen transmission

occurred at the highest volume. The data indicated a positive correlation between host

density (g fishIL) and intensity of infection. Finally, an experiment was set up to

determine the daily progress and of the ensuing furunculosis epizootic among recipient

fish. Over a period of 10 days, mean prevalence among recipient fish reached 75% and

disease related mortality exceeded 50%. It was also found that bacterial concentrations in

the water continued to increase over the duration of the experiment in concert with the

number of infected present in the population.



INTRODUCTION

Aeromonas salmonicida, the causative agent of furunculosis, induces acute,

peracute and chronic disease in salmomds as well as non-salmonids in both fresh water

and seawater (Austin & Austin, 1993, Munro & Hosting, 1993). Furunculosis disease

has been noted for over 100 years and reported from almost every country in which trout

have been cultured. Extensive reviews dealing with the characteristics of the agent and

the diseases caused by A. salmonicida have been provided by Austin and Austin (1993),

and Bernoth, et a! (1997). A tremendous amount of information on A. salmonicida is

available. However, as Smith (1997) stated, "the list of things that we do not know is

long, embarrassing and includes many issues of fundamental, practical and theoretical

importance." The epizootiology of A. salmonicida is one of the areas that have not been

extensively studied.

In recent years the focus of research has primarily involved characterizing the

agent itself rather than furunculosis disease. It has been very frequently reported that the

presence of A. salmonicida does not always induce with furunculosis disease, but rather

is a primary factor contributing to it (Ghittino, 1972; Mitchell, 1992; Needham and

Rymes, 1992). Determination of factors contributing to the development of disease may

help to control disease much more efficiently than current methods. Mitchell (1992)

reported that detection of A. salmonicida in routine screening tests was decreased

drastically when management strategies were developed which accounts for these factors.

Furunculosis disease was significantly moderated. However, A. salmonicida is one of the

least studied fish pathogens with respect to comparing different factors responsible for

virulence. Mechanisms and precise route of entry are still unknown. The initiation phase
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of the infection and the subsequent development of disease have not been studied. The

need for a biological model of the dynamics of furunculosis epizootics that describe

different parameters involved and relationship between them is growing. Earlier studies

have employed mean time to death (Beacham and Evelyn, 1992), as an indicator of

disease but did not directly address infection process itself.

In this study, the dynamics of furunculosis disease and its biological modeling

were studied, using infection rather than death as an endpoint. In order to accomplish

this goal, experimental outbreaks of furunculosis administered by cohabitation were

studied using chinook salmon, Oncorhynchus tshawytscha (Walbaum). This paper will

analyze outbreaks of furunculosis disease with respect to the effects of time and host

densities on the dynamics of the disease. Information obtained will be useful in

management practices such as carrying out cost-benefit analysis and selection of more

resistant stocks (Beacham and Evelyn, 1992). Furthermore, mathematical modeling of

furunculosis dynamics will allow studying of epidemiological factors (as an ultimate

goal) affecting the outcome of this and other diseases of fishes

MATERIAL AND METHODS

fj. Spring chinook salmon, 0. tshawytscha, approximately 1.2 g. in weight, kindly

provided by the Oregon Department of Fish and Wildlife (ODFW), Willamette River

Hatchery, OR, were used in the experiments described below. Stock fish were held in

im. circular tanks in a volume of 366 L., aerated with spargers and held at a temperature

of 16-17 °C and at a water supply flow rate of 3.5-4.1 IJmin. The water source was
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dechlorinated city water. Fish were fed once a day at a ratio of 1% body weight with

pelleted feed (Bioproducts, Inc. Astoria, OR).

Bacterial stock. The A. salmonicida isolate used in the experiments below was obtained

from a natural furunculosis epizootic in 30-40 g. spring chinook salmon held at the

Hatfield Marine Science Center, Laboratory for Fish Disease Research.

The bacterial isolate was a non-motile, gram negative rod, which produced a brown

water-soluble pigment on tryptophane-containing agar, did not grow at 37 °C, and was

catalase and oxidase positive; the strain produced blue colony color on coomassie

brilliant blue (CBB) agar (Markwardt, et all. 1989), indicating presence of an A-layer.

Confirmation of the identity of the bacteria was made by immuno-agglutination with

rabbit polyclonal antibodies against A. salmonicida.

To ensure virulence prior to use in each experiment, three Atlantic salmon (Salmo

salar), 300-350 g., were injected intraperitoneally with the isolate A. salmonicida.

Three/four days later, just prior to anticipated disease signs, a fish was killed by a blow to

head and bacteria were isolated from the kidney on tryptic soy agar (TSA) at 15 °C

incubated for 4-5 days to prepare stock culture. Then, colonies were washed from plates

with Dulbecco's phosphate buffered saline (DPBS) and a stock of i09 c.f.u. was prepared.

Stock bacteria were then quick frozen and held in liquid nitrogen until use.

L Experiment: In order to determine the dose required to cause. 50 per cent mortality

in spring chinook salmon, an W experiment was conducted. Bath immersion was

chosen as the most natural route of exposure.
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Experimental design. Stock fish (50 fish/replicate) were transferred to experimental

tanks (7.5 L.) in aerated containers, and food was withheld one day prior to bath

exposure. Three-replicates and one control tank were used per concentration

tested/treatment. Fish weighed 1.2 g. and were fed once daily at the rate of 1% body

weight. Bacterial stock for bath exposure was prepared as described above. Bath

exposure of fish to varying concentrations was conducted for 24 hrs in static water under

continuous aeration. The flow (0.2-0.25 L/min) was then resumed and feeding was

resumed 24 hrs later. Exposure temperature was 14°C. For the 28 day duration of the

experiment, dead and moribund fish were noted daily and examined for disease signs; the

presence of A. salmonicida was determined by taking 10il samples from the anterior

kidney and streaking onto CBB agar. At the end of experiment, all survivors were

examined for disease signs and tested for the presence of agent in the anterior kidney by

culture on CBB agar. In instances where fewer than five colonies grew, bacteria were

confirmed as A. salmonicida by culture on TSA for pigment production and lack of

growth at 37 °C along with gram staining and viewing for typical cell morphology and

staining.

Infection of donor fish for all experiments. Donor fish for cohabitation experiments were

obtained by bath exposure of spring chinook to 2xLD of A. salmonicida (10 cfu/mL

water) for 24 hrs at 16 °C with aeration. Fish were not fed 24 hrs prior to exposure.

Three tanks (7.5 L.), two for exposure to A. salmonicida, the other for control, with 125

fish in each were prepared for production of donor fish (infected fish). At the end of the

immersion period, fish were fin clipped after being allowed to recover for five hours.
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The same method of generating infected donor fish described here was also used in other

experiments described below.

Water samples. Water samples were taken daily during the transmission efficiency

experiment described above in order to determine daily change in the amount of A.

salmonicida in the water. One ml water sample was taken daily from the surface waters

of 3 randomly selected tanks. The sample was diluted further to 102 and io-, and O.lmL

of sample was inoculated onto three replicate CBB agar plates, and incubated at 21 °C for

2 days. Blue colonies surrounded by soluble brown pigment were considered to be A.

salmonicida. Spot checks by physiological tests confirmed the identity of the organism.

Determination of Patent period:

The experiment described below was conducted in order to determine the time

period between initial exposure to bacteria and capacity of infected salmon to transfer the

organism to susceptible fish. The experiment was carried out in 7.5 L aerated tanks, each

tank containing 50 fish (mean weight = 1.4 g). Tanks were randomly assigned to

treatments. Three replicates for each day were used, plus one negative (unexposed)

control per day. For exposed (donor) fish assuming the completion of the bath exposure

as day 0, five fish were randomly selected and put into each of 3 replicate cohabitation

cages (15x15x9 cm3) constructed of vinyl covered wire mash. Negative controls

consisted of 5 unexposed fish placed in clean cages. After immersing in a clean tank of

dechlorinated city water at a high water flow rate for 1 hour to rinse any remnants of



bacteria off the cage and fish, cages were placed into each of the 3 replicate tanks

containing approximately 50 naive fish assigned randomly. Unexposed fish in cages

were also immersed in one tank on each day of the 10 d. At the end of a 24-hr

cohabitation period, donor fish and control fish in the cages were euthanized by an excess

of tricaine methanesulfonate (MS-222) and examined for the presence of A. salmonicida

by plating on CBB agar. The same procedure was repeated daily over a period of 10

days. Experimental fish (naïve cohabitants) were examined daily for a period of 15 days

post exposure; dead fish were removed daily and examined bacteriologically. At the end

of 15 days, all remaining fish in the tanks were euthanized and were examined for the

preserve of disease signs and the agent.

Density dependence experiment:

To determine the influence of density on furunculosis, chinook salmon were held

at different densities and exposed by cohabitation with a single infected fish. Densities

used and related information is given in Table 2.1. Donor fish used in this experiment

were prepared as described in the first experiment mentioned above. Fish averaged 1.7 g.

in weight and water temperature was 16 °C. A single donor fish was fin clipped and

placed into each tank for the duration of the experiment; donor fish were not held

separately from naïve fish. One negative control tank containing a fin-clipped unexposed

salmon was prepared for each density. For each tank, water flows are expressed as

turnover rate (tanks changes per day) since the volume of each tank was different.



39

Table 2.1 Tank sizes and other physical conditions used in the density experiment. Fish
were randomly assigned to tanks at different volumes. Flow rates (turnover rates) were
similar except for the smallest volume tanks which required a higher flow to reduce
stress. Temperature was 16 °C, and flow to 7.5L tanks was 200mLImin.

Tank Density Number Number of Number of Turnover rate
of

Volume (g fishlL) replicate fish in each FishIL (tank
(L.) s replicates volume/day)
7.5 7.76 4 30 4 40.3
7.5 15.52 5 60 8 40.3
95 0.61 5 30 0.31 4.5
95 1.23 5 60 0.63 4.5

366 0.15 5 30 0.08 5.9
366 0.32 5 60 0.16 5.9

2500 0.047 3 60 0.02 2.0
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Transmission efficiency:

In order to determine the number of animals infected from only a single infectious

individual, the following experiment was designed. The experiment was carried out in 7.5

L. aerated tanks (flow rate = 25OmLImin), which were randomly assigned to treatments.

Each replicate/tank contained approximately 40 fish (mean weight 1.97 g). Seven

replicates for each treatment were used. The same method described in the patent period

experiment was used for the production of donor fish. At the end of 3' day of

postexposure, one bath exposed-donor fish was marked by fin clip and released into each

of the 70 treatment tanks; each control tank contained one fish exposed to Dulbecco's

phosphate buffered saline (DPBS). Daily for 10 days thereafter, seven tanks were

randomly selected and all fish in the tanks were killed by immersion in 1:1000 MS-222.

All fish were examined for disease signs and presence of A. salmonicida. One of the

control tanks was also selected daily and fish were euthanized and tested for the presence

of bacteria. Fish that died were recorded daily and examined for disease signs and the

presence of the agent by culture of head kidney. Temperature during the experiment was

16-17 °C.

Statistical Analysis:

In all of the experiments described above, no sub sampling was carried out. All

of fish used in the experiments was tested. StatView (SAS Institute mc) statistical

analysis package was used in statistical analysis. The entire curve fitting using least

squares methods was carried out by Cricket Graph packet program (Computer Associates.
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International Inc.). Correlation analysis (x2) was employed to determine the relationship

between mean level of prevalence and mean level of donor infection. No data

transformation were carried out. In the density dependence experiment, simple

regression analysis between densities (g FishIL) and prevalence was carried out to test the

null hypothesis stating that there is no density dependence in furunculosis. The group of

densities formed with 60 fish and the group formed with 30 fish were tested (variance

analysis) for difference between them to determine any possible fish effect.

RESULTS

General condition of diseased and disease signs

At the early stage of disease, there were no or few petechial blebs on the skin,

which became ulcerated forming petechial hemorrhages prior to the death of the animal.

Later in the epizootic, the number of petechial hemorrhages on the lateral and ventral

surfaces of the fish increased significantly. In all instances where an individual fish

exhibited external clinical signs of furunculosis, large A. salmonicida was isolated from

the kidney. If there were less than 5 colonies in a sample, lack of growth at 37 °C and

motility were also checked in addition to production of blue CBB agar and observation of

pigment production surrounding colonies. No A. salmonicida was present after extensive

sampling of stock fish and incoming dechlorinated fresh water.
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Li2 experiment: The concentration of A. salmonicida required to cause 50 % cumulative

mortality in 1.2 g chinook salmon by immersion at 14°C was found to be 1048c.f.u./ml.

For all other experiments in which the donor fish were exposed to A. salmonicida by

immersion, twice the LD (10' c.f.u.Irnl) was used.

Patent period

In order to determine the time period required for chinook salmon exposed to A.

salmonicida by bath immersion to transmit the bacteria to susceptible fish, 5 donor fish

were removed at various times postexposure, placed in a cage and held with

approximately 50 susceptible fish for 24 hrs. The mean natural mortality rate in negative

control tanks (one per treatment) was 2.8%, which is 1-2 fish/tank over a period of 15

days. The transfer of A. salmonicida from caged donor fish to recipient fish first

occurred 3 days after donor fish were exposed to A. salmonicida; no transfer from donor

to naive fish was detected prior to this time interval, even though by day 2 donor fish

were found to be infected (Figures la and 2.2.). However, this early transfer of bacteria

(3 day) did not initiate a widespread infection: fewer than 10% of the recipient fish

became infected. Four/five days after they had been exposed by immersion, five donor

fish were able to transfer a sufficient dose of bacteria to initiate an epizootic of

furunculosis in the recipient fish population (-35-80% prevalence). As shown in Figure

2.1, by the 8th and 9th days postexposure, prevalence diminished to less than 50% but by

day 10 postexposure, it returned to greater than 70%.
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Figure 2.1 Time course of infectiousness in chinook salmon exposed to 105'cfu/ml of A.
salmonicida. At daily intervals after exposure, 5 fish were removed and placed in cages
with naïve fish. All cohabitants were tested for the presence of bacteria in the kidney. a)
Mean infection force of donor fish ± SEM (0=no bacteria, 1= <10, 2= 10-100, 3= >100,
4= Too numerous to count or confluent growth in lOpL streak from kidney on CBB
(Coomassie brilliant blue agar) ( j ), (BE = Duration of bath exposure of donor fish).

Figure 2.2 Relationship between mean level of infection of 5 cohabitant donor fish and
prevalence in recipient fish. Mean exposure force is an ordinal scale from 0-4; O=no
bacteria, 1= <10, 2= 10-100, 3= >100, 4 Too numerous to count or confluent growth in
lO.tL streak from kidney on CBB (Coomassie brilliant blue) agar (n = 35).
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There was significant variation in prevalence of A. salmonicida infection during

the 11 days of the study, but this variation was strongly correlated (r2= 0.808; p <0.0001;

N=69 tanks) with the mean infection force of the 5 donor fish which were housed with

the cohabitants for 24 brs (Figure 2.2). The ratio of mean cumulative mortalities to

prevalence is shown in Figure 2.3. Cumulative mortalities were highest from days 4

through 7. A maximum of 60% furunculosis mortality occurred in cohabitants 6 days

after the donor fish had been exposed, and had been reduced to 10% by day 10.

In a majority of the cases, disease specific mortality in recipient fish began at day

5 after exposure to infected donor fish. However, it was found that the shorter the period

between exposure and first mortality, the higher the prevalence was after 14 days; the

curve of best fit was exponential in nature (see Figure 2.4). Furunculosis epizootics,

which is excess mortality due to A. salmonicida, occurred in twenty-one tanks out of 32

tanks (58%) by the 10th day postexposure, with an increasing number occurring over

time.

Effects of Holding Densities on Infection and Furunculosis Disease:

It was found that the holding density at the time of exposure to bacteria had significant

effects on the magnitude of the furunculosis epizootic (Table 2.2). As shown in Figure

2.5, there was a positive logarithmic relationship between holding densities in the range

of 0.048 - 1 5.52gfL and prevalence of infection. At the lowest density, 0.048 gIL, the

pathogen was not transmitted from donor to recipient fish, but at higher densities the

pathogen was transmitted.
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Figure 2.3 Cumulative mortality (o--) of naïve salmon after exposure to 5 donor fish
which had been exposed to A. salmonicida by immersion at various times and median
day to death (°). Donor fish were exposed to 2 x LD50 of A. salmonicida (105.1

c.f.u./ml) at day 0 and at daily intervals 5 fish were placed in a cage with 50 naïve salmon
for 24 hrs. The donors were removed and mortality in the cohabitants was monitored for
2 weeks.

Figure 2.4 Relationship between prevalence and time to first disease-related mortality.
At indicated times after a single 24 hrs bath immersion in i0' c.f.u. mt' of A.
salmonicida, 5 donor fish were placed in a cage and placed in a tank with approximately
50 cohabitants. X-axis represents the day when first disease related mortality occurred in
a certain tank, and Y- axis represents cumulative prevalence at 14 days after initial
exposure. Day 0 is day in which donor fish were housed with recipients.

