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ABSTRACT

Whirling disease has been linked to significant losses of rainbow trout in wild trout
populations. I examined the relationships among the whirling disease pathogen
(Myxobolus cerebralis), its hosts, and the environment, with emphasis on factors
affecting the resistance of rainbow trout to whirling disease. [ first determined the effects
of age on the development of whirling disease in rainbow trout. Whirling disease was
substantially reduced when the fish were exposed to the parasite for the first time at 9
weeks posthatch (756 degree-days) or older. Second, I determined if the relationship of
ncreasing age at exposure causing a reduction in disease severity was a factor of age or
size of fish at exposure. I demonstrated that both the age of fish at first exposure and the
" size of fish at first exposure were important for the development of whirling disease.
Third, I determined if rainbow trout can develop an acquired immune response to M.
‘cerebralis and whether it provides:the fish with protection against subsequent exposures.
Rambow trout did develop an acquired immune response to the parasite and arn initial
immuriization exposure provided the fish with protection against subsequent exposures.
However, the immunization, which provided the fish with protection, also induced
disease in the fish, which outweighed the benefits of the protection. To reduce the effects
of whirling disease on rainbow trout, they should be reared in A cerebralis-free waters
for 756 degree-days of development or until they are 40 mm in length, whether in the

wild or in a hatchery situation.
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CHAPTER |

INTRODUCTION

Whirling disease 1s caused by the myxozoan parasite Myxobolus cerebralis. The
whirling disease parasite was first described as the cause of significant losses of farm-
reared rainbow trout (Oncorhiynchus mykiss) in Germany by Dr. Bruno Hofer of Munich
University in 1898 (Hofer 1903). Myxobolus cerebralis is now found worldwide in
central and western Europe, Australia and New Zealand, and the United States, and is
thought to have spread from its origins in Eurasia by the movements of live or frozen fish
(Halliday 1976).

Myxobolus cerebralis has a two-host life cyvele. The parasite has two alternating
spore stages, the myxosporean and the actinosperean spores. Each stage was originally
thought to be in different taxonomic classes, but both have now been confirmed by
molecular evidence to be aiternating stages of the same organism (Andree et al, 1997).

: Woif and Markiw (1984) were first to desciibe the two-host life cycle involving an

' ofigo'éilaété hést and a saﬁﬁénid fish hoé;t, and the alternating spore stages of the parasite.
Wolfet al. (1986) later shdﬁ’éd that the oligochaete host was Tubifex tubifex. The
actinosporean stage of the parasite, known as the triactinomyxon spore, 1s released from
7. tubifex into the water column, The triactinomyxon spores infect the salmonid host by
releasing their sporopiasms into the fish epidermis. Penetrated sporoplasms begin to
multipty and then migrate via peripheral nerves and the central nervous system, whereby
they reach cartilage where they further multiply. Sporogenesis begins at about 50 days

after infection, at 13 °C, and after another proliferation phase, large numbers of M.
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cerebralis myxosporean spores are formed in the cartilage of the fish (El-Matbhouli et al.
1995; El-Matbouli et al. 1999). Myxobolus cerebralis myxospores are released back into
the aquatic environment from the fish only when the fish dies and degrades, or when the
infected fish is consumed and the myxospores are excreted by predators (El-Matbouli and
Hoffmann 1991a; Taylor and Lott 1978). The myxospores are then ingested by T.
tubifex. The parastte develops intercellularly in the worm intestine through four phases:
schizogeny, gametogony, gametogamy and sporogeny. After a period of three months, at
12 — 13 °C, the actinosporean triactinomyxon spore is released from the worm; this is the
only stage of the parasite that 1s infectious to salmonid fish (El-Matbouli and Hoffmann
1998). The cycle is completed by the triactinomyxon infecting the salmonid host. Both a
mechanostimulant, represented by the movement of the fins and swimming of the fish
host, and a chemoreceptor, probably located only on the body surface of salmonid fish,
are required for attachment and penetration of triactinomyxon spores and their
sporoplasm génns (ElI-Matbouli et al. 1999). Sexual stages of the parasite are present
oniy_- dﬁging :the development of M gérebffalis rﬁyxéspéres ir_xto-z friactinomyxoﬁ_s m 7
tubifex, and do not occur .du.ring the dé\.félepmen{of 'triacﬁiﬁomyxcn _sporoplasté into
‘myxosporean spores in salmonids. Therefore, the oiigOéha‘ete 1s the definitive host of M.
cerebralis and the salmonid fish is the intermediate host (El-Matbouli et al. 1998).

The disease signs are highly dependent on the stage of development of the
parasite within the host (Schaperclaus 1991). The characteristic tail chasing or whirling
of diseased fish, from which the disease gets its name, is a result of spinal cord and brain
stem abnormalities that are caused largely by the invasion of granulomatous

inflammation of the vertebrae and skull (Rose et al. 2000). Skeletal deformities.
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especially curvature of the trunk and tail, often appear at the same time as swimming
disturbances and are caused by the lysis and damage of cartilaginous tissue (Wolf 1986;
Schaperclaus 1991). Blacktail, a darkening of the caudal area, 1s caused by an
impatrment of the pigment-motor nerve fibers contained in the sympathetic nerves, and is
associated with cartilage damage and an accompanying inflammatory response
(Schaperclaus 1991). Other signs associated with cartilage damage include shortened
opercula and head and jaw deformities. Clinical signs appear in susceptible fish 2 to 8
weeks after exposure to the parasite, depending on water temperature (Hoffiman 1976;
Markiw 19926; Kent et al.2001). Histologically, damage ranges from minimal to
extensive areas of lysis and damage in cartilaginous tissue. Myxosporean spores of M.
cerebralis are present in or near such lesions along with granulomatous mflammation.
The lesions eventually result in structural deformation during bone deposition {Wolf
1986; Hednick et al. 1999h).

The physical impairments caused by the parasite, if not initially fatal, are thought
to severely qompromiSe survival and. in part, expf_éiﬁ_ i_o"_s"ées of up to 9(}_%.12{1 certain year
ciasses of rambowtmutpopula’cwns (Nehnng and Walke:r 1996, Vinéent 1996).
Whirling disease was initially thought to be only a problem for fish culturists. The
presence of whirling disease was often associated with high mortality of trout fry in
earthen ponds resulting in severe economic implications, and became known as one of
the most dangerous pathogens of salmords kept under hatchery conditions (Hofer 1903;
Hewitt and Little 1972; Hoffiman 1974). Prior to any reports on the effects of whirling
disease on wild frout populations, the risk of intense infection, chnical disease, and

serious effects on wild populations were speculated to be significantlv reduced in the
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wild because of low fish population densities in comparisen to high densities used in
culture (Wolf 1986). However, such speculation is now known to be mcorrect. Young-
of-the-vear rainbow trout and brown trout (Salmo trutta) in the upper Colorado River,
Colorado, were severely parasitised by M. cerebralis and in many cases suffered from
clinical whirling disease (Nehring and Walker 1996). By 1997, population declines
among wild rainbow trout linked to the effects of whirling disease had been documented
in eight major trout streams in Colorado (Nehring et al. 1998). Whirling disease also

st gﬂiﬁéa’ntiy affected wild trout populations in Méntana. Rainbow trout numbers in the
Madison River declined almost 90% from historical averages by 1994, and these losses
were attributed to the presence of whirling disease (Vincent 1996).

The significant negative ecological and economic consequences of the reported
ponulation declines prompted an mtensive and coordinated research effort to understand
and attempt to control the pathogen among wild fish. Previous research efforts were
concentrated around the development of control measures that could be used in culture
situations. The renewed researcheffort changed direction and focused on measures to
| éontrol the ﬁara_,sité and the diseasem the Wﬂd Thecontrol ﬁleéts.ur_é'sf adapted for culture
situations included chermotherapy treatments, ultra-violet irradiation of the water supply,
maintaining susceptible fish in parasite-free waters and the disinfection of rearing ponds
(Hoffman 1974; Alderman 1986; Wolf 1986; El-Matbouli and Hoffmann 1991b;
Schaperclaus 1991; Molnar 1993). These methods are however, not applicable for use in
the wild to control the disease. Additionally, when considering the control of a pathogen
and disease in wild fish populations other considerations have fo be taken mto account,

which are not an 1ssue in culture situations. For example, Vincent (1996) suggested that
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Montana’s wild trout management should not be compromised when developing
management strategies based around the control of whirling disease.

The severity and not simply the presence or absence of infection determines the
onset of disease (Markiw 1992a). Therefore, control measures do not have to be 100%
etfective at eradication to reduce the disease and its effects. The occurrence of disease
results from a series of complex interactions of the host, pathogen and the environment
(Snieszko 1973). Controlling and managing the effects of diseases on wild fish can only
come from a better understanding of these complex interactions. Among the most
important interactions involved is the acquisition of immunity after exposure to the
pathogen (Hedrick 1998). The purpose of my dissertation research was to better
understand the relationships among the whirling disease pathogen, its hosts, and the
environment, with emphasis on factors affecting the resistance of rainbow trout to
whirling disease. Understanding what affects the development of resistance to whirling
disease in salmonids will help to determine the factors that can be manipulated to control
the disease. This research wili hopefilly result in the development of management
strategies that can be adapted for the é_(;hirol of Wﬁiﬂiﬂg disease in wild salmonid
populations as well as in salmomnid culture .situations.

Rainbow trout are the best model to use for studying this disease. Salmonid
species are not affected by the whirling disease pathogen equally (O’ Grodnick 1979;
Hedrick et al. 1999a; Hedrick et al. 1999b; Thompson et al. 1999; Hedrick et al. 2001;
Hiner and Moffit 2001; MacConnell and Vincent 2002). Rainbow trout are known to be
the most susceptible of all salmonids to whirling disease, whereas other salmonid species

display various lower levels of susceptibility. The reasons for the range in susceptibility
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to the whirling disease pathogen among salmonids are unknown; however, these
differences have been hypothesized to be related to immune mechanisms (Hedrick et al.
1999a; Hedrick et al. 1999b). The high susceptibility of rainbow trout to the whirling
disease pathogen was one reason this species was chosen as the experimental unit for this
work. They were also chosen because of the known effects on wild rainbow trout
populations by M. cerebralis, and because of their ease of adaptability to experimental
culture.

The objectives and hypof{heses of my work were to:

1. Determine thé effects of raimbow trout age at exposure to M. cerebraiis, and the
effects of varying dose rates of the parasite on the development of the disease.
Hypothesis 1.1: The age of rainbow trout at time of first exposure to M.
cerebralis does not affect the development of whirling disease.

Hypothesis 1.2: The dose of M. cerebralis which rainbow trout are exposed to

does not affect the development of whirling disease.

The" &évéicpﬁleﬁt and s_e‘x'!é_ri__ty of thrlmg disease pathology in salmonids has
long been kﬁo@n téli;)_e_ &eéeﬁd@ﬁtf generaliyouthe ége or size of fish When first exposed
“to tﬁe"fﬂécﬁnomyxbﬁ' spores of M: .jcerje:l;;.fa:fz.‘s.'(ﬁo-fﬁnan 1961; O’Grodnick 1979; Wolf
1986; Lom 1987; Markiw 1991; Markiw 1992a; Thompson et al. 1999) and on the
density of triactinomyvxons to which the fish are exposed (Hoffman 1974; Hoffinan 1976;
O’ Grodnick 1979; Wolf 1986; Markiw 1992a; Markiw 1992b; Thompson et al. 1999).
However, these early studies failed to demonstrate at what age rambow trout become
resistant to the development of whirling disease when exposed to different densities of

triactinomyxons. The purpose of the first objective was to systematically determine the
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age at which trout become resistant to the effects of the parasite when they are exposed to
different dose levels of M. cerebralis triactinomyxons. Knowing when young trout first
become resistant to the parasite will aid the management of wild trout fisheries and
hatcheries. Knowing when they become resistant to specific dose rates will enable
fisheries managers to develop management strategies to protect and enhance wild trout
populations based around maintaining young trout in parasite-free or nearly parasite-free
waters until they are resistant to the disease. Similarly, hatchery managers would be able
to optinize oﬁerations and produce disease-free trout by knowing how fong the trout
need to be reared in parasite-free water.
2. Determine the effects of age versus size at time of exposure to the parasite on the

development of whirling disease in rainbow trout.

Hypothesis 2: Size of rainbow trout at first exposure to M. cerebralis does not

affect the development of whirling disease.

The age of rainbow trout when they become resistant to the development of the
" disease was identified in objective 1. However, the ages and sizes of fish used in that
e)"{p.g:rim.é_ﬁt-;ﬁ{er_"é siééi_ﬁbanﬂy cot;elaiéa; therefore, itcould ﬂét bé determined whether
the'dévélcpment of resistance with iﬁcreaéiﬁg é,ge was a factor of age or size of ﬁsh. The
purpose of this objective was to expose rainbow trout of same size but different age, and
same age but different size, to determine whether the age or size of the fish is more
mmportant in development of resistance to the disease. Findings would allow
recommendation of an actual age or size of fish that should be maintained in parasite-free

water before being stocked or entering into M. cerebralis-positive waters.
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Determine if rainbow trout can be protected against subsequent exposures after an

Lad

Initial immumzation exposure and whether they can develop an acquired immune

response to M. cerebralis.

Hypothesis 3.1: Prior exposure to M. cerebralis fails to give rainbow trout

protection against a subsequent exposure.

Hypothesis 3.2: Rainbow trout do not develop an acquired immune response to
M. cerebralis.

' The presence of an acquired immune response after first contact with
triactinomyxons of M. cerebralis could allow for the development of management
strategies to minimize the effects of whirling disease on wild trout populations, hatchery
trout and stocked trout. For instance, 1f a light infection can provide fish with immunity
or resistance against a subsequent higher parasite dose, a young wild trout in M.
cerebralis-positive waters may gain a benefit from being infected with a low level of the
parasite if it later enters waters where the risk of higher infectivity is great. Similarly, a
low lejel_'of exposure m a _ha%ch_ery: may be be:nef.z'.ciai to fish stop_i&éd into p’ositi’vé waters,

and critical (o ther subsequent survival and performance. Management and control of
‘the pathé geﬁ'iﬁ hatcheries could involve vaceination, thie delibetate induction of an-
acquired immune response to a dead or attenuated {non-pathogenic) form of the
pathogen. Vaccination would provide protection for the fish only if an acquired immune
response could be induced against the pathogen. Thus, demonstration that rainbow trout
could develop an acquired immune response to M. cerebralis would be necessary prior to

the development of a vaccine against the pathogen. Vaccination could facilitate
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operation of rainbow trout hatcheries in whirling disease-positive areas, or where rainbow
trout are cultured for stocking into whirling disease-positive waters.

My third obiective was therefore to determine if rainbow trout develop an
acquired immune response to M. cerebralis and if present, whether the immune response
provided the fish with protection against subsequent exposures. [ hypothesized that a low
level exposure or immunization with M. cerebralis would induce an antigen-specific
antibody response, which would provide the fish with protection against subsequent
higher levels of exposure. I tested whether specific anti-M. cerebralis antibodies were
produced in rainbow trout after immunization with M. cerebralis triactinomyxons and
secondly, 1 tested whether this immune response provided the fish with protection against
the development of whirling disease after subsequent exposures. The immune response,
and its timing, in rainbow trout after immunization with different parasite doses and the
subsequent exposure with a range of parasite doses were compared using serological
determination of the fish immune response.

" Fach ofthcth;reeobjectlves is addressed igg' separate c;?;apter.' The final chapter,
| .Conc.l.usions. and Managementlmphcaﬂons, ﬁﬁteé&té&; tﬁe vanous séetions and discusses
‘possible avenues resulting from this work for management and confrol of whirling

disease. The final chapter also suggests possible avenues for further research.
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CHAPTER 2

OBJECTIVE 1: EFFECTS OF RAINBOW TROUT AGE AND PARASITE DOSE ON

THE DEVELOPMENT OF WHIRLING DISEASE
Introduction

The development and set:’erity. éf whiﬂ_ing disease pathology in s&imonids has
long been known to be dependent genergﬂy on the age or size of fish when first exposed
to the triactinomyxon spores of Myxobolus cerebralis (Hoffman 1961; O’ Grodnick 1979;
Wolf 1986; Lom 1987; Markiw 1991;Markiw 1992a; Thompson et al. 1999). The
intensity of whirling disease decreases with increasing size (O’ Grodnick 1979}, or age
(Markiw 1992a), and trout exposed o the parasite at larger mean weights will have better
survival (Thompson et al. 1999). Hoffman (1961), Wolf (1986), and Lom (1987)
suggested that fish older than 6 months, or larger than the fingerling stage, would not
- -become dlse&sed The youngest age at wh:l.ch trout can beceme mfected W;th the parasite

| is 2 days posthatch (Marklw 199 I) Aithough estlmates have been made on when .'
- rainbow trout become res1stant to ‘{he cfevelopment of thrhng disease, no studies have
been conducted to systematically determine what that age 1s.

The development of the disease is also known to be dependent on the density of
triactinomyxons to which the fish are exposed (Hoffman 1974; Hoffman 1976;

O’ Grodnick 1979, Woll 1986; Markiw 1992a: Markiw 1992b; Thompson et al. 1999}
Rainbow trout exposed at 2 months posthatch to either 1,000 or 10,000 triactinomyxons

per fish developed clinical signs of whirling disease (Markiw [992b). Myxobolus
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cerehralis myxospores recovered from rambow trout increase linearly with increasing
exposure to triactinomyxon doses between 100 and 10,000 triactinomyxons per fish, and
the myxospore burden plateaus at doses of 10,000 to 100,000 triactinomyxons per fish,
for fish exposed at 2 months posthatch (Markiw 1992a). However, no systematic
determination of the interaction between age of fish at exposure and dose of parasites to
which the fish is exposed has been conducted. Uncertainty is therefore present as to the
ages at which young trout be@me resistant to the development of whirling disease when
exposed to different paiaéite doses..-Consequently, effective management of wild
salmonid fisheries in whirling disease-positive areas has been prevented because fisheries
managers do not know when resistance to the disease develops in fish and thus, do ﬁot
know how long trout must rear in M. cerebralis-free waters to reduce or eliminate the
effects of the disease after entering M. cerebralis-positive waters.

Similarly, the contrel of whirling disease in hatcheries has relied on rearing fry
and fingerlings in parasitemfreg water for as long as possible before transfer into earthen
~ pondsor i;;té'\véters Kno?iﬁ-té contairi the parasite, but require_d dﬁfaﬁiogs were...u_nl{nown.
Réf.:omr.r.lendations.r'ange from 4 to_"é .months;a:%te.g:'hatcl.l (5to i3 cm 'illnlllength) (Halliday
1976; Hoffman 1976; Schaperclaus 1991; Garden 1992), which were genérally based on
the untested premise that resistance to whirling disease increases as a function of
ossification of the skeleton. More recently it has been suggested that not only does
ossification of the skeleton increase with age and hence increase the resistance to the
parasite, but also that younger fish are more vulnerable than older fish to nerve damage

caused by the parasite (Rose et al. 2000). Narrowing the range of recommended rearing



12

times of rainbow trout in parasite-free water would make for better management of
rainbow {rout in whirling disease-positive areas, whether in the wild or in hatcheries.

The purpose of this objective was to fill some of these information deficiencies by
testing the disease susceptibility of different rainbow trout age groups exposed to
differing paxaéite doses 1n a replicated factorial experiment under standardized Iaboratory
conditions. The specific objective was to determine the effects of age of rainbow trout at
exposure to M. cerebralis, and the effects of .varyin.gd_ose rates of the parasite on the
development of the disease. By assessing how pat_h_c;géﬁesis differs mn fish of different
ages and under different parasite doses, a better understanding of this parasite and the
disease it manifests will be achieved, and thereby management activities can be designed
to enhance viability and productivity of trout populations in M. cerebralis-positive river
systems and in culture situations. Knowing when rainbow trout become resistant to the
effects of the disease when exposed to varying dose rates will enable fisheries managers
to develop n‘;ana_g.ement.strategies to protect and enhance wild trout populations based
aroqi;__d_ _m_aﬁ;_taﬁniﬁ g.}{_o:qné trout in parasite-ﬁee_w_atefs ﬁr@ﬁi th‘éy are resistant to the

: dlsease S.iﬁ;i.i'ﬁrly, hatchery managerswould be; 'éé)le to éptiniize operations and produce
dise%e-freetfoui by knowing hoW'.long the trout ﬁéed to be reared in parasite-free waters

to ensure their resistance against the development of the disease.