Figure 2.5 Relationship between fish holding density, prevalence and disease specific
mortality. Donor fish exposed to 105.1 c.f.u./ml of A. salmonicida were held in a common
tank for 3d, after which a single fish was placed in 5 replicate tanks containing
susceptible fish held at different densities. The donor fish was marked by fin clip and its
infection/mortality value was not counted in the prevalence data for recipients.



:
_D

is
ea

se
 S

pe
ci

fic
 M

or
ta

lit
y

(
D

0

.
.

.
. 0'-I a

°

i
i
'

0
0

&
.
.

I
I

S
.
.
. 0

.
.
.

.
. .S M
ed

ia
n 

D
ay

 to
 D

ea
th

 (R
ec

ip
ie

nt
s)

S
t



1

0.75

0.25

0

Figure 2.4

o D
0 D 0 = 33 * 10 -O.132x r2 = 0.746

0 0
0 0

0

0
00

0

D 0

0
0

I I

0 5 10 15

Time to first mortality (Days)

.



Table 2.2 Infection and furunculosis related mortalities at different holding densities. Thirty or 60 chinook
salmon (1.7 g) were housed in four different tank sizes: 7.5, 95, 366 or 2500L. A single donor fish was held with cohabitants
for the duration of the experiment. Infection rate and cumulative mortality was measured at day 23 for 7.5 L tanks and 366L
tanks, at day 33 for 95L and 2500L tanks.

7.5 L. Tanks 95 L. Tanks 366 L Tanks 2500 L. Tanks
Replicates n CM NI IM n CM NI IM n CM NI IM n CM NI IM

1 30 17 9 9 30 19 19 17 31 1 0 0 61 1 0 0
2 30 30 29 29 35 25 22 22 32 2 1 1 62 0 0 0
3 31 31 29 29 33 22 18 18 28 1 2 0 ND
4 35 35 33 33 30 14 11 11 31 3 0 0 ND
5 ND 32 2 1 1 31 2 1 1 ND

Control 31 4 0 0 30 0 0 0 30 0 0 0 ND
1 68 68 61 61 55 11 15 7 63 1 0 0 ND
2 62 3 0 0 59 14 8 4 64 3 0 0 ND
3 62 39 37 33 54 6 4 4 65 1 0 0 ND
4 68 68 60 60 67 55 52 51 66 3 3 0 ND
5 60 4 7 0 60 41 49 39 64 6 4 1 ND

Control 65 4 0 0 61 2 0 0 59 0 0 0 ND
CM = Cumulative mortality, NI = Number infected, IM = Infected mortality, ND = No Data
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Prevalence values of tanks with 30 fish and 60 fish were compared for their prevalence

levels to see whether there were notable differences between two groups. There were no

significant differences in prevalence levels among densities formed with 30 or 60 fish in

the same volume (Variance analysis, p = 0.5564).

In addition, it was found that at lower densities the course of the epizootic

(infection among survivors + disease related mortalities) was more protracted and less

extensive than at higher densities (Figure 2.6). For example, in 7.5 L tanks, an average of

the 75 percent mortality level was reached in 23 days, whereas in the 95 liter tanks, it

took approximately 33 days to reach 30-35% mortality level.

There was no disease-related mortality observed in 366 L. tanks after 23 days.

There were 3 cases (one in 30 fish and two others in 60 fish replicates) that had infected

fish among survivors of the experiment. There was no pathogen transfer from donor to

recipient fish at the lowest density, 60 fish in 2500L, (See Table 2.2).

Transmission Efficiency:

In order to determine the efficiency of transmission, or contagiousness, of A.

salmonicida for chinook salmon under the conditions of the experiment, 2928 fish were

distributed into 70 tanks and the fish in all treatment tanks were exposed to a single

infectious individual which had been exposed to bacteria 3 days previously. Each of the

10 negative control tanks contained a single unexposed fish.
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Figure 2.6 Cumulative disease specific mortalities in 4 different volumes (7.5L, 95L,
366L and 2500L.) used (See Table 2.1). Donor fish exposed to iO' c.f.u./ml of A.
salmonicida were held in a common tank for 3d, after which a single fish was placed in 5
replicate tanks containing susceptible fish held at different densities. The donor fish was
marked by fin clip and its infection/mortality value was not counted in the prevalence
data for recipients.
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At daily intervals, all fish in 7 randomly selected replicate tanks were tested for the

presence of bacteria in the kidney. In addition, the A. salmonicida concentration in the

water was monitored daily.

As found in the patent period experiment, bacteria from infected donor fish could

be transferred to recipient fish one day after the start of cohabitation. Infection and

disease grew at an increasing rate during the 10 day observation period (Figure 2.7).

Water flow (200 mI/mm) was constant during experiment

It was found that recipient fish cohabited with the single donor fish became

infectious and began shedding bacteria into the water 1 day after being infected (Figure

2.7). One day after exposure of donor fish, bacteria were recovered from the anterior

kidney of the recipient fish as well from water. Then, after another 24 hrs, bacteria levels

in the kidney were reduced or absent and prevalence decreased from 19% to 3 percent.

Moreover, bacterial levels in the water were also low (falling from 200 c.f.u.Iml to -67

c.f.u./ml) during this time. Then, the levels in the water increased as the epizootic

developed among the recipient fish population. Approximately 20% of the infected

animals died by the 5th day postexposure and mortality continued to increase until the 9th

day of the experiment when 100% of infected salmon succumbed to disease.

As shown in the Figure 2.7, during the 10 days of the epizootic, the number of

infected animals gradually increased. The same trend was observed in bacterial counts in

the water as well. Bacterial counts in the water reached a plateau and decreased during

the course of 7 days, peaking at approximately 2.8x10' c.f.u. ml' and decreasing to

0.31x103 c.f.u. ml'.



56

Figure 2.7 Daily progress of furunculosis epizootic (______ = mean proportion of
infected animals, = mean proportion of animals that died of furunculosis and
-V--- = change of bacterial counts in the water. Approximately 40 fish were placed
in each of 70 x 7.5 L. tanks and a single infected individual was added at day 0. Daily,
all fish in 7 tanks were harvested and tested for A. salmonicida in the kidney. As disease
related mortalities began to occur, dead fish were also collected and tested for infection.
Thus, prevalence included live and dead fish. For bacterial counts, 0.1 was added to all
values to allow graphing on a log scale.





58

Overall there were significant differences in amount bacteria at different days

during epizootic (Kruskall Wallis test, p <0.0001). Amount of bacteria in the water was

the same statistically at days 1, 3, 7, 8 and 9, and was significantly higher than other days

(p = 0.002). During the last three days of the experiment bacterial counts in the water

rose again sharply and by day 10 reached nearly io c.f.u. mt'. In terms of bacterial

counts in the kidney, low levels of bacteria were observed at the initiation of any

epizootic (first 3 days). Afterwards, most of the fish dying of furunculosis had high

numbers of bacteria in their kidney.

DISCUSSION

Furunculosis disease, caused by the bacterial pathogen A. salmonicida is an

important disease of hatchery-reared salmonids, and has been detected in wild salmon

(McCharthy 1977b and Rose et al. 1989b). There is copious information available about

the characteristics of the pathogen responsible for the disease, as well as the relationship

between the host and the agent. However, there is little information regarding the

epidemiology of the disease of this, or any other diseases of teleosts. In this study, the

dynamics of furunculosis disease were examined, with an emphasis on the initiation of

the infection in a susceptible population. The cohabitation method was used for the

exposure process in an effort to emulate the events of a "real world" initiation of

infection. In contrast to previous work on the epidemiology of furunculosis, the focus of

the study was the initiation of infection, as gauged by the presence of Aeromonas

salmonicida in the kidney. Previous work had utilized disease-specific mortality (DSM)
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as the endpoint, which is less reflective of the initiation and pathogen dissemination than

of the "decline" phase of the disease. Thus, these studies yield an approximation of the

events which might occur when an infectious individual is introduced into a population of

naive fish.

Patent period

The time between when an animal is exposed to a pathogen and the time that the

infected individual becomes capable of transmitting the pathogen to other individuals is

termed the patent period. The latent period is the time between exposure and the first

detection of disease signs. These periods are not identical, for infectious animals

generally become infectious prior to overt evidence of disease (Talvik et al 1907). In the

studies reported here, chinook salmon exposed to A. salmonicida by bath had become

infectious by 3 days post-exposure (dpe) as determined by cohabitation with naïve fish.

There was no evidence of transmission prior to that, time, in spite of the fact that A.

salmonicida had been isolated from the kidneys of exposed chinook salmon by 2 dpe

(Figure 2.1). Mean prevalence of A. salmonicida was 19%.

Signs of furunculosis were usually not evident until 4 dpe and disease specific

mortality (DSM) did not occur until 5 dpe (Figure 2.1 and 2.3). Consequently, infected

fish had been transmitting the pathogen to others for 1-2 days prior to any evidence of

disease or elevated mortality. The cohabitation method was efficient in transmitting the

pathogen in this set of experiments as well as others performed here. Five infectious fish

held in a cage which prevented direct contact between donors and recipient fish, for 24h



elicited a cumulative prevalence of up to 75% in the latter (see Figure 2.1). Thus, an

epizootic of furunculosis can likely be initiated with even a short exposure to infectious

few individuals in hatchery situations. Follow up experiments should be done which

could determine the shortest time of exposure to donor fish necessary to establish

infection in recipient fish.

Chinook salmon exposed by bath and used as donors for further experiments were

efficiently infected by this method. The overall mortality in the donor (all of the fish

exposed to use as donor fish) fish during the experimental period of 11 d was high (98%)

and comparable to that found in studies which used intraperitoneal or intramuscular

injection as the method of direct exposure (Michel 1980, Elston and Drum 1995). In our

studies, since the infection method was indirect and the "unit of infection" was the

number of donor fish rather than the number of bacteria, it was more difficult to precisely

evaluate the "dose" administered to susceptible chinook salmon. However, by using an

ordinal system of rating pathogen load in the kidney, we could estimate what is termed

the "force of infection" to which the susceptible fish were exposed. The force of

infection was 0 at day 1, but it was higher than one in the remainder of the experiment.

The force of infection was the mean of the ordinal level of infection in the kidney (0-4)

per fish (n=5); thus, the minimum force of infection was 0 and the maximum was 4.0.

Generally, the force of infection increased with time (Figure 2.1). As seen in Figure 2.2,

there was a significant positive correlation (r2= 0.808) between the force of infection and

the mean A. salmonicida prevalence generated by exposure to in cohabitants. In each case

after 2 dpe, at least 20% of fish randomly selected to be donors were infected with A.

salmonicida, and at least 20% of the donors died of disease during the 24 h cohabitation
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of fish infected and the bacterial load, a few individuals with a high load could cause as

much infection as larger numbers of fish with lower infection levels. In susceptible fish,

the epizootics of furunculosis resulted in greater than 50% DSM, with the median day to

death approximately 11.5 dpe (Figure 2.3). This time to death from disease was

considerably longer that that experienced in the studies using the injection exposure

methods, which is an less natural method of exposure. However, as seen in Figure 2.4,

the prevalence in recipient was inversely related to the time to first mortality indicating

that peracute disease results from heavily infected population.

Thus, the experiments reported here have indicated that cohabitation of infected

with susceptible fish, the most natural route of infection for A. salmonicida, did not result

in transmission of infection prior to 3 dpe, but after bacteria had established a substantial

internal infection, bacteria were released resulting infections of more than the majority of

susceptible fish, and in causing mortalities comparable to those seen in epizootics of

furunculosis in hatcheries. The patent period was approximately equal to the latent

period. That is, disease signs (hemorrhage of body surface, fluid filled blebs) and DSM

occurred by 5 dpe.

Effects of holding density on infection & disease

The evidence positive relationship between host density and diseases in teleosts

has been firmly established (Schwedler and Plumb, 1982, McCallum, 1982, Ahne, 1980,

Klinger et al., 1983) including furunculosis (Munro and Hastings, 1993). Previous
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studies, however, have used injection or bath exposure, have evaluated significance by

DSM as an endpoint, have used narrow density ranges in their studies, or have not

quantitatively evaluated the data. In the studies presented here cohabitation, with a single

potentially infected individual was used as a source of A. salmonicida and infection was

used as the mark of successful transmission of the pathogen.

Since the donor fish were selected randomly from the bath exposed group 3dpe,

and a single individual was placed in each test tank (total of 22 tanks), it was likely that

some tanks would have not received a fish that was infected. Only a single tank (366 L)

failed to have an infected individual; no infected recipient fish were detected in this tank.

This indicated that bath exposure followed by a 3 d incubation period to assure that

bacteria could be transmitted at a high efficiency means of transmitting A. salmonicida.

The infection rate for donor was 98%. Thus, this method could serve as a reliable

method of disease transmission in future studies.

The data presented here, gathered from more natural exposure methods than

earlier studies, indicated a strong positive correlation between prevalence, mortality and

density. In tanks holding 2500 L, housing approximately 60 chinook salmon weighing

1.2 g each, and a single putatively infectious salmon, there was no detectable

transmission of A. salmonicida to recipient fish (Table 2.2). This corresponds to a density

of 0.05 g/L or assuming fish as unit of infection 0.2 fishlL. Thus, the critical density for

the effective transmission of A. salmonicida may not have been reached at this density.

However, since only 2 replicate tanks were used and a total of 123 fish examined,

sampling at this level would have been less than 95% confident level. In tanks holding

366 L, the pathogen was transmitted from one infectious donor fish to susceptible fish at
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both 60 or 30 fish per tank (density = 0.3 & 0.l5gfL, respectively), but not efficiently;

cumulative prevalence was 2.6% in the 30 fish per tank and 7 case out of 322 fish tested

(2.2%) in the 60 fish group. Of the fish which died during the experiment in exposed

tanks, 22% in 30 fish per tank group and 7 % of the 60 fish per tank group, were found to

be infected with A. salmonicida. At the higher densities, the prevalence and DSM from

furunculosis were considerably higher, in some cases reaching 100% (Table 2.2). As

indicated by Thoeson (1994), however, this sample size would be unlikely to detect an

infected fish at 2% prevalence level (95% confidence interval. Another interesting

finding was that the median day to death (MDD) was significantly correlated with the

holding density. At the higher densities, MOD was approximately 6 dpe, but for the

lowest density, 0.15 gIL, MDD was 24 (Kruskall-Wallis test, p<0.000l). These results

support previous findings about the (logarithmic) relationship between density and

disease, but also indicate that infection as well as death and disease are proportional to

density. This strengthens the idea that low densities in rearing facilities can mitigate and

perhaps eliminate diseases such as furunculosis. However, since there appears to be a

logarithmic relationship between density and furunculosis, the reduction in density that

would be necessary to significantly alleviate disease would be high. In our experiments,

only at densities of <0.5 g/L was there a marked reduction in prevalence and mortality.

Since densities in salmonid production facilities are more than 20-fold higher than this

(personal communication, Dan Peck, ODFW ,Willamette River Hatchery) this type of

reduction might seem untenable. But the risk-benefit ratio should be considered in certain

cases. For example, the trend toward the use of more "natural" rearing facilities designed

for restoration of endangered or depleted stocks would benefit in several ways if fish
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were held at lower densities. From a fish health perspective it is more desirable to avoid

disease and infection rather than seek to alleviate it by chemotherapy or prophylaxis, with

their attendant increased costs. Also, stocking of fish in rivers and streams without

pathogens are certainly preferable to stocking infected fish. It has been well documented

in human and animal epidemiology that if certain enviromnental criteria such as host

density, infection load, recruitment, etc. are not met, the infectious agent could be

eliminated from a population of wild or feral fish (Anderson and May, 1979 and

Mollision, 1995). There is no reason to suspect that the parameters should be different

for fish diseases, and in fact, the relationship between density dependence and

furunculosis has been demonstrated here. Therefore, by adjusting conditions which have

a strong impact on the elimination of a pathogen such as A. salmonicida from a

population, healthier fish could be released in the environment.

The case of fish disease epizootics, density can have effects on furunculosis

epizootic in two ways. First, as densities increase, the probability of any susceptible

individual making successful contact with an infectious individual in the same population

also increases (Anderson and May, 1979; Mollision, 1995). Second, higher densities

(crowding) above the optimum have adverse effects on behavior of fish (Jorgensen et al.,

1993) and water quality (Kingsbury, 1961; Snieszko, 1973; Wedemeyer, 1997). Also

important in the development of disease is the positive relationship between high loading

densities and stress (Pickering and Pottinger, 1987; Montero et al., 1999). Snieszko

(1973) reported that elevated temperatures, sub-optimal oxygen levels, crowding, and

accumulation of the waste products of fish metabolism are some of the stressors which

facilitate outbreaks of furunculosis. Stress, as indicated by high cortisol levels in blood,
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reduces resistance of the fish host to various pathogens by impairing its immune system

(Mazeaud, et aL, 1977; Wedemeyer, 1997; Pickering and Pottinger, 1989). Various

researchers (Kingsbury, 1961; Snieszko, 1973; Pickering and Duston 1983; Schreck et

aL, 1995) reported decreased resistance of stressed fish to furunculosis. Thus, the stress

of the animal density may contribute substantially to an increase in the severity of

disease.