13

Maethods

Whirling disease severity was compared among rainbow trout exposed to the
parasite for the first time at a range of ages. The fish were also exposed to a range of
parasite doses at each age. The severity of whirling disease was compared among the
groups exposed at different ages to different parasite dose levels to determine if a
threshold age could be reached after which the fish no longer develop the disease after
exposure to the paga._s.i't.é.: :

Traditional mdicators of whirling disease severity measured included mortality,
clinical signs, microscopic pathology and M. cerebralis myxosporean spore counts.
Additionally, swimmning performance was measured. Swimming performance tests are a
convenient means to assess phyvsical condition of fish (Wedemever et al. 1990} as well as
being a good indicator of stress (Webb and Brett 1973). The advantage of using
swimming performance over more traditional methods of condition indicators (for
exampl'e',_ groﬁ;'v't.h féte) is that its de_inéndsz are immediate and any failings can be measured
| :b:y sillc;rt;ter.m'_‘_ﬁé'sts.;‘ SWl:rmnmg ﬁerformance was _ﬁé_ed m this instance to. determine ifa
correlation "exfst'c.d: between '-s._everity of disease and endurance. Such a relationship would
facilitate prediction of the actual effects this disease has on young-of-the-year wild fish
subjected to rigorous natural conditions, as impairment of swimming performance

correlates to reduced survival (Thomas et al. 1964).
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Experimental Procedures

Myxobolus cerebralis triactinomyxons were produced in the laboratory. Cultures
of Tubifex tubifex worms were exposed to myxospores of M. cerebralis, and
triactinomyxons were collected using a procedure similar to that described by Hedrick et
al. (1999b).

Erwin strain rainbow frout were hatched from eggs supplied by the Ennis National
Fish Hatchery, United States Fish and Wildlife Service, Ennis, Montana, and maintained
at the Bozeman Fish Technology Center (BFTC), Bozeman, M'Qntana, until scheduled for
exposure. Exposures were conducted at the Wild Trout Research Laboratory (WTRL),
Montana State University, Bozeman, Montana. Each lot was exposed to M. cerebralis
triactinomyxons in aerated 5-liter exposure chambers for 2 hours. Following exposure,
lots were maintamned separately at 13 °C in 38-liter glass aquaria supplied with filtered
and oxvgenated water by a recirculating process system at the WTRL. The fish were fed
a commercial trout diet at 2 to 3 percent body weight per day. Mqrtalities were counted
5 removed da_i_j_y.-_' : _ o

Fzsh were exposed to a .rangé. o.f paraéfie dbs'és-":.dver arange of ag.es. in a replicated
factorial experiment. Fish were exposed at eleven different ages ranging from 1 to 24 |
weeks posthatch (1, 3,5, 7,9, 11, 13, 15, 17, 20 and 24 weeks posthatch). All groups
were reared at 12 °C before exposure (Table 2.1). Fish were exposed at each of the
eleven ages to four levels of parasite dose (0, 100, 1,000, and 10,000 triactinomyxons per
fish). Three replicate lots of 55 fish were exposed to each dose level at each of the eleven

ages for a total of 12 lots for each age.
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Table 2.1. Mean weight and degree-days of development at exposure for fish exposed at
different ages.

Age at exposure Degree-days at exposure Mean weight at exposure

{weeks posthatch) (g)
1 84 0.05

3 o 252 .10

5 420 0.23

7 - ' 58.8 (.43

9 76 0.86

11 924 1.30

i3 1092 1.72

15 1260 2.59

17 1428 : 3.33

20 : 1680 4.22

The swirﬁmin'g perfonnance of ‘mdividﬁal fish was tested 17 weeks after exposure
and at 33 weeks posthatch in a stamina tunnel (Figure 2.1). Swimming stamina was
measured as the fength of time a fish could maintain its position m the tunnel at a
constant velocity (43 cm/s). Time to fatigue was recorded for three randomly selected

fish from each replicate at each of the two times.
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Figure 2.1—Stamina Tunnel. Arrows indicate direction of flow.

Swimming performance was not recorded at 17 wéeks after exposure for any fish
exposed at 1 week posthatch to either 1,000 or 10,000 triactinomyxons per fish. The
numbers of ﬁ’sh_-;:'emaining' wit_hin__these-igts Were IQW_.at_this_.iime_(less _ﬂ_l-an 20 per tank)

:' | With:IIS wé’eks fci go béﬁ:)_.r.é 'théf'e_nd éf the expéri;ﬁ:é:nt.'"T'Heféi;c:irc.a‘, they were not sampled
to aﬁﬁi:v them tﬁe_ chance to suﬁ?ye_':uﬁtii_thé: end 0?. the _.exp_erim.gnt_ and be sacrificed at

33 weeks posthatch. The fish were not run through the tunne! and then returned to their
tanks without sacrificing them to keep the experimental procedures equal for alﬁ treatment
groups. Swimming performance at 33 weeks posthatch could not be measured for fish
exposed at 1 week posthatch to 10,000 tnactinomyxons per fish because only one fish

from this exposure group was still alive at this time and had grown too large (73.45 g) for
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the stamina tunnel. The fish exposed at 20 and at 24 weeks posthatch were also not
subjected to the swimming performance test because of their size.

The fish used in the stamina test, and an additional six randomly selected fish
from each replicate at 17 weeks afler exposure and at 33 weeks posthatch, were
euthanatized. The fish exposed at 20 and 24 weeks posthatch were euthanatized at 17
weeks after exposure. The heads of the euthanatized fish were removed, cut in half along
the midsagittal piahe, preserved in Davidson’s fixative, and prepared for microscopic
examination using stand.ard hﬁ'stéiogica_l techniques. From each fish, one head half and
the tail were prepared for histology. Microscopic pathology was categorized according to
the methods by Hedrick et al. (1999b), in which cartilaginous tissue was examined for the
presence of the parasite and associated lesions. The abundance of parasites, cartilage
damage, inflammation, extent of lesions, mvolvement of other tissues, and bone
distortion were evaluated and categorized into one of six categories: no infection,
_mini_ma}_, mild, moderate, moderateiy/sg:vere or severe {(E. MacConnell, United States

-. Flsh and ..‘%/;il.crﬁ.i.feéefzt.ficé,:#ersoﬁei_l commumcation, T.'é.tbizé .2.'2). Two héad séctipns and
.. tWé taﬂ seéﬁoés ?;f;:r_e .ev.ah.igted h.is..a.io.l.oéicalfs} féf eééh ﬁsﬁ cél-lécf{:ed.._. L

Disase severity, as measured by midroscopté pathviogy Wik ot deterimiied at
17 weeks after exposure for fish exposed at 1 week posthatch to either 1,000 or 10,000
triactinomyxons per fish. Few fish had survived in these exposure groups (less than 20
per tank) to 17 weeks after exposure, with 15 weeks to go before the end of the
experiment; they were not sampled in the hope that some would survive until the end of
the experiment. Histology was not performed on fish exposed at 24 weeks posthatch

hecause of time constraints.
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Table 2.2. Definition of categories used for grading histological sections of Myxobolus
cerebralis-exposed fish. Numbers commonly associated with the categories are 1 =
minimal, 2 = mild, 3 = moderate, 4 = moderately severe, and 3 = severe.

Pathology Severity Areas of Cartilage Damage Inflammatory Response

None None None
Minimal Few None
Mild Several Focal
_ Moderate - Several in each section Diffuse
Méder&tely severe ' Several fo nu;'ﬁeroas Extensive
Severe Throughout Extensive

The other halves of the heads ffom. the fish sacrificed at 33 weeks posthatch were
used 1o obtain spore counts. Spore counts were made on samples collected at 17 weeks
after exposure for fish exposed at 20 or 24 weeks posthatch. The standard plankton
_ c.entriﬁige'method (IO.’Grod_I;ick 197 5) ﬁ;@;ﬁsed for__gpgxe_ @;fgraction. Aft_e_r extraction,

Spc}res W.é.r.e: .r.é's..tiﬁspendé(; a kﬁm@ v'o_zéme .'olf 6¢i§ﬁizéd ;a?‘;ratef, .and i—mi ﬁiiquots were

' p E aced Onboths1desof a Standardi—mi hemocytometer countmg chamber. Total spores

per cﬁiginéd head wéﬁ calculated as follov.&.fs: (2 x total number of spores counted x 10°
x volume of suspension) / (number of |-mm?* areas counted). Three counts of spores
were made {rom each suspended sample; the mean of the three was used in analyses.

Cumulative mortality, swimming performance, and microscopic pathology were

A

measured twice during the experiment, first at 17 weeks after exposure and second when

the fish reached 33 weeks posthatch. Disease development, in all lots of fish, at an equal
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time after exposure, and when the fish were all at the same age, could thereby be
esttmated. Clinical signs (i.e., blacktail, skeletal deformities, cranial deformities and
whirling behavior) were only estimated at the end time, 33 weeks posthatch, as this was
the only time all the fish i the tanks could be handled and visually inspected for signs of
disease. Fish exposed at 20 and 24 weeks posthatch were examined for clinical signs at
17 weeks after exposure. Survival was not estimated for fish exposed at 20 and 24 weeks
posthatch because their survival was influenced by uncontz‘éliable. factors unrelated to
exposure to the whirling disease pathogen such as over crowding and low dissolved
oxygen.

Bias was reduced throughout the experiment wherever possible. Fish were
randomly assigned to lots and lots were assigned to tanks randomly. Samples were
collected randomly from the tanks for swimming performance tests, histology, and spore
counts. Histology and spore count samples were examined blindly and in random order.
The expostre designation of each sample was not determined until all samples had been

~ examined and recorded.