The mechanisms by which density can affect an epizootic have not been

rigorously studied, but the release of higher numbers of bacteria from infectious fish is an

important factor. This would occur only after the primary infection by the donor fish. For

example, if a single infectious individual which can shed >100 cfu/mL per day (Figure

2.7, day 1) infects 3 additional fish per day, within 3 days, 9 fish would be infected and

shed about 1,000 cfu/mL If fewer fish were present, fewer would become infected and

fewer bacteria would be released to the water. Because of this, the flow rate could have a

marked effect on the outcome of the infectious process. Time constraints prevented us

from using flow as a variable in this set of experiments, but further testing should be done

to determine what affects flow would have on the dynamics of furunculosis.

Interestingly, the tanks with the highest turnover rate, a volume of 7.5 L which had 40

volume changes per day, had the highest prevalence and mortality (Table 2.2) due to

furunculosis. Therefore, flow alone probable does not contribute as strongly to the

disease dynamics as does host density.

Our studies involving the patent period indicated that direct fish to fish contact

was not necessary for the initiation of A. salmonicida infection in susceptible fish but it

may enhance infection. Note that five donor fish were used in the cohabitation only for
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experiment. The results of time to first disease related mortality was similar in both

experiments (5 days). However, in the aquatic environment of rearing facilities, fish held

at high density exhibit behavior which frequently brings them in direct contact with

others, and additionally, the frequent nipping behavior that is characteristic of salmonids

in high density conditions may contribute the transmission of A. salmonicida because of

the presence of the bacteria at high levels in the mucus and skin (Cipriano et al., 1992). In

addition, the surface lesions and hemorrhagic areas on the skin resulting from

furunculosis have high levels of bacteria (data not shown) and when other fish detect

these external lesions, they characteristically nip at them, thereby likely contaminating

themselves. Thus, the combination of increased bacterial load, altered behavior, and

reduction in immunocompetence all can act in concert to favor the development of

furunculosis at high holding densities.

Another important finding from our study was that higher densities led to

mortalities in a shorter period of time (Figure 2.7). Approximately 75% DSM mortality

occurred in the 7.5L tanks after 23 days, whereas approximately 35% mortality was

observed in 95L tanks after 33 days. Thus, a reduction of density early in the epizootic

could provide more time for application of chemotherapeutic agents resulting in

increased survival. It is also important to note that after an epizootic is initiated, loading

density decreases due to disease related mortalities. This may actually be responsible in

some cases in ending the epizootic.
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Dynamics of the initiation phase of furunculosis

The main purpose of these studies was to detennine the efficiency of transmission

of A. salmonicida in chinook salmon fingerlings and the nature of the early stages of

furunculosis epizootic. The prevalence of infection was determined daily on 7 replicate

tanks chosen at random from 70 tanks containing approximately 40 fish. To each

experimental tank, a single individual that had been exposed to the pathogen 3 d earlier

was added on day 0. The negative controls consisted of tanks of 40 fish to which was

added and fish exposed to phosphate buffered saline. The donor fish remained with the

susceptible fish for the duration of the experiment and were not physically separated from

them as in the patent period experiment. As depicted in Figure 2.7, within 1 d of

cohabitation, a single fish was capable of transmitting A. salmonicida to nearly 20% of

the susceptible salmon in the tank. All of the infected donor fish had succumbed to

furunculosis by day 13 except for donors in day 0 and 1 treatments where donors were

harvested quickly. Over lOd experimental period the prevalence among recipient fish

increased to nearly 75%. In the time to infectiousness experiment, approximately 3d are

required before the pathogen could be transmitted to others. Therefore, there were

approximately 3 cycles of infection during the lOd of this experiment. If it had been

continued longer, it is likely that nearly all fish would have become infected. By the 9th

dpe, all of the fish that were infected had died from furunculosis. Mortality from disease

did not begin until 5 dpe, so that within 4 d, all of the infected fish had died. The acute

nature of this disease is sobering, as in the contagiousness experiment.

As indicated in Figure 2.8, bacterial concentrations in the water were high (>100

cfulmL) even from a single infectious individual 1 d after being placed in the tank. Since
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d', which corresponds to a release of more than io c.f.u. of A. salmonicida from a single

infected fish. The concentration of bacteria (taken at the surface of the water) continued

to increase over the period of the study, so that at 10 dpe, the level reached nearly iO

cfu/mL. These levels are similar to those found by Enger et al. (1992) while studying the

survival of A. salmonicida in water. These counts are remarkably high, and are close to

levels used to initiate the infection of donor fish; however, the exposure time in these

experiments was significantly longer than in the our earlier experiments (up to 10 d vs. 24

h). Thus, it is not surprising that the disease generated under these conditions was

peracute in nature. In his experiments, the fish which had died from furunculosis were

left in the tanks, whereas in this experiment dead fish were removed twice daily in order

to estimate infection rates and disease specific mortality. Thus, the earlier experiments

would suggest higher bacterial count in hatchery water during epizootics because of the

less frequent removal of dead and moribund fish.

These findings indicate that epizootics of furunculosis in hatcheries could have a

significant likelihood of disseminating the pathogen to fish downstream, at

concentrations high enough to infect wild fish. This potential merits study in future

expenments.

In conclusion, the experiments performed here indicate that cohabiting infected

fish with susceptible fish is an efficient method of transmitting A. salmonicida and that

the severity of the subsequent disease is highly dependent on the holding density of the

fish at the initiation of infection. The validity of utilizing infection rather than mortality

as an endpoint has clearly been shown to be beneficial in understanding the disease



process. Additionally, the patent period for the disease was found to be 3 d, with signs of

disease occurring shortly thereafter. Copious numbers of A. salmonicida are shed into the

water even by a single infected individual and can continue to infect other naïve fish from

the initial infectious focus. These studies have laid the groundwork for future studies into

the dynamics of this and other diseases of teleosts. Further studies might include

examining the effects of other variables such as flow rates, temperature, and species and

stocks on the dynamics of furunculosis.
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ABSTRACT

Studies were undertaken to determine the parameters of transmission of

Aeromonas salmonicida and to develop a deterministic model of the dynamics of

furunculosis from the results obtained in these experiments. For determination of disease

reproductive ratio (R0) and transmission force (13), fish in 70 tanks (40 fish in each) tank

were each exposed to a single infectious donor fish, then 7 tanks were randomly selected

daily and all individuals were examined for the presence of A. salmonicida. The

proportion of susceptible (S), infected (I) and removed (R, dead) individuals were

determined daily. R0, B and a (removal rate) were found to be 3.23, 0.02 14 and 0.287

infected individuals*day' respectively. From these parameters determined by controlled

laboratory experiments, a deterministic disease model of A. salmonicida infection as a

cause of funmculosis was constructed. The net rate at which new individuals became

infected (the incidence rate) per unit time was proportional to number of susceptible

individuals, S, and the number of infected individuals, I, times the transmission

coefficient. The model-produced data for the S class were significantly associated with

experimental data (r2=0.92). Similarly, data obtained in the laboratory for infected fish

(I) and removed class (R) were also significantly related to the data obtained from models

for the I class and R class (r2 = 0.92). Results obtained from experiments on fish densities

were also simulated using the same models. Different densities as expected produced

different values for 3 parameter. f3 values for densities, 9.13, 4.56, 0.72, 0.36, 0.19 and

0.09 were 0.01,0.027, 0.005, 0.0157,0.000015 and 0.0001.
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INTRODUCTION

Microparasites (viruses, bacteria and protozoans) and macroparasites (helminths

and arthropods, etc.) can regulate or limit populations of the host they infect as much as

predators do and these parasites can, in fact, be considered microbial predators (Anderson

and May 1978 Mena-lorca and Hethcote, 1992). The relationship between disease and its

effects on population dynamics and the dynamics of infection process can be described

mathematically.

The foundations of mathematical modeling of human and animal disease

epidemics were first established by Kermarck and McKendrick (1927, 1932 and 1933).

Later, the extensive reviews of Anderson and May (1978, 1979), and Anderson (1982)

opened new discussions on the concepts of critical threshold density, basic reproductive

ratio, and transmission coefficient. Since then, these models have been applied to real

life situations by various researchers. For example, one recent application of dynamic

epidemic models was for determining the effects of bovine spongiform encephatopathy

(BSE), a zoonotic cattle disease in Great Britain (Woolhouse and Anderson, 1997). The

study estimated the change in BSE by calculating the average range of the basic

reproductive rate which is an estimator of the invasiveness per year.

In the fish disease literature, effects of disease agents on their host and biological

properties (e.g., genomic construction, size, shape, virulence) of various pathogens have

been extensively studied, whereas their epidemiology has remained largely been

unexplored. In recent years, only a few limited studies on epidemiology have emerged in

the area of fish diseases. The population dynamics of Ichthyophthirius multzjIliis in black

mollies, an aquarium variety of Poecilia latipinna (Lesueur), was one of the first studies
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in fish disease epidemics to determine density-dependent effects on pathogen dispersal

(McCaIlum, 1985). To our knowledge, the most extensive study performed was the

doctoral dissertation of Babek (1996) which applied various epidemic parameters such as

critical threshold and basic reproductive ratio concepts. The disease dynamics of

infectious pancreatic necrosis virus using rainbow trout were determined. One other

study in the area of fish disease dynamics modeling is the report on the outbreak of the

fungal parasite Icthyophonus hoferi in the North Sea herring (Clupea harengus)

(Patterson 1995). This research was different from the reports by McCallum (1985) and

Babek (1996) in that multiple epidemics over a 3 year-scale were studied. Regulation of

herring population dynamics by I. hoferi was determined using fungus-related mortality.

In this study, Aeromonas salmonicida, a common bacterial fish pathogen that can

cause severe disease (furunculosis) in trout and salmon hatcheries, in ornamental fish,

and presumptively in wild fishes, was selected to study quantitative mechanisms and

efficiency of pathogen transmission leading furunculosis disease.

The objective of this study was to construct a deterministic model of the basic

dynamics of furunculosis disease epizootics. The study focused on describing early

stages of a single epidemic and the effect of host density on the prevalence. Further

refinement of models constructed here will be needed in areas that are known to affect

disease outcomes such as fish age, temperature and other stress inducing factors to

predict the disease outcome.
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MATERIAL AND METHODS

Reproductive Ratio Experiment:

In order to determine the reproductive ratio (R0) the mean number of animals

infected from only a single infectious individual, the series of laboratory experiments

described below was designed. Spring-run chinook salmon, Oncorhynchus tshawytscha,

kindly provided by Oregon Department of Fish and Wildlife (ODFW), Willamette River

Hatchery, Oregon, were held in freshwater (16-17 °C) at the laboratory for Fish Disease

Research at Hatfield Marine Science Center. Fish were held in 7.5 L. aerated tanks

which were randomly assigned to treatments. Each replicate/tank contained

approximately 42 fish (mean weight 1.97 g.) with a freshwater flow of 250 mL per

minute. This corresponded to a turnover rate of 1.68 tank volumes/hr. Fish were fed

daily at a ratio of 1% body weight with biodiet (Bioproducts, Inc. Astoria, OR) pelleted

feed. Seven replicates and one control were used for each treatment. A. salmonicida sps.

Salmonicida-infected donor fish were obtained by exposing spring chinook salmon to

2x105 A. salmonicida per ml. for 24 hrs at 16 °C with aeration. The strain of A.

salmonicida was originally obtained from a natural epizootic in chinook salmon held at

Hatfield Marine Science Center. At the end of the 3 day postexposure (dpe) when it

was known that exposed fish were infectious (determined by preliminary experiments),

one donor marked by a fin clip was released into each of the 70 treatment tanks; each

control tank contained one fish exposed to Dulbeccos's phosphate buffered saline

(DPBS). For 10 days thereafter, seven tanks were randomly selected daily and all fish in

the tanks were killed by an overdose of tricaine methanesulfonate (MS-222). All fish
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collected daily (n = 280) from the selected tanks were examined for signs of disease and

presence of A. salmonicida by streaking 10 jfl of kidney onto coomassie brilliant blue

agar (CBB) (Markwardt et al., 1989) and estimating the relative number of blue colonies

surrounded by a soluble brown pigment on a ordinal scale from 1 (few colonies) to 4

(confluent). One of the control tanks was also selected daily, all fish were euthanized and

tested for the presence of bacteria. Mortalities in all tanks were recorded daily, and dead

fish were examined visually for signs of disease and presence of the agent in the head

kidney by culture as described above.

Density Dependence:

To determine whether the dynamics of a furunculosis epizootic are affected by

host density, chinook salmon (1.7 g) held at 7 different densities (9.13,4.56, 0.72,0.36,

0.19,0.06 and 0.03 fishlL; shown in Table 3.1) were exposed to a single A. salmonicida-

infected donor fish. A total of five replicates and one negative control tank was

performed for each density. Fish were monitored daily for mortality and prevalence

(infection) was determined on individual fish at the termination of the experiment.

Model Construction:

It has been shown that in directly transmitted diseases, the dynamics of

infection generally proceed according to the mass action theory, namely that the net rate

that hosts become infected per unit time is the product of the number of susceptible (S)
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Table 3.1. Tank sizes and different densities (treatments) used in the density dependence
experiment

Tank Density Number of number of Turnover rate
Volume (L.) (fish/L) replicates fish in each (tank volume/day)

replicate
75 4.56 4 30 40.3
7.5 9.13 5 60 40.3
95 0.36 5 30 4.5
95 0.72 5 60 4.5

366 0.09 5 30 5.9
366 0.19 5 60 5.9

2500 0.O3_ 3 60 2.0



E:Ic

animals times the number of infected (1) animals, times the transmission coefficient (f3).

The removed class (R) includes cumulative number of disease related mortalities.

Deterministic models that were used here were described by Anderson and May (1978,

1979), and Anderson (1982) in the following 3 equations;

(1)

=fSIuJyI (2)

(3)
dt

where is the transmission coefficient, a is the removal rate or disease specific

mortality, y is the natural mortality rate and t represents time (days).

Assumptions used in the models above include:

a) Every individual has the same chance of coming into contact with an infectious

individual or the agent.

b) Animals recover from infections at a rate (v) after which they are immune to

further infection for some period of time. In this study, v was not applicable since

many of the infected animals died and the time for the development of specific

immunity was too short to be effective in preventing infection (less than 10 days);

c) N is closed. That is, the time scale of the epidemic process of transmission and

recovery (in this case 10 days) is much shorter than the time scale on which the

population size is changed due to natural births and deaths. Natural mortality rate

was also not significant in this study, since few mortalities (2.7%) occurred in

unexposed fish, none of which was infected with A. salmonicida.
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d) The number of successful contacts made between susceptible and infectious

individuals determine the magnitude of the disease outcome. Per unit time, a

proportion of (I) infected animals produce B*I potentially infectious contacts.

Daily incidences are described by Equation 1.

Table 3.2 below demonstrates the calculations utilizing the proportion of the population

in each class (S, I, R) and calculations of the parameters (, a and y). After determining

a and y, the reproductive ratio (R0) was calculated using the formula by Anderson and

May (1979):

N*fl
a+y (4)

where N is host population size, f3 the transmission coefficient, a is the disease specific

mortality rate, and y is the natural mortality rate.

The critical threshold density NT (initial number of susceptible hosts required to initiate

an epizootic.) was calculated using the formula:

N a+y
f3

(5)

Note that the unit of infection considered throughout the study is number of fish, not the

weight of fish. The same stock of fish was used throughout the experiments described

above.



Table 3.2 Calculation of the transmission coefficient (n), disease related mortality rate (a) and natural mortality using
various classes of the population during the infection process.

Time
(days)

S(*) R(***) Incidence Disease
related

Mortality

Natural
Mortality

ec y

0 S0 0 0 0 0 0 0 0

1 S1 11=(10+X1)- M1+ N1 X1= I lo X1/( So + 1) M1 N1 M1/ 10 N1/(S0+ I)
R1

2 S2 12=(11+X2)- R M2+ N2 X2= I2 I X21( S + I) M2 N2 M2/ I N1/(S1+ I)

3 S3
2

13=(12-i-X3)- R M3+ N3 X3= I3 '2 X3/( S2 + '2) M3 N3 M3/ '2 N11(S1+ I)

4 S4
3

14=(13-i-X4)- R M4+ N4 X4= I4 13 X4/( S3 + 13) M4 N4 M4/ 13 N1/(S1-i- I)

5 S
4

15=(14-i-X4)- R M5+ N5 X5= 15-14 X5/( S4 + 14) M5 N5 M4/ 14 N11(S1+ I)

5
(*) = S, number of susceptible, (**) = I, number of infected, (***) = R, number of dead.

00



Analysis and Testing of Models:

Sensitivity analysis of the data and graphic representation of the deterministic

model of disease dynamics developed here, were depicted using the STELLA (version

5.1.1) software package (High Performance Systems, Inc. Cambridge, MA).

Weighted least-squares method was employed to estimate parameter values of ,

a andy. Statview 5.0 software package (SAS Institute Inc. Cary, North Carolina) was

used to carry out statistical analyses.

RESULTS

During the 10 d of the experiment no control fish had evidence of A. salmoncida

in the kidney (n = 440). Of 440 control fish from 10 experimental tanks, 12 died of

natural causes (natural mortality rate 2.7%). Of 69 donor fish used in all experimental

tanks, 64 that died during the experiment were infected with A. salmonicida (93%).

There were five survivors, three of which were also infected with A. salmonicida.

Donors had died by day 1 or day 2 after being housed with recipient fish, after which they

were immediately removed from the tank. Thus recipient fish were exposed to infectious

fish for less than 2 days. Raw data for numbers of fish in the susceptible (S), infected (I)

and removed (R) classes are given in Table 3.2. All of the fish (n = 2928) from 69

treatment tanks (one replicate tank at day 7 was not used due to technical problems) were

assayed for the presence of A. salmonicida on CBB agar.



Table 3.3 Number of susceptible (S), infected (I) and removed (R) chinook salmon during 10 days of furunculosis epizootic. A
group of donor fish were exposed to A. salmonicida by bath and at the end of the exposure period (24 hrs), one single donor
fish was released into each of 69 recipient fish tanks (-42 fish each). For ten days, 7 tanks were randomly selected harvested
to determine prevalence of A. salmonicida.

Days 1 2 3 4 5
Replicates S I R S I R S I R S I R S I R

137 7 0 44 1 0 39 5 0 31 8 0 20 21 1

245 0 0 44 1 0 35 5 0 25 13 0 34 9 0
330 14 0 41 1 0 24 15 0 33 4 0 9 36 0
436 5 0 44 1 0 38 8 0 20 24 0 10 24 8
536 6 0 44 1 0 28 15 0 27 13 0 13 20 5
622 22 0 42 0 0 31 11 0 38 4 0 11 32 1

737 5 0 38 4 0 42 1 0 41 4 0 33 7 0
Total 243 59 0 297 9 0 237 60 0 215 70 0 130 149 15
Days 6 7 8 9 10

Replicates S I R S I R S I R S I R SI R
1 12 21 9 12 12 4 11 17 13 2 16 22 0 1 38
2 15 10 6 15 11 5 12 22 3 20 10 6 11 20 12
3 19 14 10 19 10 3 20 18 7 8 11 23 13 15 13
4 29 15 2 29 17 12 31 7 3 2 4 25 12 16 12
5 33 9 1 Notdone 9 25 8 8 18 17 1 3 37
6 22 7 3 22 26 12 27 12 3 34 5 2 6 16 24
7 15 17 10 15 29 7 0 11 23 5 15 23 1 17 22

Total 145 93 41 37 55 19 110 112 60 79 79 118 44 88 158

00
.



Of those fish, 689(23.5%) were found to be infected with A. salmonicida.

Approximately half (355 fish) of infected salmon died of furunculosis (51% of

infected, 12.1% of all exposed) by 10 days postexposure to infectious fish. The

seven replicate tanks from the day 10 treatment were observed for the longest

time, 10 days. Of these 298 fish sampled on day 10, 132 (- 45%) survived the

epizootic, with the rest (54%) dying of furunculosis-related mortality. Sixty-

seven percent (88) of survivors were infected with A. salmonicida with only one

having died of natural causes (bacteria not detected). Generally, furunculosis

related mortality among 7 replicate tanks ranged between 66-95.1% on day 10

postexposure.

Parameters Estimated for Dynamics of Furunculosis

It was found that the dynamics of the experimental furunculosis epizootic were

successfully described and analyzed by mathematical modeling techniques described in

the methods section. The partitioning of chinook salmon among S. I, and R classes

during the furunculosis epizootic is displayed in Figures 3.1, 3.2 and 3.3 along with data

produced from the models (Equation 1, 2 and 3).

The model-produced data for the susceptible class (S) were significantly

associated with the nonlinear fit of experimental data for S class (Figure 3.1, 3.2 and 3.3).

Similarly, nonlinear least squares fit of the data obtained in the laboratory for infected

fish (I) were also significantly related to the data obtained from models for I class.



Figure 3.1 Daily change of susceptible compartment in an experimental furunculosis
epizootic and the deterministic model for change of susceptible class of population. A
group of donor fish was exposed to A. salmonicida by bath and at the end of the exposure
period (24 hrs), one single donor fish was released into each of 69 recipient fish tank
(approximately 43 fish each). For ten days, every day 7 tanks were randomly selected
and harvested to determine prevalence of A. salmonicida. Experimental data (1] , mean ±
SE) was first fit with least squares estimates and a (3 value was estimated. Using equation
1, 2 and 3, the experimental epizootic was simulated (-0---). (N = 44, S = 42,1= 1, (3
= 0.02 14, a = 0.287 andy = 0.000696, r2 = 0.92).

Figure 3.2 Daily change of the infected compartment in an experimental furunculosis
epizootic and the deterministic model for change of the infected class of the population
(N = 44). A group of donor fish (chinook salmon) were exposed to A. salmonicida by
bath and at the end of the exposure period (24 hrs), one single donor fish was released
into each of 69 recipient fish tank (42 fish each). For ten days, daily 7 tanks were
randomly selected and harvested to determine prevalence of A. salmonicida.
Experimental data (0 ,mean ± SE) was then fit with least squares estimates and a (3 value
for the infection transfer was estimated. Using equations 1, 2 and 3, the experimental
epizootic was simulated (-0---). (N 44, 5 = 43,1= 1, (3= 0.02 14, a 0.287 andy
0.000696, r2 = 0.92).

Figure 3.3 Daily change of furunculosis mortality in an experimental furunculosis
epizootic and the deterministic model for change of the removed (mortality due to
furunculosis) class of population. A group of donor fish were exposed to A. salmonicida
by bath and at the end of the exposure period (24 hrs), one single donor fish was released
into each of 69 recipient fish tank (-42 fish each). For ten days, everyday randomly
selected 7 tanks were harvested to determine prevalence of A. salmonicida. Experimental
data (0 , mean ± SE) was first fit with least squares estimates and a (3 value was
estimated. Using equations 1, 2 and 3, the experimental epizootic was simulated
(-0---). (N = 44,S = 43,1 = 1, (3= 0.0214, a = 0.287 andy = 0.000696, r2 = 0.92).
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Removal (R) did not consider immune fish because of the short duration of

experiment relative to the development of the acquired immune response of salmon and

the high rate of mortality among infected fish.

3, a and y were estimated as follows;

From Equations 1, 2 and 3, the calculated, daily-predicted values for S, I, disease related

mortality (M) and natural mortality (Q) were obtained using Euler's method at a time step

of 0.25 day.

e.g.

S 1=S+0.25
dt (6)

Then, parameter values were estimated from weighted least-squares by minimizing the

residual sums of squares (RSS) from all compartments;

"2 "2M.M.
I 1

(7)
a5,

where a is the variance obtained from 7 replicate tanks per treatment (day). Since daily

data were available, cumulative predicted and observed values of each compartment were

compared. For the first 2 days no disease related mortalities were found. Therefore,

expected values were adjusted to zero for first 2 days. The model described ninety-two

percent of the variation obtained from the experimental data.

Effects of Population Size:

It was found that the outcome of a furunculosis epizootic was dependent on the

holding densities in the experimental tanks (Figures 3.4 and 3,5). No infection transfer
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occurred at the lowest density, 0.03 fishfL tested. The prevalence in 366L tanks

containing of 30 and 60 fish were the lowest in which transmission occurred. There were

2 disease related deaths among 5 replicates of 30 fishI366L (n = 153) and a single case

among 5 replicates of 60 fisbI36OL (n = 322). Therefore, value of 13 was close to zero for

this particular density (Note that infection transfer occurs if bacteria is recovered from

recipient fish kidney after cohabitation with donor). There were no significant

differences in prevalence when comparing 30 or 60 fish in the tanks of the same volume

(ANOVA, p = 0.5564).

Effects of densities were two fold. First, the transmission coefficient values

varied as function of density. Second, the period of the epizootic was shorter with higher

prevalence values at higher loading densities than the lower densities.

Estimation of 13 was carried out as described for reproductive ratio experiment

above with one exception. Daily data for S and I compartments were not available in this

experiment as was otherwise in former case. However, incidences of disease specific,

natural mortality, and number of S and I individuals at the completion of the experiment

were available. Daily observed disease related and natural mortality were two key

parameters in the estimation of (3 using weighted least squares method.

Three parameters; (3,a and y for each density are given in Figure 3.6. Threshold

density below which no epidemic was observed that was estimated from the relationship

between a, 'y and 13 was found to be 13.44 fish (Equation 5) for the epizootic shown in

Figures 3.1, 3.2 and 3.3. The first two assumptions, which serve as the basis for mass

action theory, are especially likely for fish diseases in culture systems because a certain

number of fish are kept in well-defined areas (pools) where fish are mixing continuously.
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Figure 3.4 Observed (, Mean ± SE) and predicted (-0-- ) (see Equations 1,2 and 3)
values for daily incidence of disease related mortality in four densities (30 and 60 fish in
7.5L tank and 30 and 60 fish in 95L tank) tested.. Donor fish exposed to i05' c.f.u./ml of
A. salmonicida were held in a common tank for 3d, after which a single fish was placed
in 5 replicate tanks containing susceptible fish held at different densities. The donor fish
was marked by fm clip and its infection/mortality value was not counted in the
prevalence data for recipients. All of the fish (survivors and mortality during experiment)
were tested for bacterium.

Figure 3.5 Observed (, Mean ± SE) and predicted (-0-- ) (see Equations 1,2 and 3)
values for daily incidence of disease related mortality in two densities (30 and 60 fish in
366L tank). Donor fish exposed to l0' c.f.u./ml of A. salmonicida were held in a
common tank for 3d, after which a single fish was placed in 5 replicate tanks containing
susceptible fish held at different densities. The donor fish was marked by fin clip and its
infection/mortality value was not counted in the prevalence data for recipients. All of the
fish in each replicate was tested for the bacterium.

Figure 3.6 f3, a and y values at different holding densities of chinook salmon
(approximately 1.7 g). Seven different densities (fish/L) (5 replicates) of chinook salmon
were tested to determine, density dependence of infection transfer in furunculosis disease.
From the natural and disease related mortality during the experiment beta values for each
densities were calculated using non-linear weighted least-squares method. There was no
infection transfer in the lowest density (0.0276 fish/L). Therefore, it was not included in
the chart.
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The relationships between R0 and NT is presented in Figure 3.7. As expected, the data

obtained from density experiments suggested that high densities (fish/L) in smaller water

volumes were more efficient in disease transmission (leading to larger values for R0) than

lower densities.

The results of density experiment on R0 and NT were simulated in Figure 3.8.

Magnitude of the density was determinant of magnitude of R0, NT and duration of

infection. The highest level of infection transfer occurred in the highest density and

followed by the lower density.

DISCUSSION

Models developed to describe dynamics of microparasitic diseases (caused by

viruses and bacteria) are widely used in human and veterinary epidemiology (Bailey,

1975; Woolhouse and Anderson 1997). Little work, however, has been done on similar

modeling of the dynamics of disease in fish. These studies were carried out to construct

basic models of the dynamics of furunculosis. Assumptions related to compartmental

description of an epizootic include: 1) population is closed and has a constant size

(S+I+R = N); 2) contacts between individuals are random (population is uniform and

mixing homogeneously); 3) population is divided into disjoint classes (S, I and R) whose

sizes change with time t; 4) individuals are removed from infective class at a rate

proportional to the daily removal rate (a).



Figure 3.7 a) Relationship between reproductive ratio (Ro) and density. b) Relationship
between reproductive ratio (R0) and threshold density (NT). Seven different densities
(fishlL) (5 replicates) (Table 3.1) of chinook salmon were challenged by cohabitation
with a single donor which was exposed to A. salmonicida by bath to determine density
dependence of infection in transfer of furunculosis disease. Equations 4 and 5 were used
to calculate R0 and NT respectively.

Figure 3.8 Simulation of the density experiment results. Each data point also represents
a time step of a day. Seven different densities (fishlL) (5 replicates) (Table 3.1) of
chinook salmon were challenged by cohabitation with a single donor exposed to A.
salmonicida by bath to determine if there is density dependence in infection transfer of
furunculosis disease. Since densities with 30 or 60 fish in the same volume were not
statistically different from each other, they were combined together. From the final
prevalence levels and mortality during the experiment, beta values for each density were
calculated. Using the Equations 1, 2 and 3, epizootics in 3 different densities was
simulated (So = 43,1= 1, IE 0.023, a = 0.32 andy = 0.003 1).
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Estimation of Parameters for Disease Dynamics

The basic reproductive ratio CR0) is defined as the number of susceptible animal

which are, on average, infected by a single infectious individual during its entire period

of infectiousness. The value ofR0 could be considered an individual incidence. There

are numerous reports on theoretical aspects of R(e.g., Anderson 1981 and Fine et al.

1982). The value of R0 for an infection within a population can be estimated from

knowledge of the biological characteristics of the disease, such as host density, and rates

of infection, recovery and host mortality. Some factors determining the magnitude of R0

are specific to the parasite itself (e.g., mechanisms of transfer and stability in the

environment), whereas others are specific to the host (e.g., host density, size, species,

behavior) or environment (temperature, flow rate, water quality). Effects of all

parameters related to the disease causing agent and the host under the controlled

conditions provided are summarized under the parameter transmission coefficient, 3. The

condition R0 = 1 defines a transmission threshold below which the disease agent is unable

to maintain itself within the host population. Any reduction in the value of R0 will act to

reduce disease prevalence and incidence to a level at which infection cannot be sustained.

Our results indicated that there is a strong relationship between densities and R0

(Figure 3.7). As fish density (gr. fishlL) increased, R0 also increased. In this experiment

fish size was approximately 2g. These findings, indicating a relationship between R0 and

host density (fishIL) for furunculosis, are in agreement with the statements of Fine et al.

(1982) who suggested that there was a relationship between host density and

furunculosis. The prevalence levels resulting from various densities selected for testing

in the laboratory studies strongly support this statement. Figure 3.7 demonstrates three
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different infection spread in 3 different densities of chinook salmon. At densities ranging

greater than 0.724 flshlL., an epizootic was observed (R0>1) with the highest prevalence

at the highest densities, whereas the infection was enzootic (R0=1) at a density of 0.188

fishIL. density.

Our model at this stage allows for analyzing the impact of densities commonly

practiced in the hatcheries. A wide range of densities was selected to attempt to

determine the density at which no infection occurred. In practical applications in the

hatcheries in Oregon, the average hatchery holding density for chinook salmon is

between 7.41 to 9.41 fisblL (Dan Peck, Personal communication, ODFW, Willamette

Hatchery). In this study, the two highest densities selected (4.565 and 9.129 flshlL)

produced an average of 70.47% prevalence with the strain of A. salmonicida. These

levels were similar to the density level used in the later reproductive ratio experiment

(6.7 82 fishlL). Mean level of prevalence (approximately 75%) was also similar in 2

experiments.

One important phenomenon that the model reveals is the method by which

densities are adjusted. There are two ways to go about changing density. Density can be

decreased either by doubling the volume of water or by removing half of the fish.

However, the two approaches, seemingly the same, could produce varied impacts on the

prevalence levels. As mentioned earlier in this study, in order for an epidemic to start,

there should be a certain number of animals present. In this experiment, we tested only

one aspect, density (fishlL). Initial number of susceptible individuals was the same. In

the density experiment we used 30 or 60 fish in the same volume; however, there was not

any significant decrease in the prevalence of disease. The reason may be that the



102

threshold density (13.4 individuals, each averaging 1.97g) was much lower than initial

population sizes (30 and 60 fish/7.5L, each 1.97g) in both densities. According to our

results, in order to have a significant decrease in disease prevalence quite large changes

in volume should be made. In this case, more than a 12-fold volume increase (7.5L to 95

L) was required to observe significant decrease (from 70% to 3%) in prevalence.

Although the same density is reached by changing volume or changing initial population

size (number of fish), the impacts could be different. For example, in Pacific Northwest

hatcheries it is a common practice that density (58.82 fishlL) is kept the same as the fish

age and grow by decreasing the number of fish in the pond. It is reasonable to assume

that both densities are the same, therefore, prevalence results should be the same.

However, the models (Equations 1, 2 and 3) are based on the mass action principal,

which involves random encounters and interactions of individuals, rather that biomass.