‘Statistical Analysis-

The eXperimen‘c was designed and analyzed as a two-way factorial. The two
factors, or treatments, were age of fish at exposure {1, 3,5, 7,9, 11, 13, 15,17, 20 or 24
weeks posthatch) and parasite dose (0, 100, 1,000, or 10,000 triactinomyxons per fish).
The number of mortalities, percent of fish with clinical signs, spore counts, swimming

performance and microscopic pathology were compared among the 44 treatment groups
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(1.e., eleven ages and four parasite dose levels). All responses were treated
parametrically with the exception of microscopic pathology.

Spore éoums and swimming performance were analyzed by including random
factors in the model for tank and fish, and the fish were treated as the experimental unit.
Mortality and clinical signs were analyzed in the same way as spore counts and
swimming performance, with the exceptions that tanks were the experimental units and
no factor for fish was incﬁluded in the model. A m_ixe(i linear model was used that
combined both the fixed (age of fish at exposure and parasite dose) and random (tank and
fish) effects. Type 3 F-statistics were used (Montgomery 1997). ANOVA tables are in
Appendix A. The important assumptions supporting this analysis are that the data are
normally distributed and that thev are independent with constant variance. Visual
mspection of residual plots of data for all responses confirmed that these assumptions
were met. The units of measure (fish or tank) were not independent; however, this
assumption .could be dropped by modeling statisticall gormi_atiog into the analysis, which
oo ot o ouaes GROC MINED, oo
symmetry éévariaﬁcé option; L:i't;;éﬂ et .2.11, 1996)'{ Thé.'mb.d_él_.:ﬁsed 'fér the anaiysiﬁ Qas the
' followiﬁg: ..

Voum =MF B +(0), #7000+ 0000 T € »

where
r=1,....4a
J=1...p
k=1, ..
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m=1,...,e,
and
it = the overall mean,
o, = the effect of the ith level of the fixed factor A (age at exposure),
B, = the effect of the jth level of the fixed factor B (parasite dose),

(P}, = the interaction effect between the ith level of factor A and the jth level of

factor B,

Yy = the effect of the kth level of the random factor C (tank nested in factors A
and B),

Sy = the effect of the /th level of the random factor D (fish nested in factors A-
C: this effect i1s not included 1n the model when analyzing the mortality or
clinical signs response), and

S = a random error caused by sampling.

Bonferroni’s multiple co@?arison procedure was used to compare all pairwise
differences of the least-square means. For each sighiﬁcance test, o = 0.05. The chi-
square test of homogeneity was used to determiné whether age at exposure significantly
affected microscopic pathology within each dose and to determine whether parasite dose
significantly affected microscopic pathology within each age group (Daniel 1990). This
non-parametric procedure was used because these data were categorical. All statistical
analyses were conducted with the statistical software program SAS/STAT (SAS Institute

1996).
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Resulis

Cumulative Mortality

Mortality at 17 weeks after exposure and at 33 weeks posthatch significantly
increased with decreasing rainbow trout age at exposure (= 49.53, P < 0.0001; £ =
27.55, P < (0.0001, respectively for 17 weeks after exposure and 33 weeks posthatch,
Figure 2.2 and Figure 2.3). P ish exposed at 1 week posthatch had significantly more
rhortality than all othef age groups at afl tria{;tmqmyxon doses. Fish exposed at3ord
weeks posthatch had significantly less mortality than those exposed at 1 week posthatch
and generally, significantly more mortality than those exposed at older ages.

Mortality at both time pertods was also significantly affected by the parasite dose
level the fish reccived (F = 8.66, P < 0.0001; F =628, P = 0.0007, respectively for 17
weeks after exposure and 33 weeks posthatch, Figure 2.2 and Figure 2.3). Mortality
increased significantly with increasing parasite dose in groups exposed at 1, 3, and 5

| weeks posthatch Flsh exposed at 7 Weeks posthatch or olde}: to 100, T ,000, or 10,000
tr1actmomyxons per ﬁsh dzd net saffer s1gmﬁca;ntiy higher m{)rtahty than those of
'comparable ages exposed to 0 tnactmomyxons per fish.

A significant interaction effect on mortality was present between the age of fish at
exposure and parasite dose at 17 weeks after exposure (F = 2.05, P = 0.0006; Figure 2.2)
and at 33 weeks posthatch (F = 1.69, P = 0.0442; Figure 2.3). Significant interactions
occur when the difference in response between the levels of one factor 1s not the same at
all levels of the other factor. Increasing the level of parasite dose significantly increased

the number of mortalities only when the fish were exposed at 5 weeks posthatch or
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Figure 2.2—Mean (+SE) number of cumulative mortalities of rainbow trout 17 weeks
after exposure at varving ages to 0, 100, 1,000 or 10,000 triactinomyxons of Myxobolus

cerebralis per fish.
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Figure 2 3-—Mean (+SE) number of cumuiative mortalities of rainbow trout at 33 weeks
posthatch. exposed at varying ages to 0, 100, 1,000 or 10.000 triactinomyxons of
Myxobolus cerebralis per fish.
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younger. Parasite dose did not significantly affect the number of mortalities when the

fish were exposed at 7 weeks posthatch or older.

Swimming Performance

Age of fish at exposure did not significantly affect the swimming performance of
fish 17 weeks after exposure (£F=1.05, P=0.1194) or at 33 weeks posthatch (F'= 1.30, P
=().2523), but level of para.s.ite dose did at 17 weeks after exposure (/= 6.08, P =
0.0029; Figure 2.4).and at 33 weeks posthatch (= 4.57, P = 0.0045; figure 2.5). The
sm&mming perfor}naﬁce of fish 17 weeks after exposure significantly decreased with
increasing parasite dose among fish exposed at 7 weeks posthatch or younger, but not
among fish exposed at 9 weeks posthatch or older. Swimming performance did not
decrease significantly with mcreasing parasite dose at 33 weeks posthatch for fish
exposed at 7 weeks posthatch or older, but did decrease significantly with increasing

parasite dose among fish exposed at 5 weeks posthatch or younger.

Mic_rqs’copicﬁ?athoiogy PR

-Mi_@réscopic péﬁhélogy category decreased with incréasing' age at exposure when
sampled 17 weeks after exposure and at 33 weeks posthatch. Frequency distributions of
pathology category for all age groups were significantly different at P < 0.0001 (chi-
square test of homogeneity) within the same parasite dose level. The pattern of changing
frequency distributions occurred within all dose levels with the mode decreasing with
increasing age (an example is shown graphically in Figure 2.6, all other distributions are

tabulated in Tables 2.3 and 2.4). The frequency distributions of pathology
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Figure 2.4-—Mean (+SE) time to fatigue of rainbow trout at a water velocity of 45 cm/s

17 weeks after exposure at varving ages to 0, 100, 1,000 or 10,000 triactinomyxons of

Myxobolus cerebralis,
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Figure 2.5—Mean (+5E} time to fatigue of rainbow trout at a water velocity of 45 em/s at

33 weeks posthatch, exposed at varying ages to 0. 100, 1,000 or 10,000 triactinomyxorns
of Myxobolus cerebraliis.
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Figure 2.6—Frequency distributions of microscopic pathology category at 17 weeks post
exposure to 100 triactinomyxons per fish.
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Table 2.3. Frequency distributions of microscopic pathology category at 17 weeks post
exposure for rainbow trout exposed to different levels of Myxobolus cerebraiis dose at

different ages.

Microscopic pathology category (%)

Age Dose
{weelks {triactinomiyxons Moderately
posthatch)  per fish) Nope Minimal Mild  Moderate severe Severe
1 0 100 ] 0 0 0 0
100 0 0 22 30 37 11
3 0 100 0 0 - 0 0 0
100 0 7 26 52 15 0
1,000 0 0 19 54 27 0
10,000 { 0 7 60 27 7
5 0 100 { 0 0 ] 0
o100 0 30 56 15 0 0
L L0000 -0 0 78 22 0
10,060 0 G 33 67 0 0
7 0 100 0 0 0 0 0
100 0 22 59 19 0 0
1,000 O 26 03 il 0 0
10,600 f 0 60 40 0 0
9 0 100 0 0 0 O 0
100 0 37 59 4 0 0
1,000 0 41 39 8 0 {
1,000 0 22 78 0 g 0
I 0 100 0 0 0 0 0
100 0 63 37 0 0 0
1,000 0 37 56 7 0 0
10000 0 6 89 6 00
13 —6 1o 0. 0 0 i} 0
1,000 0 11- 44 - 4] 4 0
16,000 ( 0 67 = 33 0 0
15 0 100 0 00 0 0
100 0 48 41 11 0 0
1,000 0 22 59 19 0 0
10,000 0 22 44 33 0 0
17 0 160 0 0 ] 0 0
100 I 59 20 4 ; 0
1,000 4 37 44 15 0 0
10,000 & i7 44 33 6 0
20 G 1G0 0 0 ] 0 0
100 60 40 0 0 0 0
1,000 14 71 14 0 0 0

-
e’

10,600 § 25 67 g 0
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Table 2.4. Frequency distributions of microscopic pathology category at 33 weeks
posthatch for rainbow trout exposed to different levels of Myxobolus cerebralis dose af

different ages.

Microscopic pathology category (%)
Age Dose

{weeks {triactinonyxons Moderately

posthatch)  per fish) None Mimmal Mild  Maoderate severe Severe

1 0 100 0 0 0 0 0

100 0 0 0 50 50 0

1,000 0 0 0 67 33 0

16,000 0 0 0 100 0 0

3 0 100 0 0 0 0 0

100 0 4 11 59 19 7

1,000 0 4 48 43 4 0

w0 0 26 53 2 0 0
5 S0 100 00 0 0 0

100 0 4 48 37 11 0

1,600 0 0 44 52 4 0

10,000 0 0 O 60 33 7

7 : 0 100 O 0 0 0 0

100 0 0 65 35 0 a

1,800 0 11 67 22 0 0

10,060 0 0 29 71 0 0

G 0 1a6 0 0 4] 0 0

109 0 44 56 0 0 0

1,000 0 52 41 7 0 O

10,000 0 26 56 18 0 0

11 _ 0 100 0 0 a 0 0

00 0022 78 0 o 0

Congoe 00 260 63 by 0 0

SR 100000 Qe B 78 Y 4 0 0

130 Do 0 100 Rt gL 0 0 0

e oM0O 7o o700 22 00 -0 0

1,000 4 e 26 18 0 0

10,000 0 33 44 22 0 0

I5 0 100 ] 0 0 0 0

100 11 59 22 7 0 0

1,000 15 37 41 7 0 0

10,000 O 44 44 12 0 0

17 0 100 0 0 0O 0 (

100 7 74 19 0 0 0

1,000 0 48 48 4 O 0

10,000 0 46 38 16 0 0
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category also shifted with increasing parasite dose level within an age. The mode of the
distribution increased with increasing parasite dose (an example is shown graphically in
Figure 2.7, all other distributions are tabulated in Tables 2.3 and 2.4). Frequency
distributions of pathology category for different dose levels within all age groups were

significantly different at P < 0.0001 (chi-square test of homogeneity).