Moreover, higher densities (e.g. crowding) above the optimum have adverse effects on

the behavior of fish (JØrgensen et al., 1993), water quality (Kingsbury, 1961, Snieszko,

1974, Wedemeyer, 1997) and disease resistance. Higher numbers of individuals would

increase the probability of encountering highly susceptible individuals, or carriers. The

duration of viral or bacterial shedding could also be extended and/or may peak at certain

times during cohabitation due to high loading. The model suggests that significant

changes (reduction) in prevalence levels would be accomplished by decreasing initial

population size (gr fisblL) (Figure 3.7). Initial holding densities (0.335 fishlL) could be

raised to 3 times of initial loading density as fish get older, however, the number of fish

in a pond would be decreased by more than half of the number of fish present initially

(Personal communication, Dan Peck, ODFW, Willamette River Hatchery). The progress
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of furunculosis epizootic was simulated in three populations whose initial sizes were

different. As the initial population size increased (number of fisblL), the prevalence

levels also increased. Moreover, less time was required for furunculosis to spread to the

majority of the population. In short, our studies indicate that density is a key factor in

determining in disease spread. Figure 3.8 further demonstrates this aspect. As the level

of f3 changes (depending on key factors, such as host density that was studied here), two

behaviors are observed in the dynamics of furunculosis. First, the higher the beta, the

higher the prevalence and hence mortality. The number of individuals surviving the

epidemic decreases drastically. Second, the time to peak infection and mortality

shortens. When B = 0.01, peak prevalence occurs at day 11, whereas when B = 0.03, it is

reduced to 5 dpe. Most importantly, in the former case there are only 6 infected fish,

whereas 17 individuals in the latter case were found to harbor bacteria. Therefore,

manipulation of key factors could help drastically decrease losses due to epizootics.

Estimation of Critical threshold Density

Theory of disease dynamics models indicates that the number of susceptible

individuals present in a host population must be higher than the critical threshold density

in order for an epizootic to occur (Kermark and McKendrick, 1927). Results obtained

here also support this theory. Usage of threshold density is similar to R0. Both

parameters test the level of effect that might result from a suspected factor for disease

spread. As shown in Figure 3.7, the response of the two parameters to varying levels of

initial magnitude of holding densities is inversely proportional. As population size
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increases, R0 increases and threshold density decreases. Furthermore, end product of the

epizootic, which is disease related mortality, is shown in Figure 3.9 and 3.10. As one

might expect, high levels of mortality resulting from an epizootic is an indication of high

levels ofR0.

In short, there is a positive exponential relationship between R0 and density,

whereas the relationship between R0 and NT is related in a negative exponential manner

(decaying). At high densities, R0 of infection spread was higher than lower densities. An

infected, as one might expect, infected more individuals at higher densities than lower

densities.

CONCLUSIONS

In spite of its characteristic simplicity, the deterministic model used in this study

was able to closely described results observed in in vivo experiments. Other variables

such as fish size, temperature and pathogen dose could be integrated into the model to

enhance its robustness. These kinds of strategic models would have strong implications

in the field of fish diseases since they are used for reality and precision. This kind of

models uses realism and precision sacrificing generalism in their use. That is why, they

offer predicting power that could be used in specific situations to make necessary

manipulations in the system. For example, certain population could be immunized below

= 1 level in order to prevent spread of disease.

Reproductive ratio was associated with initial population size. As host density

increased, R0 also increased.
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Figure 3.9. Levels of epizootic depending on the levels of transmission coefficient (13) in
a population size of 43 susceptible animals (I = 1, S = 43, a = 0.287, y = 0.00067).

Figure 3.10. Levels of cumulative mortality at different levels of transmission coefficient
(13) in a population size of 43 susceptible animals (1= 1, S = 43, a = 0.287,1 = 0.00067).
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Our results also suggest that the level of densities used in the hatcheries should be

at the higher end of the scale if a furunculosis epidemic should occur under similar

conditions. Maintaining at these densities probably would not be economical, however,

if various diseases are continuously problem in the hatchery or fish farm, fish densities

practiced should be reevaluated.
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ABSTRACT

Three series of experiments were carried out with infectious hematopoietic

necrosis virus (IHNV) in rainbow trout (1.2-3.lg) to determine the patent period, the

effects of on infection transmission and the contagiousness of the pathogen. It was

determined that virus was transmitted from infected rainbow (donor) trout, Oncorhynchus

mykiss, which had been bath exposed to IHNV to recipient fish after 24-hour-

cohabitation. In order to determine dependence of infection transmission on host holding

density, trout held at 7 densities (8, 4, 0.63, 0.31, 0.16, 0.08 and 0.0 12 fishlL) were

challenged with by cohabitation single infectious donor. The density and IHNV

prevalence in recipient fish were positively associated. No transfer of virus occurred at

the two lowest densities (0.08 and 0.011 fishfL). Finally, in order to determine the

number of secondary cases produced by one infectious individual, approximately 50

rainbow trout (-3.1 g/fish) in replicate tanks were exposed to a donor fish that had been

infected with IHNV by bath exposure 3 days earlier. It was found that the level of

prevalence in recipient fish rose from 0.84% at 2 days postexposure (dpe) to 7.9% at 6

dpe. Maximum incidence occurred between 2-4 dpe; virus was not detected in fish No

disease specific mortalities occurred during the experiment. The titer of virus in both

recipient and donor fish sharply increased from the 2d to the 4th dpe. There was a strong

positive relationship between mean level of infection among donors and prevalence

values among recipient fish.
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INTRODUCTION

Infectious hematopoietic necrosis virus (IHINV), a rhabdovirus, causes a disease

(IHN) characterized by extensive necrosis of hematopoietic tissues in early life stages of

economically important salmonids. It is enzootic in Northwest Pacific of North America

(Parisot et al. 1965, Amend 1975), but it has been detected in other parts of the world

including Taiwan (Chen et al. 1985), Belgium (Hill 1992), Italy (Bovo et al., 1987),

France (Laurencin 1987) and Japan (Sano et al. 1977). Infectious hematopoietic necrosis

primarily affects members of the genus Oncorhynchus, but members of Salmo and

Salvelinus also are affected (Bootland and Leong, 1999).

The virus can be transferred horizontally via feces, urine, ovarian or seminal fluid

(Pilcher and Fryer 1980, Mulcahy et al. 1983a; 1983b; Mulcahy and Batts 1987) and

during epizootics, it can be detected in hatchery water (Leong and Turner 1979). Vertical

transmission of the virus occurs but is not a frequent event (Bootland and Leong 1999).

There is some evidence that other aquatic organisms could potentially serve as vectors for

the virus. IHNV was isolated from a freshwater leech (Piscicola salmositica) and a

copepod (Salmincola sp.) taken from the gills of infected, spawning salmon (Mulcahy et

al. 1990). It has also been isolated from mayflies near IHN epizootic sites (Shors and

Winston 1989b).

The epizootiology of the disease has been little studied. Evidence indicates that

the main portal of entry for the virus is the gills (Mulcahy et al. 1983a, Burke and

Grischkowsky 1984, Drolet et al. 1994) with a subsequent viremia causing lesions in

various tissues. In 1 month-old rainbow trout, the epidermis of the pectoral fins, opercula
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and ventral body surface contained viral antigen at 1 day post exposure (dpe) (Yamamoto

et al. 1990). By the second day, kidneys and on the third day gill tissue harbored

significant virus concentrations in tissues.

Small fry or fingerlings are especially vulnerable to the IHN (Amend et al. 1969;

Plumb 1972, LaPatra 1990a) mortality rate can be high: type 1(Oregon) and type 2

(Idaho) 11INY isolates produced IHN related mortalities up to 96 and 32%, respectively.

Concentrations of the virus ranged from 104.2 to 106 plaque-forming units/g of tissue. It

has been reported that the virus could be isolated up to 50 days after an epizootic in

young rainbow trout (Amend 1975, Bootland eta! 1995 and Drolet et al. 1995) but not

after that.

Survivors of an IHN epizootic are thought to be carriers or latently-infected

(Amend 1975). Mulcahy et al. (1982) suggested that 100% infection rate in susceptible

individuals may result from reactivation of IHNV in life long carriers. However, it is not

clear whether survivors of an epizootic will continue to carry and shed virus or become

reinfected (Drolet et al. 1994).

In this study, the early stages of IHN infection in rainbow trout and its

relationship to host density were studied, with a particular emphasis on the infection rate

and effects of host density on incidence, prevalence and lethality.. Our goal here was to

determine when development of infection can be initiated by a single infectious fish in a

susceptible population of rainbow trout. In order to accomplish this goal, we designed 3

main experiments with the same stock of rainbow trout; the patent period, density

dependence and contagiousness experiments.
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MATERIAL AND METHODS:

ELsh. Rainbow trout (approximately 1.2 g.) were kindly provided by the Oregon

Department of Fish and Wildlife (ODFW), Oak Springs Fish Hatchery, OR, and were

used in the experiments described below. Stock fish were held in im circular tanks in a

volume of 366 L, aerated with spargers and held at a temperature of 16-17 °C in

dechlorinated city water supplied at a flow rate 3.5-4.1 Limin. Fish were fed once a day

at a ratio of 1% body weight with biodiet (Bioproducts, Inc. Astoria, OR) pelletized feed.

Fish were acclimated about 1 month before using in the experiments.

Virus cell culture. The IHNV isolate (193-110) used for these studies was originally

isolated from rainbow trout in the Hagerman Valley of Idaho (Roberti, 1987). The stock

of IHNV for bath exposure was prepared by passing once in 1-2 g. rainbow trout by bath

exposure. It was then passed once in vitro on the EPC cell line (Fijan et al. 1983), titered

and held in liquid nitrogen until use.

The presence of IHNV was determined by plaque assay on EPC cells as described

by Burke and Mulcahy (1980) modified by treatment with polyethylene glycol (PEG) as

recommended by Batts and Winton (1989). Whole fish homogenates were weighed,

diluted 1:5 (wlv) in Eagle's Minimum Essential Medium with Earl's salts (MEM) (Sigma

Chemical Company, St. Louis, MO), without serum but containing pen-strep (20 units of

penicillin and 0.02 mg streptomycin per ml (Sigma Chemical Company, Louis, MO), and

centrifuged to remove debris. Two different dilutions (102 and 1(Y3) were placed into

replicate wells of 24 well plates containing EPC cells. Virus homogenates were absorbed

to the EPC cells by gently rocking for an hour at room temperature. Exposed cells were

then overlaid with 0.75% methylcellulose in complete MEM and plates were incubated at
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18 °C. The wells were examined for plaque formation 3 days and 7 days after exposure.

The wells were stained with crystal violet in formalin (25% formalin, 10% ethanol, 5%

acetic acid and 1% w/v crystal violet) and plaques were counted.

Experimental design:

For determination of the infectious dose to be used for subsequent experiments,

stockfish (50 fish/replicate) were transferred to experimental tanks (7.5 L.) in aerated

containers. Three replicates and one control tank were used per concentration

tested/treatment. Average fish size during the experiment was 1.52 g. and fish were fed

once daily at the rate of 1% body weight. Bath exposure of the fish to varying

concentrations of virus was conducted for 6 hrs with static water under continuous

aeration. The flow (-250 mi/L) was then resumed and feeding was resumed after 24 hrs.

Exposure temperature was 16 °C. For the duration of the experiment (14 days),

mortalities and moribund fish were noted daily and examined for disease signs. At the

end of the experiment, all survivors were examined for disease signs and tested for the

presence of the viral agent in five fish pools from each tank.

Infection of donor fish for all experiments. Donor fish (rainbow trout infected with

IHNV) were obtained by bath exposure of rainbow trout to i05virus/mi MEM for 6 hrs at

16 °C with aeration. Three tanks (7.5 L.), two for exposure to IHNV, the other for control

(100 fish exposed to MEM), with 100 fish in each were prepared for production of
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"donor fish" (diseased fish). The same procedures were used in preparation of donor for

each experiment described below.

The patent period experiment:

The experiment described below was conducted in order to determine the time

period between initial exposure to virus and the time when exposed donor fish became

infectious. The experiment was carried out in 7.5 L. aerated tanks, each tank containing

50 fish (mean weight = 1.5 g.). Tanks were randomly assigned to treatments. Three

replicates for each treatment were used, plus one control (exposed to MIEM).

Considering the completion time of the bath exposure as day 0, five donor fish were

randomly selected and put into each of 3 replicate cohabitation cages (15x15x9 cm) with

screening to prevent direct contact between donor and recipient fish. After immersion in

a clean tank at a high water flow rate for 1 hour to rinse any remnants of agent off the

cage and fish, the cages were placed into each of the 3 replicate tanks containing

approximately 50 naive fish assigned randomly. At the end of a 24-hr cohabitation

period, donor fish and control fish in the cages were killed with an overdose of tricaine

methanesulfonate (MS-222) and assayed for the presence of IHNV in cell culture as a

single pool (five fish per day). The same procedure was repeated daily over a period of 8

days. Recipient fish were monitored for a period of 17 days post exposure. Mortalities

were removed daily and examined for virus and disease signs during the experiment. At

the end of the experiment, all remaining fish in the tanks were euthanized and examined
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for the presence of IHNV in 10 fish pools. Thus, for each day 15, ten fish pools were

tested for virus (5 per tank, 3 replicate tanks).

Density Dependence Experiment:

To determine whether there is a relationship between holding density and the

transmission of IIINY, rainbow trout held at different densities were exposed to the virus

by cohabitation with a single infected fish (donor). The densities used and related

information are shown in Table 4.1. Donor fish used in this experiment were prepared as

described in the development of the infectiousness experiment. Densities ranged from

0.011 to 8 fish/L. with either 30 or 60 fish (2.8-3.1 g.) per tank. A single putatively

infectious donor fish was held with the recipient fish for the duration of the experiment,

11 days. Water temperature was 16 °C. When any donor fish died during the experiment,

it was tested individually for the presence of virus. Surviving donors were tested as well

to determine their infection status and virus titer.

Contagiousness experiment:

In order to determine the number of animals infected from a single infectious

individual, the experiment described below was designed. The experiment was carried

out in 7.5 L. aerated tanks (21 tanks for treatments and 3 for controls) that were randomly

assigned to treatments. Each replicate contained approximately 50 fish (mean weight 3.1

g.). Seven replicates for each treatment were used. The same method described in the
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the patent period experiment for the production of donor fish was also used in this

experiment. At the end of 3 day of postexposure, one donor marked by fin clip was

released into each of the 21 treatment tanks; each control tank contained one fish exposed

to MEM. Every other day (2, 4th, 6th days postexposure), 7 tanks were randomly

selected, all of the fish euthanized with an overdose of anesthetic and examined

individually for disease signs and presence of IHNV; one of the control tanks was also

selected daily and all fish were euthanized, and tested for the presence of JHNV in pools

of 10 fish. Mortalities in all tanks were recorded, and examined for disease signs and

presence of the agent by homogenizing whole fish. Temperature during the experiment

was 16-17 °C and flow rate was adjusted to 250 mI/mm. (tank turnover rate =1.68 times

Ihour).

RESULTS:

In order to produce infected (donor) fish to cohabitate with recipient fish,

approximately 100 fish were exposed to IHNV (2x105 pfu/mL) by bath exposure. Donor

fish used daily for cohabitation in cages were tested for the presence of the virus as poois

of five fish. The virus titers in donor fish ranged from undetectable to approximately

i0 p.f.u./g (Figure 4.1). The virus levels were highest at days 6, 7 and 8. Generally,

IHNV-related mortalities among donor fish began at day 3 and continued for 2 weeks, by

which time 90% had died.
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Table 4.1 Densities of rainbow trout tested and their specifications in terms of tank
volumes, number of fish used, water turnover rates

Tank number of Density Number of Turnover rate
Volume fish in each (fisWL) replicates (tank volumes/day)

(L.) replicate.
7.5 60 8 5 40.3

7.5 30 4 4 40.3

95 60 0.63 5 4.5

95 30 0.32 5 4.5

366 60 0.16 5 5.9

366 30 0.08 5 5.9

2500 30 0.011 3 2.0
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Patent period:

In order to determine the time period required for rainbow trout exposed to IHNV

by bath immersion to become infectious and transmit the virus to susceptible fish, 5

donor fish were removed at various times of postexposure and placed in a cage and held

with approximately 50 susceptible fish for 24 hrs. It was found that donor fish cohabited

with recipient fish 1 day after postexposure were able to transmit IH1NV to recipient fish

(Figure 4.1). No transmission occurred in 11 pools (approximately 10 fish per pool)

tested on day 2, even though the donor fish used in the tank had low levels of the virus in

1 of 13 pools of 10 fish (Figure 4.1) (Note that each replicate tank was pooled in 10 fish

groups to test. So there were mostly 3 of 4 samples from each replicate tank.).