Spore Counts

Myxobolus cerebralis spores were not found in any of the control fish exposed to
no triactinomyxons. The age of rainbow trout at exposure significantly affected the
number of spores present in the heads (F = 35.05, P < 0.0001; Figure 2.8). Spore counts
decreased significantly with increasing age at exposure. Fish exposed to 100
triactinomyxons per fish at 13 weeks posthatch or older had significantly lower spore
counts than all other age groups exposed to the same parasite level. Fish exposed to
1,000 or 10,000 triactinomyxons per fish at 9 weeks posthatch or older had significantly
lower spore counts than ;il o..ther .z..zge groups exposed to the samé parasite levels.

The nm‘nﬁer Q:f M ce_reb%afz‘s sﬁérés present in the fish heads was also
significantly affected by the dose of triactinomyxons the fish received when exposed at
certain ages (£ =77.70, P < 0.0001; Figure 2.8). Spore counts increased significantly
with increasing parasite dose for fish exposed at 11 weeks posthatch or younger, but not
for fish exposed at 13 weeks posthatch or older. A significant interaction was present
between age of fish at exposure and parasite dose ( = 8.23, P < 0.0001), providing
further evidence that the relationship between parasite dose and number of spores was not

the same for fish exposed at all ages.
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Figure 2.7—Frequency distributions of microscopic pathology category at 33
weeks posthatch by parasite dose level for rainbow trout exposed at 5 weeks
posthatch.
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Figure 2.8 ~Mean (+SE} number of Myxobolus cerebralis spores per head of rainbow
trout at 33 weeks posthatch, exposed at varving ages to 100, 1.060 or 10,000
triactinomyxons of M. cerebralis per fish.

| Whirling di_éeia:se_ clinical __sigﬁs were not Qbse_z_ved _a;r'néc_)ng any OIIf the con{rol fish
and no clinical signs were observed among any fish exposed at 13 wééks postﬁatch or
older, regardless of parasite dose level to which they were exposed.
The prevalence of clinical signs (blacktail, skeletal deformities and whirling
behaviour combined) at 33 weeks posthatch decreased significantly with increasing age
at exposure (F=475.16, P < 0.0001; Figure 2.9}, The prevalence of clinical signs

decreased significantly with increasing age at exposure for fish exposed to the same
3 g ag p
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Figure 2.9—NMean (+SE) percent of rainbow trout with any clinical sign at 33 weeks
posthatch. exposed at varying ages to 100, 1,000 or 10.000 triactinomyxons of Myxoholus

cerebralis per fish.

parasite dose level when exposed at 9 weeks posthatch or younger. Fish exposed at | and
3 Wéeks._;_jo's_thatch to 100 triactingmyxons per ﬁ_sﬁ had s_igniﬁcanﬂy higher prevalences of
clinical signs than all §ther age groups exposed to the same dose. Fish exposed at 5 and 7
weeks posthatch to 100 triactinomyxons per fish had the same prevalence of clinical
signs, but had significantly more clinical signs than all groups exposed to the same
parasite dose at older ages. No significant ditferences in the prevalence of clinical signs
occurred among fish exposed between | and 7 weeks posthatch to either 1,000 or 10,000

triactinomyxons per fish. although they all had significantly higher prevalences of clinical
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signs than the fish exposed at 9 weeks posthatch or older. No significant differences in
the prevalence of clinical signs occurred among the different age groups when exposed at
9 weeks posthatch or older, regardless of parasite dose level.
Level of parasite dose to which the fish were exposed also affected the percentage

of fish with clinical signs at 33 weeks posthatch (7= 41533, P « 0.0001; Figure 2.9).
Prevalence of clinical signs increased with increasing parasite dose, but only for fish
exposed at 7 weeks posthatch or younger. Tanks of fish exposed at 1 or 3 weeks
- posthatch to 100, 1,000 or 10,6(}0 triactinomyxons per fish ai_l_had 100% of fish with
clinical signs.' The prevalence of clinical signs was significantly different for all four
levels of parasite dose for fish exposed at 5 weeks posthatch with the prevalence
increasing with increasing level of parasite dose. No significant difference was present
between the fish exposed at 1,000 or 10,000 triactinomyxons per fish at 7 weeks
posthatch aithough the prevalence was greater in these fish than the controls and those
_ ¢xp_osed at 100 triactinomyxons per fish, and those exposed to 100 triactinomyxons per

ﬁsh had a 51gmﬁcantly higher prevaiéﬁc—e th'fan the c.b__ntféls.m '-Eé_i"asite dose level failed to
| szgnﬁcanti}faffectthe pr'e::val;e_qc_é of c.iiniéai si:g.ns for fish exéoséd at 9 weeks posthatch
of older. A31gn1ﬁcant mteractlon was also present between parasite dose level at
exposure and age of fish at exposure (F = 73.97, P < 0.0001) further indicating that the
effects of the parasite dose level were not the same for all levels of age at exposure, as
described above.

The prevalence of blacktail varied with age and dose in a similar pattern to the

clinical signs combined. Age at exposure significantly influenced the prevalence of

blacktail (F =21.70, P < 0.0001; Figure 2.10}) with the prevalence decreasing with
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Figure 2.10—Mean (£8E) percent of rainbow trout with blacktail at 33 weeks posthatch,

exposed at varving ages to 100, 1,000 or 10.000 triactinomyxons of Myxebolus cerebralis

per fish.

increasing age at exposure. Increasing age at exposure resulted in a decrease in the

prevalence of blacktail only ini fish exposed at 7 weeks posthatch or younger. No

| blacktail was observed among fish exposed at 9. we_eks__pésﬁﬁatch '_d'r_ :o..f.cler‘. One exception

‘to the relationship of age at exposure and the accurrence of biacktaliwas that the fish

exposed to 10,000 triactinomyxons per fish at 1 week posthatch displayed no blacktail at
33 weeks posthatch. This group had the highest level of mortality and blacktail was
present in these fish earlier in the experiment indicating that perhaps the most diseased
fish, those with blacktail, died before the end of the experiment. Level of parasite dose (o
which the fish were exposed significantly affected the presence of blacktail (7 =24.72. P

< 0,0001; Figure 2.10) with the prevalence of blacktail generally increasing with
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increasing parasite dose, but only for fish exposed at 7 weeks posthatch or younger. This
was also indicated by the presence of a significant interaction between age and dose (F =
8.84, P < (.0001) further demonstrating that the effects of dose are not the same for all
levels of age, as described above.

The prevalence of major skeletal deformities (mostly scoliosis) in rainbow trout
also varied with age and dose. Age at exposure significantly influenced the prevalence of
the major sk_eletal deformities (/= 6.02, P < 0.0001; Figure 2. 1”1) with the prevalence
decreasing with incredsing age at exposure. Rainbow trout eﬁiposed at 1 week posthatch
to 100 triactinémyxons per fish had a higher prevalence of skeletal deformities than all
other age groups exposed to the same dose; however, no significant differences were
present among any of the other age groups at this dose. No fish exposed at 3 weeks
posthatch or older to 100 tnactmomyxons per fish showed any signs of major skeletal
deformities. A similar pattern was present with the fish exposed to 1,000
triactinomyxons per fish. At 1,000 triactinomyxons per fish the prevalence of skeletal
| "deformitles mcreased wzi’h mcreasmg age up to 5 weeks posthatch The fish éxpcsed at

E EO OOG triactmomyxons per ﬁsh followed th1s same. pattem Wlth the excephon that those

: exposed at 1 Week posthatch d}d not show any signs of skeletal defonmnes. The level of

parasite dose to which the fish were exposed also affected the prevalence of skeletal
deformities (/" = 6.74, P = 0.0004; Figure 2.11) but only for fish exposed at | and 3
weeks posthatch. A significant interaction between age and dose was present (F = 3.75,

£ < 0.0001}) further indicating that the effects of level of parasite dose were not the same

at all levels of age al exposure.
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Figure 2.11-—Mean (+SE) percent of rainbow trout with major skeletal deformities at 33

weeks posthatch, exposed at varyving ages to 100, 1,000 or 10,000 triactinomyxons of
Myvxobolus cerebralis per fish.

: The prevalence of .;fi__li_ﬂor._.s_k_e}eitg} défagmiti-és (primarily cranial deformities) -
fo_ﬂo%;véa: a similar paﬁéfﬁ't}o. _t_hé{ of theel1mca131gns cp@i_nea (Figure 2.12) with the
._eX(;e.ption that.no. mmor "defo.rmit_i_;s. W@é rec'érde_d”‘ii.l fish exposed at 1 o.r 3 weeks
posthatch to 10,000 triactinomyxons per fish. Increasing ége at exposure caused a
decrease in the prevalence of this sign (F = 34.88, P < 0.0001; Figure 2.12) as did
decreasing levels of parasite dose (#=31.61, P < 0.0001; Figure 2.12). Minor
deformities were observed in fish exposed at 9 and 11 weeks posthatch; however, the
prevalence of the signs in the groups exposed to a triactinomyxon load was not

significantly different from the controls (no clinical signs were observed on any of the
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controls). No deformities were observed on any of the fish exposed at 13 weeks
posthatch or older, regardless of dose. Age and dose also significantly interacted (F =
10.35, P < 0.0001), further indicating that the effects of dose on the presence of the

clinical sign were not the same at all levels of age at exposure, as described above.
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Flgure 2 EZMMeaﬂ (+SE) p&rcent of rainbow trout With minor Skeletal deformities at 33
weeks posthatch, exposed at varying ages to 100, 1,000 or 10,000 triactinomyxons of
Myxobolus cerebralis per fish. :

Whirling behaviour was the least prevalent of all the clinical signs recorded. The
highest prevalence of whirling behaviour was fess than 10% (Figure 2.13). However, age
and dose were both found to significantly affect its prevalence (F = 3.28, £ = 0.0013 and
F=273, P =1.0496, respectively for age and dose); no significant interaction was

present (/= 1.37, P =0.1332). Significant differences in the prevalence of whirling were
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only present among the different age groups when exposed to either 1,000 or 10,000
triactinomyxons per fish. Age did not significantly affect the prevalence when exposed at
9 weeks posthatch or older when exposed at 1,000 triactinomyxons per fish, and no
differences were present among the fish exposed at 5 weeks posthatch or older at 10,000
triactinomyxons per fish. Whirling bahaviour was not observed among any of the fish
exposed at 1 week posthatch. Parasite dqse only influenced the prevalence of whirling
bahaviour in fish exposedat 3, 5or 7 we’ek.s:pos%haich with mcreasing dose giving a
general pattern of increasing prevalence. No whirling bahaviour was observed with fish

exposed at 9 weeks posthatch or older.
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Figure 2.13-Mean (+SE) percent of rairbow trout with whirling behaviour at 33 weeks
posthateh, exposed at varving ages to 100, 1,000 or 10,000 triactinomyxons of Ayxobolus
cerebralis per fish.
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Discussion

The development of whirling disease in rainbow trout was dependent on both the
age of fish at first exposure to M. cerebralis triactinomyxons and on the dose of
triactmomyxéns to which the fish were exposed. Hypotheses 1.1 and 1.2 of this
dissertation were therefore rejected. Mortality, the presence of clinical signs, spore
counts, and microscopic pathology decreased with mcreasing age of fish at exposure and
decreasing level of parasite dose. These findings confirm what others had previously
demonstrated about the relationship of fish age at first exposure to the parasite (Hoffman
1961; O’ Grodnick 1979; Wolf 1986; Lom 1987; Markiw 1991; Markiw 1992a;
Thompson et al. 1999), and the effects of parasite dose on the development of the disease
(Hoffiman 1974; Hoffiman 1976; O Grodnick 1979 Wolf 1986; Markiw 1992a; Markiw
1992b; Thompson et al. 1999). Unlike earlier studies, this study not only demonstrated
the effect of fish age at exposure and parasite dose on the development of whirling
disease but also identified the age when rainbow trout become resistant to the -
development of the disease. Aitho'ugh this e};perirnen’; demonstfaf'éd the age of rainbow
trout at which resistance to whirling disease déyelops,- whether this relationship was a
factor of fish age or size could not be determined, as the ages and sizes of fish used in the
experiment were significantly correlated. The second objective of this dissertation was
developed to determine the effects of age versus size of rainbow trout at time of exposure

to the parasite on the development of whirling disease. This objective was addressed 1n

Chapter 3 of this dissertation.
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An age threshold at which whirling disease does not develop in rainbow trout. i.e.,
the age at which rainbow trout become resistant to the development of the disease, could
be determined by comparing the effect of parasite dose within each age group. For
instance, if fish exposed to tnactinomyxons had no difference i disease response when
compared to contrel fish (those given 0 triactinomyxons per fish) then exposure to M.
cerebralis at that-particular age did not result in the development of that particular disease
response. The age threshold for mortality was 7 weeks posthatch; 1.e., groups of fish

‘exposed toM "c_ereb.rgzlis triactinomyxons at 7-weeks posthatch or older had the same
amount of fnor’tality as if the ﬁsh had never been exposed to M. cerebralis
triactinomyxons. The threshold was 9 weeks posthatch for swimming performance and
clinical signs, and for M. cerebralis spore counts the threshold was 13 weeks posthatch.
Although the %léresiloici for M. cerebralis spores was 13 weeks posthatch, all fish exposed
to 100 triactinomyxons at 9 weeks posthatch or older did not have significantly more
spores than the control fish. Rainbow trout exposed at 9 weeks posthatch or older,

. regardiess of dose, 'i_;ad{'a niodai'midrpscépié pathoiogy grade of mﬂd or lower.” When all

' '.'0__f theresponses of uh;rimgd;sease Wére ._cénsi&eréd; tll.le' :_éfféct_é of v\}hi.rling disease on
rainbow frout were .s'ﬁﬁsta;.nﬁaﬂ}; reduced, .or the same as in rainbﬁw- trout not exposed to
the pathogen, when exposed to the parasite at 9 weeks posthatch or older, as compared to
fish exposed at younger ages. Rainbow trout reared in M. cerebralis-free waters for 9
weeks posthatch or longer, whether in the wild or in a hatchery situation, should therefore
exhibit enhanced survival and swimming performance, and reduced prevalence of clinical

signs, spore counts and severity of microscopic pathology compared to fish first exposed

to the parasse at younger ages.
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Clinical signs are quick and easy to measure indicators of whirling disease
severity. However, not all chinical signs are accurate measures of disease severity.
Aggregated clinical signs showed the same pattern of whirling disease severity as the
other indices (survival, spores, etc.). However, this pattern was not as obvious when the
signs were analysed individually, Blacktail was the best individual clinical sign. Its
presence can be quickly and easily determined. No blacktail was observed among fish
exposed at 9 weeks posthatch or elder. Only minor skeletal deformities were observed
among these fish and the prevalence of this sign in these fish was not significantly
different from that of the controls, in which no clinical signs were observed. Therefore,
using blacktail alone could result in the presence of clinical signs m some fish may be
overlooked; however. the clinical signs that would be missed are not good indicators of
disease severity, Major skeletal deformities were considered to be less useful than
blacktail because the effects of the parasite dose on major skeletal deformities were only
present in fish exposed at either 1 or 3 weeks posthatch. Whirling behavioar was the
_léast useful of .t'.he signs 'as it.f‘éﬂed. fo follow the same pa_,tte_m;of diséééé séven’ty as
| Shown By tﬁé étﬁer .indfc-:_es. B e | i

- Understancimg the factors that affect the pathogenesis of amf p athegen is crucial
to its control. The control of whirling disease in hatcheries has relied on rearing fry and
fingerlings in parasite-free water for as long as possible before transfer into earthen ponds
or mto waters known to contain the parasite; however, required durations were unknown.
Recommendations ranged from 4 to & months after hatch (5 to 13 cm in length) (Halliday
1976; Hoffman 1976, Schaperclaus 1991; Garden 1992), which were generalty based on

the untested premise that resistance to whirling disease increases as a function of
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ossification of the skeleton. Based on my work, the recommended time that juvenile
rainbow trout should be maintained m M. cerebralis-free waters to reduce the severity of
whirling disease 1s 9 weeks after hatch, which ts substantially shorter than the previous
recommendations. Whether the rainbow trout being reared are for stocking into infected
waters or are for food production, if the fish are maintained in M. cerebralis-free water
for t_h:e;'ﬁrst 9. Wéél{s after hatch ’th.e production and survival of the fish will be greatly
increased. |
'Knov.ving thé’-’-égé thi;'eshékf at which rainbow trout become resistant to the
development of whirling disease has important implications not only for hatchery
management but also for the management of wild trout fisheries. Management strategies
* that take into account the time period rainbow trout are most susceptible to the
development of whirling disease can be used to better control the pathogen and the
disease it manifests. The situation is simple in hatcheries however, controlling the
_pathogen__ax__ld ﬂ}gldis.;c.ase__it manifests in the wild is more c.omplicated. When and where
rambow troutspawn,whenthe fry E":é.gve theredd,where the fryrear, and t'riactil.lézﬁjrx.o.n
éﬁuﬁdahqé._.i‘:;'oth spatialiy .and _'teflnﬁbfaiiy, are a.i.i eé’SéﬁtiaI to any manégement éfratégy
| (Dovmmget éL '2'()02): .ﬂabi'téts; kncwn to .i.ae M cer'eémlis—lfree',' and x;\}here rainbow
trout spawn and fry rear, should be maintained and conserved to encourage the fish to
rear in these areas, especially if later in their life history they are known to travel into
arcas where the parasite 1s present. Flushing flows, such as an increased release from a
dam, may be used to dilute triactinomyxons, and reduce the likelthood of infection and
disease during periods when high triactinomyxon abundances are known to coincide with

the rearing of susceptible juvenile salmonids. Early spawning strains may also be
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stocked in areas where emergence and rearing of susceptible juveniles currently coincides
with times of high triactinomyxon abundance. Introducing early spawners into the
system will result in fry hatching earlier and theoretically rearing and developing to an
age that provides them with protection against the development of the disease before
triactinomyxon abundances are at their highest. Alternatively, eggs could be collected
and fertilized from adult rambow trout returning to the spawning areas earlier than the
average spéwners in the population. The fry from these collections could subsequently

- bé-realjéd in a hatchiery and stocked back; into ih@ system toiﬁcrease the numbers of early
spawners within the population. "fhé fry éf early spawning fish have a greater chance of
survival; therefore, early spawning fish may also become dominant within the population
through the process of natural selection.