None of the fish that died among control or recipient fish during the experiment

was positive for virus. The prevalence levels from each treatment unexpectedly were

low. At days 3, 4 and 5, surviving recipient fish were found to be infected at a rate

between 7.5-20% (Figure 4.1). However, from day 6-8, no virus was detected among

fish which had died (n = 38) or survivors (n = 565 survivors)

Background mortalities in the treatment tanks of day 0 and day 1 were high in this

experiment (25 and 33% respectively). Background mortalities occurring early in the

experiments (day 0 and 1 treatments) stopped at day 2 and later day treatments (average

of 7.4%). In the control tanks, average natural mortality rate was 8.05 percent (4 fish per

tank).
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Figure 4.1 Presence of IHNV in naïve rainbow trout population cohabited with five
donor fish. Five donor fish exposed to IIINV by bath exposure were held in cages with
approximately 50 recipient fish for 24 hrs. Then all donor fish were sacrificed and tested
for the presence of IHNV. The recipient fish were held for 14 days during which
mortalities were recorded and tested for the presence of IHNV. At the end of the two-
week experimental period, all fish were euthanized by excess MS-222 and fish tested for
the presence of I}INV in 10 fish pools. For each treatment 3 replicates were used.
(D = Total number of samples from 3 replicate tanks, = number of positive pools
and 0' = level of virus (p.f.u. /g) in whole fish ).
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Density Experiment Results:

In order to determine whether population density influences the transmission of

IHNV and the development of IIIN disease, rainbow trout at various densities were

challenged by cohabitation with a single donor fish (Table 4.1). It was found that host

density had significant effects on the prevalence levels of IHNV among rainbow trout

(Figures 4.2 and 4.3). No transfer of virus occurred at the two lowest densities (0.011

and 0.083 fishlL), although all donor fish in each of three replicate tanks (total of 6 fish)

died of IHN either at day 3 or 4 postexposure. Of the total of 33 donor fish used in 33

treatment tanks, 21 of 25 which died during experiment were infected with IHNV and 5/8

donor survivors were positive for IITNV. Thus, 26 of 33 donors were found to be

infected with IHNV. There were two tanks with infected recipient fish where donors

were found to be negative when tested in cell culture. The four other surviving donors

were negative for the virus.

There was significant positive association between density and IHN prevalence

(non-linear regression test, P(2) = 0.00 1 1). In one replicate 7.5L tank with 30 fish, the

prevalence level was 25% whereas others had no or very low prevalence (See Table 4.2).

Prevalence levels unexpectedly were slightly lower in the set of densities with 60

fish/volume than the set with 30 fish/volume (Figure 4.3, Table 4.2). Prevalence values

and densities were correlated in densities obtained using 60 fish (x2 test, P(2) = 0.004).

There was no correlation between prevalence values and densities formed using 30 fish

due to high variation (2test,P(2) = 0.12, See Table 4.1) and also due to the few number

of (cases 6 out of 17 fish) that a virus prevalence was recorded.



Table 4.2 Infection and IHN related mortalities at four different holding densities. Thirty or 60 rainbow trout (2.8-3.1 g) were
exposed by cohabitation with a single donor fish for 11 days. Then, prevalence values were determined testing each fish
individually using plaque assay on EPC cell lines

Mliii

tIEIcIIi

__i____
*CM = Cumulative mortality, tNI = Number infected, ***IM = Infected mortality. Bolt "n" indicates that donors used in the

corresponding tank was infected.
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Figure 4.2 Relationship between fish densities (fishfL) and prevalence (Mean±SE of 5
replicates for each volume) of IHNV. 30 or 60 recipient fish held in various volumes
were challenged with one infected donor fish for 11 days. Then, the recipient fish were
killed with excess MS-222 and tested individually for the presence of IHNV on EPC cell
lines. (There was a single case that 25% morality was obtained with 30 fish/volume)

Figure 4.3 The mean IHNV prevalence levels (Mean±SE of 5 replicates) in seven
different water volumes tested with rainbow trout. Thirty or 60 recipient fish were
challenged with one infected donor fish (exposed to IHNV by bath for 6 hrs) for 11 days.
Then, the recipient fish were killed with excess MS-222 and tested individually for the
presence of IHNV on EPC cell lines
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The prevalence levels between two sts of densities (30 fish and 60 fish/tank) were not

statistically different (students t test, n = 15, p value = 0.6069) from each other.

As shown in Figure 4.3, as density decreased, the level of epizootic also sharply

decreased. This is another way to look at the effects of the density in a logarithmic

relationship.

Contagiousness experiment

In order to determine the number of secondary cases produced by one infectious

individual, approximately 50 rainbow trout (-3.1 g) in replicate tanks were exposed to a

donor fish that had been infected with IHNV by bath exposure 3 days earlier. Typical

disease signs among donor fish were noted 3 dpe included darkening, exophthalmia and

fecal casts. Fish in 7 replicate tanks were harvested at days 2, 4 or 6 days after initiation

of the cohabitation experiment. As shown in Table 4.3 and Figure 4.4, IHNV was

detected at all three days of sampling in recipient fish. At day 2, only 3 of 7 donor fish

were found to be infected with virus. Virus titer ranged from i033 and ion' pfu/g of fish.

Of the 3 tanks of recipient fish housed with infected donors on day 2 were found to have

infected fish and the prevalence in each tank was low (2% to 4% respectively). By 4 dpe,

all 7 donor fish were infected with titers ranging between 102.7 and iO" p.f.u.Ig. Infected

recipient fish were detected in 5 out of 7 tanks, with prevalence ranging between 2 and

16%. Similarly, at 6 dpe, all 7 donor fish were infected with IHNV at titers

approximately the same as 4 dpe. Again 5 out of 7 tanks contained IHNV-infected fish

but the number of infected recipient fish was higher than day 4.
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Table 4.3. Results of contagiousness experiment.. Twenty-one tanks (50 rainbow trout
each) were challenged with a single H-INV infected fish by cohabitation. Second, fourth
and sixth days of postexposure, seven tanks randomly selected were terminated along
with a control and tested individually every fish for the presence of the virus (controls
were tested as pools of 10 fish).

IHNV titer In Cumulative Number Infected Ratio
Days Replicate n Donors (pfu/g) Mortality Infected Mortality infected

1 50 10500 0 1 0 0.02
2 53 0 0 0 0.00
3 47 0 1 0 0.00

2 4 53 3500 2 0 0.00
5 53 2000 0 2 0 0.04
6 50 0 0 0 0.00
7 51 0 0 0 0.00

control 52 0 1 0 0

Average 51.13 2290 0.375 0.0073

1 50 6500 0 1 0 0.02
2 44 37500 2 5 0 0.11
3 50 44500 2 3 0 0.06

4 4 50 500 1 0 0.00
5 51 142000 1 5 0 0.10
6 50 1000 1 0 0.00
7 50 200000 2 8 0 0.16

control 50 0 0 0 0

Average 49.38 61710 2.75 0.056

1 49 100000 1 8 0 0.16
2 51 88000 3 4 0 0.08
3 54 200000 4 10 2 0.19

6 4 49 94000 0 3 0 0.06
5 45 12500 2 0 0.00
6 46 9500 2 2 0 0.04
7 49 500 1 0 0.00

control 51 0 2 0 0

Average 49.25 72070 3.375 0.069
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None of the mortalities occurred at day 2 or 4 dpe was positive for virus. There were 2

mortalities that were positive for IHNV on day 6. Mortalities from all three control tanks

were free of IHNV.

The amount of the virus in both recipient and donor fish sharply increased from

the 2" to 4th dpe (Figure 4.4). The increase between day 4 and 6 dpe was slight. The

pattern of the virus levels in donor and recipient fish also was representative of the level

of prevalence in the corresponding treatments (4 and 6 dpe). The same pattern of the

virus levels in donor fish was also reflected in virus levels in recipient fish. The level of

virus from donors increased 12.3 times from day 2 to 4 of dpe, whereas prevalence in the

recipient fish increased 7.6 times in the same period. Between day 2 and 6 dpe the level

of infection in donors increased 34.3 times as IHNV prevalence in recipient fish

increased 9.5 times. There was a significant relationship (non-linear regression analysis,

P(2) = 0.0006) between the level of infection among the donors and prevalence values

obtained from recipient fish with which they were cohabitated (Figure 4.5). As intensity

of infection among donors increased, the level of prevalence among recipient fish also

increased. Mean level of virus was significantly higher in cohabitant donor fish than the

recipient fish (t-test, P(2) = 0.0059).

DISCUSSION

Development of infectiousness:

These laboratory experiments were designed to emulate the consequences of the

introduction of an IHNV infected fish into a naive population of fingerling trout.
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Figure 4.4 Level of IHNV (Mean ± SE pfu/g) at 2,4 and6 dpe. Each of2l tanks holding
approximately 50 fish was challenged with a single infected rainbow trout (bath exposed
to IHNV). At the 2nd th and 6th dpe 7 randomly selected tanks were terminated. Every
fish used in the experiment was tested for IHNV using cell culture.

Figure 4.5. The relationship between the titers from donor fish and level of prevalence in
recipient fish. Each of 21 tanks holding approximately 50 fish was challenged with a
single infected rainbow trout (bath exposed to IIINV). At the 2' , 4th and 6th dpe 7
randomly selected tanks were terminated. All of the fish were euthanized with excess
MS-222 and individually analyzed for the presence of IHNV. There were four donors
that were negative for virus. The prevalence values from 4 tanks that these donors used
were also all negative.
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Donor fish were produced by bath exposure to a high dose (approximately i05 p.f.u./mL)

of the virus, a situation comparable to water-borne infection at a hatchery situation during

an epizootic. The focus of the experiments, however, was the potential initiation of

infection by a single fish as the infectious unit. Thus, single bath infected fingerling were

placed in tanks with unexposed fish and the infectious process was monitored. As

expected, the bath exposure method was very efficient in producing infected fish (>95%

infected) accompanied by high mortality (75%). The dosage used (1057pfu/ml water)

was higher than recorded levels from earlier field studies (20 p.f.u.Iml) in a river (Batts

and Winton 1989) and in order to assure high infection rates, the water flow was also

halted for the 6h exposure period. When infectious trout were cohabited with other fish

the virus which was released was sufficient to initiate a primary infection, but not frank

disease in cohabitants. Virus titers in bath exposed donor fish were generally between

io and io p.f.u.Ig. Thus under the conditions of these experiments, a single infected

trout introduced into a population can initiate infection, and subsequent secondary and

tertiary infections could lead to epizootics of IHNV. This is first time a study of the

initiation of the infectious process by IHNV has been undertaken. We were particularly

interested in the first 6 days of the process, since after the primary infection had occurred

secondary and tertiary infections would have make it extremely difficult to assess which

infected fish derived from which "pulse" of infection (primary, secondary). Further

experiments should be undertaken to expand these studies.

One point of interest was to determine the duration of the patent period (time prior

becoming infectious), that is, the time after exposure during which the pathogen is not

transmitted by indirect contact to susceptible trout. The results obtained here suggest that
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3 days were necessary for rainbow trout exposed to IHNV by bath to become infectious

and start shedding virus. There was, however, 1 014 pools that were positive at day 0. It

is unlikely that donor fish become infected and IHNV replicated rapidly and began

shedding virus one day after exposure to IHINV by bath, because then at 48 hrs there

would have been more fish infected. However, none of 4 pools was positive for the virus

2 days after initiation of cohabitation experiment. The single positive pooi at day 0 may

have resulted from the presence of the virus on the skin, gill or mucous, which then

sloughed off to infect others. Yamamoto and Clermont (1990) found that virus was

present in gills and intestine of 2 month old rainbow trout 16 hrs postexposure. Virus

was still present in the gills 24 hrs postexposure but not in any other organs. They did

not test mucus. Yamamoto et al. (1990) also detected virus on the body skin (ventral) of

rainbow trout 24 hrs after exposure. In the latter two studies the same IHINV isolate 1(93-

110) isolate was also used. Thus, it is possible to observe viruspresence shortly after

exposure of the host. Presence of the virus on the host may indicate virus replication as

the authors above suggest or maybe remnants of a recent infection as our study suggests.

It is possible that during the first day a single round of IHNV replication could have

occurred in epidermal cells of the skin.

It is interesting to note that no virus was detected in recipient fish after 6 dpe,

even though the mean level of infection of donors continued to rise, reaching 0.7x105

pfu/ml (Figure 4.1). This results suggests that donor fish did not efficiently shed virus 9,

10 and 11 days after they were exposed to [HNV as opposed to the 6, 7 and 8 days of

their being infected. Earlier studies had indicated that the presence of virus in infected

fish is transient. The virus could be isolated up to 50 days after an epizootic in young
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fish (Amend 1975, Bootland et al. 1995 and Drolet et al. 1995). Similarly, Amend

(1975) reported that the virus could not be isolated within 3 weeks after an epizootic or

over the next 2 years till sexual maturity at which time 33% of the fish were infected with

the virus. Drolet (1998) indicated that the virus may be present as defective interfering

particles which would not have been detected in cell culture. Our experiment differs

from the studies mentioned above in that we used cohabitation challenge rather than bath

or injection. Moreover, we did not observe [FIN disease in recipient fish. This indicates

that the contagiousness of this virus is low relative to other pathogens. For example, in

similar experiments with furunculosis, severe epizootic (>75%) occurred in 6 days when

a single infectious fish was released with susceptible fish (OgUt unpublished data). It was

demonstrated with IHNV, however, that an infection was established and was still

increasing at day 6. Thus, it is possible that epizootic could have occurred later in the

infection.

Secondly, we were also interested in determining whether cohabitation with donor

fish would be sufficient to transfer IHINV to recipient fish. The cohabitation method for

infection transfer is the more natural way of infection transfer. It emulates arrival of an

infected individual into a naïve population. This type of infection could be especially

important at the spawning grounds. This is especially the case with IHNV which is shed

in sexual products at spawning (Burke and Grischkowsky, 1984). The fish occupies low

water flow areas and interacts with other fish in the same ground often at high density.

Added stress due to physiological changes related to spawning make the fish especially

vulnerable. This is especially in a river system where smaller fish in groups utilize pools

to evade predators. This could also result in enhanced infection transfer. Our results
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strongly demonstrate that transfer of virus is possible via cohabitation even with a single

donor fish. Moreover, in the density experiment, a single infectious fish held tanks at

various densities (0.011-8. fishfL) was able to transfer the virus to recipient fish leading

to infection with IHNV (average of 1.7 to 5.7% prevalence). Under the conditions of

these studies, no disease was observed among recipient fish. It is known from the

literature that IHNV can be transmitted to other fish by cohabitation (Pilcher and Fryer,

1980). Generally, among researchers bath or injection is method of choice for

experimental IHN. There are limited studies carried out using cohabitation. In a report

was published by Traxier et al. (1993), sockeye salmon (0. nerka) and Atlantic salmon

(Salmo salar) were cohabited in the same holding area. Sockeye salmon were injected

with IHNV type 3 isolate, which did not result in virus transfer between the same species

but transfer did occur between donors and Atlantic salmon. Similarly, chinook salmon

were injected intraperitoneally with virus and cohabited with Atlantic salmon and

chinook salmon. No transfer of the virus occurred among cohabited fish. Lastly,

Atlantic salmon were infected with the virus and cohabited with naïve Atlantic salmon,

chinook and sockeye. There was no virus transfer between injected Atlantic salmon and

susceptible chinook salmon, but virus were found in recipient Atlantic salmon and

sockeye. Note that in this experiment infected fish were fin clipped and, as in our

experiment, kept in the same tank without cage or any other separator.
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Density Dependence:

In these studies we evaluated the relationship between the density of recipient fish

and the effect on the transmission of IHINV. Our results show that there is a direct

relationship between density of host and IHNV prevalence using a single infectious

individual (Figures 4.2 and 4.3). This demonstrates that density is a key factor in

determining the level of infection outcome after exposure to II.HNV by cohabitation. At

the largest tank volume tested, 2500L, containing 60 fish (0.011 fishlL) the virus was not

transmitted to susceptible fish in spite of the fact that 2 out of 3 donor fish were infected,

and presumably infectious. Thus, this concentration of fish is likely below the threshold

density for LHNV.

Density dependence of infection spread has been reported for: golden shiner virus

(Schwedler and Plumb, 1982), Ichthoptherius (McCallum, 1982) and flavobacteriosis

(Ahne, 1980). Mulcahy and Bauersfeld (1983) reported that egg and alevin densities

were important factor in determining extent of mortalities caused by IHN. They tested

three different densities of eggs (9x105, 6.5x105 and 3.5x105 eggs per box) to be hatched

in incubation boxes in river water. This comprised less than a 3-fold range of density

tested. The mortalities at the highest and medium density exceeded 90%, whereas at the

lowest density mortality was approximately 40%. It was suggested that high densities

formed after hatching contributed to high mortality. It was also stated that natural

epizootics of IHN were unlikely due to low densities of eggs and alevins. Note that in

our study, a much wider range of densities (more than 300-fold) was selected. It may not

be possible to see differences in prevalence values at smaller densities. The restricted

range of densities used previously may not have been sufficient to show an effect.
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LaPatra et al. (1991b) also did not detect any difference in prevalence values coming

from two densities formed with 25 and 50 fish per tank. It was suggested by Traxier

(1986) an IHNV epizootic in 2-year-old kokanee, 0. nerka, at Lake Cowichan, BC, may

have involved increased densities caused by schooling at spawning.

Another study to determine the effect of host density was carried out by Mulcahy

et al. (1983). It was concluded that fish density was a factor determining infection rates

and virus titers. Samples from 50 females kept in side channels and another 50 samples

from the females in the river were taken. Prevalence in females in the side channels was

100% (4.9x104 p.f.u.Ig.), whereas 85% of females from the river were infected with lower

levels of the virus (2.2* iO p.f.u./g). They also placed one box with 50 fish (yearling)

each in side channel and laboratoiy to compare virus levels in two areas. IHNV was

isolated from 3 of 10 yearling removed for sampling from the side channel after a week.

Two weeks later, infection rate of yearlings held was 90% and 21 days later there was a

gradual increase of virus titers in the gills and viscera to 2.7 x iO4 p.f.u./ml. No virus was

detected in the fish held in the laboratory (50 fish/tank). They suggested that low water

flow and high density of spawning salmon penned in the side channel caused an increase

in prevalence and virus titers in the fish.

Initial holding densities for rainbow trout at the Pacific Northwest hatcheries are

between 25-30 fish per liter (personal communication, Ras Rehis, ODIFW, Nehalem

Hatchery) much higher than the ranges tested in this study. It is likely that the lower

densities used in this study may have resulted in the lower prevalence levels observed. In

addition, the fish were held for only lid and a single infectious fish was housed with

recipient. In hatcheries, as fish grow, density, in some cases, triples. However, the
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number of fish per unit area is reduced by more than half (Personal communication, Ras

Rehis, ODFW, Nehalem Hatchery). This application would give more space for fish and

also would reduce indirect effects of density related pollution. Providing more space to

the animals is analogous to a decrease the likelihood that an animal comes into contact

with an infectious animal or agent. In short, considering the mass action principle, the

number of animals in a unit volume is important. Therefore, in management, decreasing

number of animals in a pond is actually indirectly manipulating the interaction between

infected and susceptible animals to decrease the probability of number of successful

contacts.

Contagiousness Experiment:

In the contagiousness experiment, it was found that one infectious fish (donor)

could infect on average 1.56 fish during before it died of ThIN. This would indicate that

the IHNV infection would spread among susceptible fish, albeit slowly. In contrast, other

studies in our laboratory found that one fish infected with Aeromonas salmonicida, the

agent of furunculosis, was capable of infecting more than 3 fish infected on average

(OgUt., unpublished data). The amount of virus released from a single infected individual

infected with this virus would probable not be sufficient to initiate a wide spread

epizootic, although secondary and tertiary infections could start an epizootic after longer

periods of time. The low prevalence and lack of frank disease was not a result of inherent

resistance on the part of the fish used in the experiment, since mortality reached 90%

after 14 days. Consequently, the absence of disease and low prevalence was likely the
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result of the use of a single infectious fish which released only small quantities of IHNV

relative to the volume and flow rate. Thus dosage of pathogen as anticipated, and time

exposed could be important factors in initiation of an IHN epizootic.

To summarize, these experiments indicate that a single infectious individual

housed with susceptible fish at densities excluding approximately 0.1 fishlL is capable of

transmitting IHNV. The early stages of the infectious process in population are moderate

but accelerate with the time. This is the first investigation into the mechanics of the

IHNV infectious process in fish. Data gathered here will be used to construct

deterministic models of the dynamics of IIINV infection.
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ABSTRACT

Experimental infections of rainbow trout (0. mykiss) with IHNV were conducted

to determine infection dynamics of IHNV. It was found that models based on the mass

action theory, which states that the rate of infection in susceptible animals per unit time is

a product of number of susceptible and infected individuals times the transmission

coefficient (f3), were successfully used to simulate the experimental results of IHNV

spread in trout obtained in the laboratory experiments. Prevalence and incidence data

were collected for the first 6 days of the infection process. The mean value of the

transmission coefficient (13) for IHNV infection spread was estimated to be 0.008

(individuals*day)4. The disease-specific mortality rate (a) of infected individuals was

found to be 0.15 infected animals*day4. The reproductive ratio (R0), which is the

average number of secondary cases produced by one typical primary case during the

entire period of infectivity, was 2.57.

The holding density of the fish was tested for its effect on the spread of the

pathogen. It was found that the initial holding density exponentially related to the

magnitude of IIINV spread in the population.

INTRODUCTION

Infectious diseases (microparasites such as viruses, bacteria or protozoans, and

macroparasites such as helminthes) can regulate host populations as much as predators

(Mena-Lorca and Hethcote, 1992). Interactions between sick (infected) and susceptible

(non-immune) individuals can be explained by the mass action theory, commonly used to
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explain the interaction between predators and prey in ecological models. The studies of

Kermarck and McKendrick (1927, 1932 and 1933) established the foundations of disease

dynamics utilizing the above concepts. Later, the dynamics of infectious disease were

further elaborated by the reviews of Anderson and May (1979), and Anderson (1982).

Key components such as critical threshold density (NT), basic reproductive ratio (Re) and

transmission coefficient (13) were further evaluated. Since then various attempts have

been made to apply these mathematical concepts into real world situations. For example,

one of the most recent works on evaluation of disease spread reported was on a zoonotic

cattle disease in Great Britain (Woolhouse and Anderson, 1997). The study estimated the

change in the invasiveness of bovine spongiform encephalopathy (B SE) by calculating

the average range of the basic reproductive rate values, which is an indicator of the

invasiveness per year (between 1994 and 1997).

In the fish disease literature, the area of epizootiology has been long neglected,

whereas various aspects (biological, chemical and molecular) of disease causing agents

have been extensively reported. In recent years, a few limited studies dealing with

epizootiology of fish diseases have been published. McCallum (1985) investigated the

population dynamics of Ichthyophthirius multiflhiis in black mollies, an aquarium variety

of Poecilia latipinna (Lesueur). Babek (1996) attempted to explain infectious pancreatic

necrosis virus (IPNV) epizootics in rainbow trout (Oncorhynchus mykiss). Finally, we

carried out an extensive study to determine the dynamics of furunculosis disease in

chinook salmon (Ogtlt, 2001 thesis). In our earlier study, the mass action theory was

successfully applied to explain the dynamics of furunculosis epizootics in chinook

salmon. The mathematical models simulated the results from the experimental data.
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Moreover, other properties, such as reproductive ratio and threshold density, were also

extensively studied.

Aquaculture of salmonids is prominent worldwide and invariably rears fish in

large number of them at high densities. Disease in these hatcheries can lead to the

contamination of wild fish; conversely, infected wild fish can contaminate hatchery

stocks with catastrophic outcomes. This study was designed to study the infection of

IHNV spread in rainbow trout population. Epizootiology of IHNV should be studied to

provide more insight into the disease in order to control or decrease the spread and

economic losses due to IIINV. The existence of a deterministic dynamics model would

allow studying multiple factors affecting the level of prevalence of many diseases of

fishes. At this stage of the investigation, the deterministic models constructed will mimic

basic properties of an IHN disease epizootic such as change in the compartments of

infected (I), susceptible (I) and removed (R) classes over time. A disease epidemic is the

result of a complex combination of environmental, host and pathogen related factors

(Snieszko, 1974). Therefore, further refinement of the models will be needed in areas

that are known to affect disease outcomes such as fish age, temperature and other stress

inducing factors to obtain the best results in predicting disease outcome

MATERIALS AND METHODS

Ei1i. Rainbow trout, (1.2 g.) kindly provided by the Oregon Department of Fish and

Wildlife (ODFW), Oak Springs Fish Hatchery, OR and were used in the experiment

described below. Stock fish were held in im circular tanks in a volume of 366 L
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dechlorinated city water, aerated with spargers and held at a temperature of 16-17 °C and

at a flow rate of 3.5-4.1 L/min. Fish were fed once a day at a ratio of 1% body weight

with biodiet (Bioproducts, Inc. Astoria, OR) pellet feed.

Virus and cell culture: The IHNV isolate (193-110) used in the study was originally

isolated in the Hagerman Valley of Idaho (Roberti, 1987). The virus was passed once

passed in 1-2 g. rainbow trout and propagated on the epithelial papulosum cyprini (EPC)

cell line (Fijan et al., 1983). Virus was titered and held in liquid nitrogen until use. The

same stock was used in all of the experiments described in methods section.

The presence of IHNV was determined by a plaque assay on EPC cells as

described by Burke and Mulcahy (1980) with a modification for the use of polyethylene

glycol (PEG) in the overlay as recommended by Batts and Winton (1989). Whole fish

samples were weighed, diluted 1:5 (w/v) in Eagle's Minimum Essential Medium with

Earl's salts (MIEM) (Sigma Chemical Company, St. Louis, MO), without serum but

containing pen-strep (20 units of penicillin and 0.02 mg streptomycin per ml (Sigma

Chemical Company, Louis, MO), and centrifuged to remove debris. Two different

dilutions (10.2 and 10) were pipetted into replicate wells of 24 well plates containing

EPC cells. The virus homogenates were absorbed to the EPC cells by gently rocking for

an hour at room temperature. Exposed cells were then overlaid with 0.7 5%

methylcellulose in complete MEM and plates were incubated at 18 °C. The wells were

examined for plaque formation 3 days and 7 days after exposure. The wells were then

stained with crystal violet in formalin (25% formalin, 10% ethanol, 5% acetic acid and

1% w/v crystal violet) and plaques were counted under inverted microscope.
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Preparation of donor fish: Donor fish were obtained by bath exposure of rainbow trout to

2xLD of IHNV (10 virus/mi MEM) for 6 hrs at 16 °C with aeration. Three tanks (7.5

L.), two for exposure to IHNV, the other for control, with 100 fish in each were prepared

for production of donor fish (diseased fish). At the end of the immersion period, fish

were fin clipped after being allowed to recover for five hours.

Density Experiment:

To determine whether the transmission of IHNV is dependent on density, rainbow

trout were held at different densities (Table 5.1). Flow rates in terms of volume changes

per day were adjusted to be as close as possible except for the smallest volume (7.5L),

which had water flow of 0.25IJmin which corresponded to 40 tank volumes per day.

One IHNV infected donor fish was held as a cohabitant with recipient fish for the

duration of experiment, 11 days. Densities ranged from 0.0 12 to 8 fishlL with either 30

or 60 fish per tank. One negative control tank was prepared for each density. Fish were

2.8-3.1 g. in weight, and the water temperature was 16 °C.
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Table 5.1. Densities used in the experiment and water turnover rates. Fish was
approximately 2.8-3.1 g in weight.

Tank Number of Density Number of Turnover rate
Volume (L) fish in each (fish/L) replicates (tank volume/day)

replicate
7.5 60 8 5 40.3
7.5 30 4 4 40.3
95 60 0.63 5 4.5
95 30 0.32 5 4.5

366 60 0.16 5 5.9
366 30 0.08 5 5.9

2500 30 0.012 3 2.0
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Contagiousness experiment:

In order to determine the daily progress of an IHINV epizootic initiated with a

single infected individual, an experiment was designed with rainbow trout (--3.1g). The

experiment was carried out in 7.5 L. aerated tanks, which were randomly assigned to

treatments. Each replicate contained 50 fish (mean weight 3.1 g.). Seven replicates for

each treatment were used. At the end of the l' day postexposure of donor fish, one donor

fish marked by fin clip was released into each of the 21 treatment tanks; each control tank

contained one fish exposed to MEM. Then, every other day (2"', 4th 6th days), 7 tanks

were randomly selected and all surviving fish from corresponding tanks were examined

for disease signs and presence IHNV; one of the control tanks was also selected daily, all

fish were euthanized and tested for the presence of IHNV. Mortalities in all tanks during

the experiment were recorded, and examined for the disease signs and presence of the

IHNV by plaque assay. Temperature during the experiment was 16-17 °C.

Data Analysis and Model Selection: It is assumed (Anderson and May 1979) that in

directly transmitted diseases, the dynamics of infection proceed according to the mass

action theory, namely the net rate that hosts become infected is the product of the number

of susceptible (S) animals times the number of infected (I) animals times the transmission

coefficient () or

Incidence (1) = 13* S * J (1)

Per unit time, a proportion of infected animals (I) make B*I potentially infective contacts.

The number of successful contacts made between susceptible and infected (infectious)
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individuals determines the magnitude of epizootic. Removed class (R) is the cumulative

amount of infected animals dying due to disease related causes.

The following models were modified from Anderson and May (1979).

=$SIyS (2)

=$SIciJyI (3)

(4)
dr

where a is the mortality rate of infected animals and y is natural mortality rate.

Assumptions related to the models above are:

a) Every individual has the same chance of coming into contact with an infectious

individual or agent. That is, the host is mixing continuously and homogeneously.

b) Animals recover from infections at a rate after which they are immune to

further infection for some period of time. This factor was ignored in this study

due to the short duration of the infection.

c) N, total population, is closed.

Estimation of parameters:

Prevalence levels in recipient fish were determined at 2, 4 and 6 days

postexposure (dpe) in order to estimate parameters 13, R0 and a (Table 5.1). In order to

estimate 13, a and y, expected and observed values for incidences of disease related
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mortality and natural mortality were compared using weighted non-linear least-squares

method. Residual sum of squares were minimized. Then, R0 and critical threshold

density (NT) were calculated from the equations given below. (Anderson and May 1979

and Anderson 1982).

N*fl

a+y (5)

where N is population size. Lastly, the critical threshold density was calculated using the

equation 6;

N a+y
(6)

Mortality rate of infected animals was calculated from density experiment since

experiments were the same in treatment and duration of the density experiment was

longer. In the contagiousness experiment, the time period evaluated was 6 days. Since a

4-day time lag for disease related mortality existed, this was also integrated into the

models.

RESULTS

Laboratory Experiments:

In order to determine the dynamics occurring between disjoint susceptible (5),

infected (I) and removed (R) classes during IHN infection spread on, an experiment with

rainbow trout was conducted. Inclusion of a single donor with approximately 50

cohabitants led to a mean prevalence level of 0.84% at 2 dpe and 6.4% at 4 dpe. Mean

prevalence level had increased significantly by 6 dpe, 7.9% (Table 5.2). There were 3
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out of 357 fish infected during the period of first 48 hrs post exposure. An increase of 19

infections between 3 and 4 dpe. Within the next 48 hrs, 5 more fish became infected.

Mortality in control tanks ranged between 0% and 4% (0-2 fish per tank). As numbers

given above indicate, the level of epizootic was generally low. There were no disease

signs observed in recipient fish. Opaque fecal casts, partial darkening and exophthalmia

were recorded in donor fish exposed to IHNV by bath.

Model Construction:

The incidence of observed infection and natural mortality at 2,4 and 6 dpe were

compared to expected incidences obtained from Equations 2, 3 and 4 using Euler's

method at a time step of quarter day.

e.g.,

+O.25 = + .O.25
(6)

Minimization of residual sum of squares (RSS) was employed by optimizing parameters

13, a and y.

2RSS=(S1)(h1 Q.-Q. MM.(I I L( (7)aS, a1 a aM1

where Q is natural mortality and M is disease related mortality
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Table 5.2 Results of contagiousness experiment. Twenty-one tanks (50 rainbow trout
each) were challenged with a single IHNV infected fish by cohabitation. Second, fourth
and sixth days of postexposure, seven tanks randomly selected were terminated along
with a control and tested individually every fish for the presence of the virus (controls
were tested as pools of 10 fish).

IHNV titer In Cumulative Number Infected Ratio
Days Replicate n Donors (pfu/g) Mortality Infected Mortality infected

1 50 10500 0 1 0 0.02

2 53 0 0 0 0.00
3 47 0 1 0 0.00

2 4 53 3500 2 0 0.00
5 53 2000 0 2 0 0.04
6 50 0 0 0 0.00
7 51 0 0 0 0.00

control 52 0 1 0 0

Average 51.13 2290 0.375 0.0073

1 50 6500 0 1 0 0.02

2 44 37500 2 5 0 0.11

3 50 44500 2 3 0 0.06
4 4 50 500 1 0 0.00

5 51 142000 1 5 0 0.10
6 50 1000 1 0 0.00
7 50 200000 2 8 0 0.16

control 50 0 0 0 0

Average 49.38 61710 2.75 0.056

1 49 100000 1 8 0 0.16
2 51 88000 3 4 0 0.08
3 54 200000 4 10 2 0.19

6 4 49 94000 0 3 0 0.06
5 45 12500 2 0 0.00
6 46 9500 2 2 0 0.04
7 49 500 1 0 0.00

control 51 0 2 0 0

Average 49.25 72070 3.375 0.069
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Table 5.3 Determination of the dynamics of IHNV infection in juvenile rainbow trout. A
single infectious trout was added to 21 tanks containing approximately 50 trout each. At
2,4 and 6 days postexposure (dpe) all fish from 7 tanks were sacrificed and tested
individually for the presence of IHNV.