Although rainbow trout exposed to the whirling disease pathogen at 9 weeks
posthatch or older will be resistant to the development of the disease and show no signs
of disease, they have the potential to be carriers of the pathogen. Fish with no M.
cerebmlzs spores Were present in all exposure groups exposed at 9-weeks posthatch or
:;'_'older however oniy the groups exposed to 100 mactmomyxons per ﬁsh at exther 17 or
24 vweeks p@sthatch had no fish present with any M cerebralis spores Therefore, the
potential exists for fish exposed to the parasite at ages older than 9 weeks posthatch to be
infected with the parasite and become carriers of the pathogen while displaying no
adverse signs of the disease. However, the potential for fish to become carriers of the
pathogen decreases with increasing age at exposure and also with decreasing levels of
parasite exposure. Fish exposed at 13 weeks posthatch or older to 100 {riactinomyxons

per fish or less would have a low potential for becorming carriers of the pathogen. The
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fish exposed at 24 weeks posthatch to 100 triactinomyxons per fish developed no M.
cerebralis spores, it could therefore be hypothesized that the risk of being a carrier of the
pathogen can be reduced to zero if the fish are exposed at 24 weeks posthatch or older to
low levels of the disease. Therefore, if fisheries managers knew the age at which fish
would be first exposed to the pathogen and the level of parasite exposure the fish would
receive it would allow for the estimation of the risk of those fish becoming carriers for
the pathogen. A means to measure the density of M. cerebralis triactinomyxons present
in a body of water (the “tamometer”) has been developed at th.e BFTC and quiana State
University, Bozeman, Montana (H. Lukilis; Montana Cooperative Fishery Research Unit,
personal communication). How the triactinomyxon densities equate to whirling disease
in fish would require sentinel fish exposures to be carried out at the same time as the
density measu.rcments are made. These fish could then be compared to those from a
controlled laboratory exposure where fish were exposed to a range of parasite doses
Fisheries managers would thereby be able to use the tamometer to determine the densities
_of trzactmorﬁyxons present m a body of water and be abie to determine 1f their fish
exposed te that den51ty of tnactinemyxons W()lﬁd have the poténtlaf to beccme carriers of
the pathogen. H&Vever,- if the goai of the fisheries man#ger or hatchery manager is
purely to produce rainbow trout with no adverse effects of whirling disease, this could be
simply achieved by preventing the exposure of the fish to the parasite until 9 weeks
posthatch or older.

The information gained from this work can be applied to the management and
control of whirling disease in wild and cultured rainbow trout populations. However, it

may be less applicable to the management of other salmonid species. The rambow trout
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is the principal salmonid host for the parasite and is therefore the species most commonly
studied in whirling disease research. Most other salmonid species are susceptible to the
effects of the disease also, but to varying degrees (MacConnell and Vincent 2002). The
relationship of increasing age or size at exposure and decreasing risk of development of
disease is likely also present amongst the other whirling disease susceptible salmonid
species, but the threshold level when the fish become resistant to the development of the
disease is likely to be different. The general principles demonstrated in my work
(increasing age or size and decreasing levels of parasite dose result in a decrease in the
effects of whirling disease) can be applied loosely to the management of any salmonid
species in M. cerebralis-positive areas. However, managing a mixed salmonid
population or a population other than rainbow trout in a positive area may require more
specific information as to when the particular species being managed becomes resistant to
the development of the disease. In addition, further studies should be carried out to
ascertain whether the same age thresholds would occur when fish are exposed to
c‘dﬁﬁnual exposures of iriactinomﬁéné such as would be found in the wild.

Several areé_s offumre iﬁvéétigation- arose fmm. this work which would be
'béﬁeﬁéial to tﬁe management of the disease in both the wild and in hatcheries. Future
investigations involving exposures of fish to a wider range of parasite doses than used in
this experiment could be very beneficial to the management and understanding of
whirling discase. Increasing parasite dose at exposure produced an increase in disease
severity in rainbow trout exposed at 9 weeks posthatch or younger. However, the
relationship of increasing parasite dose and subsequent disease sevenity has not been

systematically determined. An increase n parasite dose exposure increased the disease
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severity in rainbow trout, but this was only demonstrated on a very hroad sense using
triactinomyxon doses of different orders of magnitude. For the precise assessment of the
effects of smaller differences in parasite dose we would need to know in more detail the
effects of increasing parasite dose on the development of whirling disease severity. A
parasite dose 1s likely to exist at which increasing levels fail to increase whirling disease
severity. For several of the responses and age groups used in this éxperiment, mcreasing
the exposure level from II,OOO triactinomyxons per fish to 10,000 triactinomyxons per
fish did not result in an increase in severity éf the response. However, for some of the
responses, an increase in disease severity occurred between exposure to 1,000
triactinomyxons per fish and 10,000 triactinomyxons per fish. Therefore, the maximum
parasite dose threshold where increasing levels fail to increase whirling disease severity
15 probably greater than 1,000 triactinomyxons per fish, but less than 10,000
triactinomyxons per fish. Similarly, a mimmum triactinomyxon dose below which

whirﬁng disease does not develop in the fish is likeiy to exist. My lowest dose (100

e 'trlactmomyxons per ﬁsh) mducsd whmhng chsease m rambew trout expesed dunng the E

éﬁéceptlbie age range therefore the mmlmum threshold must be 1ewer than IOG
tﬂac:tinomyxons per fish: |

Further areas of investigation, which became apparent from this work, included a
refining of the histological grading scale used for determining the severity of whirling
disease. The most commonly used index of whirling disease severity, both in laboratory
exposures and in sentinel fish exposures, is the histological pathology index of severity
(as used in this experiment) (MacConnell-Baldwin scale, Hedrick et al. 1999b).

Although this histology scale gives the investigator an index of microscopic pathology



47

severity, it does not provide the investigator with absolute information on the dose of
triactinomyxons to which the fish were exposed. Only relative relations can be inferred.
The MacConnell-Baldwin scale provides qualitative information on microscopic
pathology severity. However, it does not provide quantitative information on how the
different categofies relate to disease severity. For instance, the MacComnell-Baldwin
scale would suggest that all fish graded as “mild” on the scale have all the same level of
disease severity which would imply that the fish in this experiment exposed at 5 wéeks
posthatch with a median grade of “mild” on the scale have the same level of whirling
disease severity as the fish exposed at 17 weeks posthatch with a median grade of “nuld”.
The evidence from the other responses of disease severity used in this expertment show
that this is clearly untrue. An additional common mistake made in whirling disease
research s to treat the MacConnell-Baldwin grades as if they were quantitative
continuous data with grades commonly being reported as means. This is statistically
incorrect because the scale is not technically continuous and the difference in pathology
between the g:ades is not known to be equal in size. Theréforze? a great need is present
.f.(')r this scale to be studied in more detail and to be calibrated so that the. data can be
treated more Q’bwéifulfy usiﬁg parametric techniques, instead of the current situation
where the data can only be correctly used as categorical data with non-parametric
statistical tests.

The histological pathology index of severity is by far the most commonly used
index of whirling disease severity; however, the results in comparable studies vary
widely. Most commonly the histology categories are reported as mean numbers with

none = 0, mupimal = 1, mild = 2, moderate = 3, moderately severe = 4, and severe = 3. In
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laboratory studies where rainbow trout were exposed at about 60 days posthatch to 1,000
to 2,000 triactinomyxons per fish, mean lesion scores were reported as 3.5 to 4.2
(Hedrick et al. 1999b}, 4.2 to 5.0 (Sollid et al. 2002), 2.24 to 4.29 (Vincent 2002), 1.8
(Hedrick et al. 1999a), and in my study the mode for comparable fish was 2. Some of
this variability can be explained by the use of different strains of ﬁsh and may also be
explained by differences in histology or grading technique. Significant differences in
gradmg existed among hlstologlsts prov ided with Idenﬂcai slides (George Schisler,
Colorado Ceope}:atwe F1sh aﬁd Wﬂdhfe Research Unit; presented at the 1999 Whirling
Disease Symposium, Fort Collins, Colorado). Direct comparisons of histological grading
among different studies could be misleading unless the histology and grading techniques
are standardized among researchers. Therefﬁre, it is important to use other indices of
whirling disease severity in addition to histological grading, such as those used in this
study, and it is critical to standardize the technigues used within an experiment o ensure
that the histolo gy gradmg is comparabke among expenmentai groups. Although the
' 'fnlcroscoplc pathoiogy results fmm my study do not match exactly those of similar

| 'studzes the Eechmques were standaﬂhzed wzthm the study and aﬂ sildes were grade(i
relative to the others so that c-omparzsons couid be made among th_e- treatments. Higher
microscopic pathology grades may have been expected among the two youngest groups,
but the low scores may have been caused by high mortality. The most severely diseased
fish likely died before the conclusion of the experiment.

One, or a combination of physiological factors at 9 weeks posthatch (raised at 12
°(), provides rainbow trout with protection against the development of whirling disease

after exposure to M. cerebralis triactinomyxons. Whether in the wild or in a hatchery
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situation, rainbow trout maintained in M. cerebralis-free water for at least 9 weeks
posthatch wiil have a significant resistance to the development of whirling disease after
they are exposed to the parasite.

The development of resistance with increasing age or size at exposure has
generally been thought to be a result of increasing ossification of the skeleton, although
this hypothesis has never been tested. Myxobolus cerebralis primarily targets fish
cartilage (El-Matbouli et al. 1992). The trophozoites of the parasite digest cartilage and
destroy the structural framework needed for healthy bone formation, leaving fish with
permanent disfiguration. The abundant cartilage in the skeleton of young trout is thought
to render them highly susceptible to the effects of the disease (EI-Matbouli et al. 1992).
[t can be hypothesized that at 9 weeks posthatch the rainbow trout skeleton has become
ossified sufficiently to provide the fish with protection against the parasite. The
significant reductions in clinical signs, microscopic pathology and spore counts in fish
exposed for the first time after 9 weeks posthatch, when compared to fish exposed at
younger ages, maybe éé;ribﬁtéblé to mcreased skeletal o'ésiﬁ'catizqi;_ and reduced amounts
of available cartilage. Rainbow trout exposed at 9 weeké' pesthatch or older also had
increased swimming'performance. If the fish are less damaged structuraliy‘ and under
less stress caused by the effects of the disease they will be able to perform better. The
increased survival found in fish exposed at 9 weeks posthatch or older can be attributed
to a combination of all of the other factors. A healthy fish will be less stressed, will not
be compromised by structural damage, and will have good swimming performance.

These factors in combination will elicit increased performance and survival. The role of
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skeletal ossification in the development of whirling disease in rainbow trout was studied
in more detail in Chapter 3 of this dissertation.

Exposure to an infectious microorganism does not necessarily result in infection
or the manifestation of clinical disease. The occurrence of disease results from a series of
complex interactions of the host, pathogen and the environment (Snieszko 1973). These
complex int_e_ractig)ﬁs hé{}e to be ﬁﬁderétood to determine if an interaction between host
and pathogeﬂ W;H res{ﬂt in-diséése. We now know that the age of the host is critical for
the development of w.hiriing_ diSease,ﬁ asis the density of the pathogen to which the host is
exposed, and that both of these factors significantly interact in such a way that the effect
of age on the development of the disease is not the same at all levels of parasite dose, and
vice versa.