Time Total Total infected Mean Number of Mean Number of
(day) Susceptible Susceptible/tank Infected/tank

0 50.0 1.00(*)
2 357 3 49.0 0.43
4 345 22 48.6 3.14
6 343 27 45.4 3.57
(*) Donor added at day 0.
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Figure 5.1 demonstrates infection process observed in the laboratory experiments for 6

days. It was found that the mass action theory, which states that the rate of infection in

recipient host at per unit time is product of number of susceptible and infected individuals

present in the population and times transmission coefficient (13), successfully simulated

the IHN epizootic observed in the laboratory experiments. Laboratory data for I class

was significantly correlated with the simulated data for I class from models (r2=0.987)

(Equations 2, 3 and 4).

The estimated transmission coefficient,
13, for the ll{NV infection spread using the

method described above was found to be 0.008 (individuals*day). Estimated mortality

rate, removal rate (a), of infected individuals was 0.15 infected animals*day'.

Under the assumption that initially all of the fish in the population are susceptible, the

average expected number of secondary cases produced by one typical primary case

during the entire period of infectivity (R) were 2.57 (N = 51, S = 50,1= 1, f3 = 0.008;

a = 0.15, andy = 0.005 129, Equation 5, Table 5.3).

Effects of Population Size:

It was found that the outcome of IHNV spread in rainbow trout population

generated by a single infectious fish was dependent on the density of the host. Groups of

tanks holding 30 fish and 60 fish were not statistically different from each other

((Student's t test, p = 0.6069). Beta values for each density were calculated

independently using the nonlinear least-squares method (weighted variance) as described

above (Table 5.1).
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Figure 5.1. The association between the data produced from experiments in the
laboratory and the data produced by simulation of models (Equations 2, 3 and 4).
Experimental data represent mean number of susceptible or infected fish from 7
replicates. In simulation of models, estimated values of parameters were; population size
(N) = 51, Susceptible (S) = 50, Infected (I) 1, Transmission coefficient () = 0.008,
natural mortality rate (y) 0.005 129 and mortality rate (a) = 0.15.
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Table 5.4 and Figure 5.2 display results of density experiment in terms of disease related

mortality. None of the fish which died was positive for virus at densities 0.16, 0.08 and

0.0 12 fishlL. Since disease related mortality was low, it was not possible to produce

models for 366L tanks.

Critical threshold density, NT

Threshold density below which no epidemic is observed was found to be 19.38

animals (Equation 6) for IHN epizootic shown in Figure 5.1 (a = 0.15 infected*dayA, f3 =

0.008 (individuals*day)1 andy = 0.005 1 animals*dayi. Since NT was inversely related

to 13 and directly related to a, any change in 13 would induce opposite change in the

threshold density. As stated above, our study indicates that transmission of IHNV was

dependent on host density. Therefore, various levels of densities produced different

values for R0 and NT of IHNV spread. The relationship between R0 and NT is presented

in Figure 5.3.

DISCUSSION

Numerous studies have been carried on the theoretical aspects of disease

dynamics modeling (Anderson and May 1979, Anderson 1982), and the benefits of using

these models (Roberts and Heesterbeek, 1993).



Table 5.4 Densities and corresponding values of parameters, a, andy. Seven different densities (fisWL) (5 replicates) of
rainbow trout were challenged by cohabitation with a single donor, which were exposed to IHNV by bath to determine density
dependence of infection transfer in IHN spread. Experiment was run 14 days during which mortality during the experiment
was recorded and tested for presence of IHNV.

Density Number of Mean
(fishlL) Fish Volume Prevalence a y

8 59 7.5 0.041 0.0100 0.094 0.0004
4 30 7.5 0.048 0.0210 0.310 0.062

0.63 29 95 0.014 0.0050 0.200 0.020
0.32 29 95 0.028 0.0010 0.051 0.037
0.16 59 366 0.035 0.0116 0.150 0.019
0.08 29 366 0.009 0.0086 0.000 0.036

0.0 12 30 2500 0000 0.000 0.000 0.000
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Figure 5.2 Observed and expected disease related mortality in 4 different densities tested.
Seven different densities (g fish/L) (5 replicates) (Table 5.1) of rainbow trout were
challenged by cohabitation with a single donor, which were exposed to IHNV by bath to
determine, if there is, density dependence IHNV spread. (None of the mortality at
densities of 0.16, 0.08 and 0.012 fishfL was positive for Il-NV. Therefore, no modeling
procedures were carried out on them).
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Figure 5.3 Relationship between threshold density (N1) and reproductive ratio (Ro). Due
to high variance and low or none prevalence, it was not possible to calculate values for
399L and 2500L tanks.



0

'4

cJ

0'4

Figure 5.3

0 20 40 60 80 100

00



169

Assumptions related to a compartmental description of an epizootic include: 1)

population is closed and has a constant size, contacts between individuals are made at

random (population is uniform and mixing homogeneously). 2) population is divided

into disjoint classed (S, I and R) whose sizes change with time t. 3) individuals are

removed from infective class at rate proportional to the number of infective with

proportionality constant a, called the daily removal (by death) rate of infected

individuals. The first two assumptions related to the model which serve as base for the

mass action theory are especially true for fish disease epizootics due to the fact that

certain number of fish are kept in well-defined areas (pools/tanks) where fish are mixing

continuously. Therefore, disease dynamic models are more robust in fish disease

epizootic applications than animal or human diseases in which spatial heterogeneity

produces major variability.

The observed prevalence levels of IIINV in rainbow trout population in

laboratory experiments were simulated using disease dynamics models (Equations 2, 3

and 4). The data produced in the laboratory and the data simulated using the models

given above for susceptible (S) and infected (1) classes were similar. The level of IHNV

prevalence was low (7.8%) at the end of 6 dpe, in spite of the fact that a high level of

IHN epizootic occurred among donor fish, with a cumulative mortality of 90% after 12

days. There were total of 5 fish infected at 5 and 6 dpe. This indicates that the first wave

of IIINV spread due to a single donor fish ended before day 5. The second wave of the

spread would be initiated with individual(s) developing infectiousness alter being

infected by the donor fish.
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Our results demonstrate that an epizootic can be initiated by a single infected

individual using cohabitation method. However, in our experiments the level of IHNV

prevalence among recipient fish was obviously less than the required level (threshold

level) for initiation of an IHN disease epizootic among recipient fish. Mulcahy et al.

(1983) reported that disease did not progress until a threshold titer of iø p.f.u./g was

reached in the gills. Therefore, low level of the prevalence obtained in contagiousness

experiment as well as in density experiment could be explained by the insufficient level

of virus being shed by donor fish. It is important to note that these results do not suggest

that low level of shedding and resulting low level of prevalence without any disease

related mortality among recipient fish are not threat to the recipient fish. Fate of the virus

in survivors of IHNV is not clear. There are reports that virus could be isolated during

and after an "WN epizootic" up to 50 days fish (Amend 1975, Bush 1984, Bootland et al

1995, Drolet et al. 1995). Virus was not subsequently isolated for 2 years until the

advent of sexual maturity. Survivor fish could be carriers (Amend 1975) and virus could

be reactivated (Mulcahy et al. 1982) during sexual maturity due to spawning related

stresses. It should be noted that in our study, unlike others, no lEN epizootic was

observed in the contagiousness experiment. None of the mortalities were positively

associated with IHN disease due to lack of the disease signs. This type of virus spread

would probably go unnoticed in the field if no screening was carried out.
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Reproductive ratio (R0) in IHN and its relationship to host density:

Theoretical aspects of R0 are well documented in the literature (Anderson 1981,

and Fine et al. 1982). The value of R0, an indicator of invasiveness of a disease, depends

on various factors that are host specific (density, size, species, behavior etc.), parasite

specific (virulence) and environmental (temperature). In short, it is the summary of all of

the factors both host specific and agent itself that affect the disease spread. Therefore, R0

is used to describe the condition of disease in a population especially in disease control

studies due to its conceptual simplicity. Host density, rates of infection, recovery and

host mortality influence R0 Measurement of this parameter provides an estimate of the

population proportion that needs to be immunized, or to receive chemotherapeutic

treatment to eradicate the infection or to reduce its prevalence to a defined level

(Anderson, 1982). The condition R0 = 1 defines a transmission threshold below which

the disease agent is unable to maintain itself within the host population. Any reduction in

the value of R0 will act to reduce disease prevalence and incidence.

Our results indicated that higher densities led to higher R. That is, virus spread

was more efficient as density of host population increased (Figure 5.3). As fish density

(fishlL) increased, R0 also increased. These findings are in agreement with the statements

of Fine et al. (1982). At the highest densities with 30 or 60 fish in 7.5L, a low-level

epizootic was observed but not the other densities tested (Figure 5.3). To our knowledge

there is not any quantitative study of host densities to compare our results on the subject.

However, there are observations indicating that density of host in [HN disease is one

contributing factor for disease outbreaks (Mulcahy et al. 1983, Batts and Winton 1989,

Olson and Thomas 1994).



172

Estimation of critical threshold density (NT) and its relationship to density and R0:

Theory of disease dynamics models indicates that the number of susceptible

individuals present in a host population should be higher than the critical threshold

density in order an epidemic to occur (Kermark and McKendrick, 1927). Results

obtained here also support this theory.

Both NT and R0 are similar in that both concepts bear a threshold level. For the

model shown in Figure 5.1, NT was 19.38 fish and R0 was 2.57. These two parameters

suggest that if the infection had been followed, an epizootic would have been observed.

In the density dependence experiment, in the first 2 highest densities, value ofR0 is

bigger than 1 suggesting an ongoing epizootic. However, none of other densities

presented significant excess mortality due to IRN.

Specific emphasis should be given to the relationship between R0 and NT. The

same relationship was also observed for furunculosis studies (Ogut, unpublished results).

This type of approach in disease dynamics is very powerful in terms of analysis risk

factors (here it was density effect). For example, temperature is also known to affect the

outcome of IFIN epizootic (Hedrick et al. 1979). Difference between NT and R0 values

would be obtained for different range of temperatures.

CONCLUSIONS

IHN spread in rainbow trout population observed in the laboratory was simulated

using mathematical models. As shown in contagiousness experiment, transfer of virus

from a single fish to recipient fish occurred. However, it was apparently not enough to
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initiate a wide spread epizootic involving significant levels of excess mortality. This

clearly suggests that there is a clear distinction infection infected and disease. Infection

does not always cause disease.

The data suggest that spread of IHNV in rainbow trout population is density

dependent. This aspect was further elaborated by comparing R0, an indicator of level of

spread, values to different density levels. Similarly, values ofR0 and NT for varying

levels of host densities suggested dependence of IHNV spread on density of fish host.

One might think that the models used here are too basic and do not include some

other such parameters as temperature, fish size, fish age etc. However, it is very

important to analyze these simple models thoroughly before considering more

complicated models. As discussed above, information obtained about various aspects of

IHN dynamics and also biological aspects of the disease are invaluable. Moreover, all

experiments were carried out using cohabitation methods, which is the most natural way

of infection transfer. The concepts studied here will provide insight for designing

experimental studies with IHNV. Most importantly, we think that the IHNV transmission

dynamics studied here will be helpful understanding effects of host densities and taking

proper management decisions during IHN epizootics.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

The overall purpose of the study was to determine whether disease dynamic

models commonly used in animal and human diseases could also be constructed for fish

diseases. For this purpose two common pathogens in the Pacific Northwest, Aeromonas

salmonicida and infections hematopoietic necrosis virus (IIHNV), were used. The reason

two pathogens were used was to determine whether there were any differences in

dynamics in terms of bacterial or viral pathogens. A series of laboratory experiments

were conducted with each pathogen. Chinook salmon were used as the host for A.

salmon jcjda and rainbow trout was the host for IHNV. It is important to note that data

obtained from these experiments were strong in two aspects. One is that the most natural

way of challenge, the cohabitation method, was used in challenge experiments. Second,

all of the animals in the population were tested individually for the presence of the

pathogens in order to determine exact values for prevalence levels.

Various aspects of infection spread including time to infectiousness, reproductive

ratio, transmission coefficient, threshold densities, mortality rates, and daily progress of

infection were determined for each disease. Moreover, density dependence as a risk

factor determining the magnitude of the spread of pathogen in a susceptible population

was also determined.

In the experiments carried out with A. salmonicida, it was found that donor fish

(exposed to A. salmonicida by bath) started shedding bacteria 1-2 days prior to disease

signs. Generally, mortality among donor fish started at 5 dpe. The cumulative level of

infection among five donors was reflected itself in terms of its ability to infect a large
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portion of susceptible fish in the population. After 12 hrs of cohabitation, high levels of

prevalence were obtained in tanks with more and highly infected individuals. This

suggests that outcome was dependent on exposure dose and time. In the contagiousness

experiment, association of bacterial counts in the water to number of infected in the water

was also highly correlated. One striking finding was that only a single infected

individual was able to initiate a full-scale epizootic (average of 75% mortality) of

furunculosis mortality. As expected, density dependence was evident (p <0.0001) in the

spread of A. salmonicida. The higher the number of animals per unit volume, the higher

the prevalence. However, small differences in densities did not present any statistical

difference in terms of prevalence values (p = 0.5564). In the contagiousness experiment,

daily progress of epizootic was studied. Daily incidences were determined for 10 days.

Mean value of transmission coefficient was found to be 0.02 14 (individuals*day)'.

Thirty-two percent of the infected animals were dying of furunculosis daily during the

epizootic. The reproductive ratio (Ro) of disease was also high (3.23). Results of the

furunculosis epizootic were successfully simulated by mathematical models.

Experimental data and simulated data by the model were significantly associated.

Ninety-two percent of the variation was explained by the model.

The experimental study of IHNV spread in rainbow trout revealed different

results. One day after cohabitation with five IHNV infected donor fish, recipient fish

presented virus. However, the highest number of samples positive for virus occurred

with donors bath exposed 4 dpe. Density dependence was also evident in IHNV spread

in host (p = 0.001). As was the case in A. salmonicida experiments, smaller differences

in densities did not make significant differences in prevalence values (p = 0.6069). In the
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contagiousness experiment, overall levels of prevalence were low in replicate tanks, as

was the case in time to infectiousness and density experiment. Except for 2 cases at 6

dpe, there were no fish which died that were infected with IHNV. Infection, however,

was readily transferred to recipient fish from a single donor fish. Level of IHNV

prevalence among recipient fish increased from day 2 to day 6. The results suggest that

the level of exposure from a single donor was not enough to initiate a disease epizootic in

the host. Level of infection in recipient fish was associated with the level of infection in

donor fish with which they were cohabitated (p = 0.0006). The estimated value of

transmission coefficient ((i) was 0.005 (individuals*day). The mortality rate (a) of

infected animals was 0001 Forty-five percent of infected animals did not presented virus

in the following days. The average expected number of secondary cases produced by one

typical primary case during the entire period of infectivity (R0) was 2.57. We were not

able to determine the statistical association data obtained from laboratory experiments

and from simulation of models for susceptible and infected classes due to lack of

sufficient infected trout.

In the comparison of spread of two pathogens, the dynamics of spread was

different. One infected individual was enough to initiate wide-spread epizootic in

bacterial infection, but the shedding of virus was not enough to initiate a full scale

epizootic in IHNV experiment. It is important to note that in both cases, majority of the

donor fish presented disease signs and died of disease. As a consequence of lack of

disease, a certain proportion of animals in IHNV experiments did not present virus later

in the challenge. In the A. salmonicida experiments, almost all infected animals died of



disease. The reasons for this difference could be host or pathogen specific consequences.

In both cases spread of pathogens responded to the initial level of host density.

It is important to note that in both cases R0 was above the level of unity. That is,

spread of infection was efficient in both cases. However, high levels of excess mortality

occurred with A. salmonicida in short time. Disease related mortality rate in furunculosis

was 0.287 infected animals per day whereas in uN it was 0.15 infected animals per day.

This suggests that virulence of A. salmonicida was twice as much of IHNV. It is possible

that if recipient fish were allowed to live longer, an epizootic could be observed.

In conclusion, the results show that modeling dynamics of disease is possible in

fish diseases. Moreover, it is more robust due fever assumptions comparing to animal of

human diseases where large spatiality distances are involved. Moreover, genetically, it

could be assumed that fish are very similar since fish were from the same stock. Most of

the time, disease history of the stock was also known. Therefore, more homogenous

replicates of certain disease epizootics could be managed to test different parameters that

might be risk factors for infection spread. The models studied are simple. However, they

successfully simulated the results obtained in the laboratory for infection spread.

Moreover, these models should be studied thoroughly before considering more complex

models. This will decrease the number of assumption that could be related to more

complex models.
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