Resistance to a pathogen can be caused by several different factors: penetration of
the host may be reduced, there maybe an induced mechanism such as antibody or

_ mterferon production or the pathogen may be 1}:1activaied by serum components
-. phagocytlc caﬂs acute pha,se protems or kﬂier ceﬂs (Chevassus and Dorson 1990)

' Beszdes the mcrease m osszﬂed skeieton found in rambow trout as they age or grow,

- 1mmune fes'pdﬂéé'é 'may aEso b’e’ presen’t i'n"the fish that'couid 'prewde them with protectioﬁ
against the development of the disease. Rainbow trout do develop a humoral (anttbody)
and cellular immune response to the whirling disease pathogen (Hedrick et al. 1998).
However, an active ceflular immune response is not evident in the fish until after
significant cartilage damage has occurred (Hedrick et al. 1998) and specific anti-M.
cerebralis antibodies are not present until 12 weeks after exposure to the parasite

(Chapter 4). The induction of cellular or humoral immune responses can therefore not be
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responsible for providing the fish with an increased resistance against development of the
disease with increasing age because the cellular response is not induced until after
damage has occurred, and the humoral response takes too long after infection to occur to
provide the fish with protection. .However, there maybe other non-specific immune
mechanisms that rainbow trout develop with time that could provide them with resistance
against development of the disease. The immune response of rainbow trout to M.
cerebralis was studied in more detail in Chapter 4 of this dissertation.

Anothier possible explanation fér .in.c:reased resistance to the development of
whirling disease with increasing age at exposure is related to the damage the parasite
causes to the nervous system of its host. Significant neuropathology is associated with
the presence of whirling disease in rainbow trout {Rose et al. 2000). Younger fish at first
exposure would have a less mature nervous system that would be more vulnerable to
dysfunction caused by the whirling disease pathogen (Rose et al. 2000), Therefore,
development of a more mature and well-developed nervous system may coincide with the
' deveiopment of ._r.és.i;s:taﬁce to whirling disease. B

Severa}examples éxiist in himan medicine where age }S a critical factor for the
determinat.ionréf disease'-dex}eiopment: Infants and toddlers are more susceptible than
older children to many infectious agents because of limited immune defenses or because
of physiologic or anatomic factors (Klein 1986). For example, the development of otitis
media (inflammation or infection of the middle ear) is most common in infancy, which
can be related to the development of the eustachian tube. In infancy, nasopharyngeal
secretions readilv reach the middie ear because the eustachian tube is short, wide, and

horizontal. By school age, the tube has elongated, narrowed, and 1s oblique:
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nasopharyngeal secretions then have limited access to the middle ear (Teele et al. 1980).
Infants in their first month of life are also particularly predisposed to bacterial meningitis,
which is related to their immature immune systems and also anatomical ease of infection,
one route being through the eustachian tube and middle ear infections (Linton 1982;
Mandell et al. 1995). In human infectious diseases it is rare for an individual infected
early in life to contract {hé'séfﬁe discase a second time beqaase of the immunity
established by the_ p;eyio_ﬁé mfections. The immune response of rainbow trout o M.
cerebralis, and the protection it’.pfc'svides';é-(:i.c;vered in detail in Chapter 4. However,
because rainbow trout are only susceptible to the effects of whirling disease during a
relativ.ely short time frame, in addition to being resistant to subsequent exposure because
of an acquired immune response, they will also be resistant to the development of the
disease because of thetr physiological resistance that deveiops after ¥ weeks posthatch.
Myxobolus cerebralis has a complex two-host life cyele. Control and
management of the paras1te and the chsease it mamfests will only be achieved after
.:..cémpiete nnderstandmg éf the pmcesses mvolved m the hfe cycie Aitheugh m North
Amenca the rambow irout 1s consuiered to be the pnmary host of M cerebmlzs
(Mac'ConneH anc{ Vincent 2002); the rainbow trouf was fiot the primary host that the
parasite evolved with. Myxobolus cerebralis is endemic to Eurasia (Hoffman 1970;
Hoffiman 1990) and is thought to have co-evolved with the European brown trout
(Hoffman 1970). Brown trout show a greater resistance to the development of whirling
disease than rainbow trout and will only develop the disease when exposed to high
triactinomyxon densities (Hedrick et al. 1999a). Whirling disease has resulted in

significant declines in wild raimnbow frout populations in the Madison River, Montana
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(Vincent 1996), and in the Colorado River, Colorado (Nehring and Walker 1996).
However, in the Madison River no declines were reported in the brown trout population
{Vincent 1996). The mechanisms by which brown trouf are more resistant to the
development of the disease than ramnbow trout have yet to be identified. Other
explanations focus more on the immune response of the brown trout providing them with
protection. Resistant salmonid species may be more effggtive at immune recognition and
destruction of M. cerebralis (M&cCom_}_;Il- and Vi_n:c_'e_i_lt .2{)02). However, current
knowledge on the immuné response to M cerebralis iﬁ;ihe salmonid host is limited.
Microscopic lesions in brown trout contain more multinucleated giant cells than rainbow
trout and rarely progress beyond small, discrete foci (Baldwin et al. 2000), whereas,
rainbow trout mount an extensive cell-mediated response that contributes to disease.
Additionally, parasites and lesions in rainbow trout are feund 1n cartilage throughout the
body but are consistently located in the cranial regions, primarily the ventral calvarium,
In contrast, infections in brown trout most commonly occur in gill arches and rarely in
the x)entral calvari_:ur_n_ (Hed_r_ic}c ét al: 19_99_3; Baldw_in et alEOOO)

In addition to pﬁy.sfilé_il(.a.gica} and ifnmunoiogical' 'di.fferences that occur between
brown trout énd rainbow trout, 'li'fe'hiStOfy attributes ma}:f'-édﬁffibuié to differences in
disease susceptibility. The most critical period for salmonids in whirling disease-positive
areas is the time between hatching and emergence when the fish are most susceptible to
the disease (MacConnell and Vincent 2002). Rainbow trout have evolved to spawn
during the spring scason, stimulated by rising water temperatures, and hatch in early
summer (Behnke 1992}, whereas brown trout spawn in the avtumn and hatch n late

winter to early spring (Hunter 1991). The release of the triactinomyxon stage of M.
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cerebralis in the wild has & seasonal pattern, with the highest density of parasites
oCCUITing during June through September (Thompson and Nehring 2000, Downing et al.
2002). Therefore, it would be expected that in comparison to brown trout, rainbow trout
would be more susceptible to the effects of whirling disease in the wild because their
hatching and emergence generally coincides with the periods of high triactinomyxon
degsities in the }_ﬁldt
Because _%a_inb_cw' troui _éiré__ d reiati_v?l__y new host of M. cerebralis it can be
hj}péthé'siz;*édg that over f'im..é..zféinbow tr'oiit%%f:iﬂ also-evolve with the parasite to become
more resistant to théz effects of the disease. This may occur through physiological and or
immunological changes, or it may result from shifts in life history strategies to produce
populations that are better able to co-exist with the parasite. Rainbow trout most
susceptible to the effects of whirling disease are those that rear in areas where
triactinomvxon abundances are high. In these areas. selection pressure may resulf in
changes of spawning timing 50 hatching and emergence occur when the triactinomyxon
_ abﬁﬁdangéé are I.I(.J{_.a.t. théi_rlpeal.{ﬂ. Aiterﬁaﬁ.y%eiy,_ r_#iﬁbo‘;v trout that spawn in areas where
triactinom_yxo__n abq.ndanéés_ are not at-levéizs iéfhal_to thezr young zil.ay be selected for.
) R&mbow trout Wlth anmnate 1mmunitytowardsthe parasxte m@ iikezwisé be selected for.
Recently, rainbow trout strains in Europe have been identified as being more resistant to
whirling disease than rainbow trout strains from North America (Mansour El-Matbouli,
University of Munich, personal communication). These “resistant’ rainbow trout from
Germany, although originally imported from North America, have been raised in
Germany in M. cerebralis-positive waters for up to 110 vears. Myxobolus cerebralis has

been present in North America for about 50 years and in the Rocky Mountain States for
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less than 10 to 15 vears. If given another 100 years, the rainbow trout in the Rocky
Mountains may also become resistant to the disease; however population reductions may
continue to occur as seen in the Madison River, Montana, if no management strategies
are taken to prevent such losses.

We can only speculate as to what will happen with the M. cerebralis-rainbow
trout relationship over time. As scientists and fisheries managers, we have two options;
we can erther let nature take its course and let the equilibrium develop between M.
cerebralis and rainbow trout, or we can infervene and try to manage and control the
relationship. If our goal is to preserve the fisheries resource and to limit the effects of the
disease as much as possible, then we should intervene and use the information we have

on the relationships between host and pathogen to better control the parasite and the

disease 1t manifests.
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CHAPTER 3

OBIECTIVE 2: EFFECTS OF AGE VERSUS SIZE AT TIME OF EXPOSURE ON

THE DEVELOPMENT OF WHIRLING DISEASE IN RAINBOW TROUT

Introduction

Tiie:deveiopment and severity of whirling disease pathology in salmonids has
long been'i{nox’;;n to be dependent generally on ti"lé agé, oﬁ' size, of fish when first exposed
to t.i;e triactiliomyxén spores of Myxoééius cerebralis (Hoff;fnan 1961; O’Grodnick 1979;
Wolf 1986; Lom 1987; Markiw 1991 ;Markiw 19922, Thompson et al. 1999). The
intensity of whirling disease decreases with increasing size (O Grodnick 1979), or age
(Markiw 1992a), and trout exposed to the parasite with larger mean weights will have
better survival (Thompsén etal. 1999), Hoffman (1961), Wolf (1986), and Lom (1987)
suggested that fish older than 6 months, or larger than the fingerling stage, would not
i beCoﬁi_e dis-éés_ec_l.‘_ Th@ yopjm-.ge'st: age at which trout can become infected with the parasite
- .is 2‘_53}»’5 posthatch (Markzw 1.99_1-}-.;"- _"Né stu&i_e's, pnor tomy di.ssl{.:i'.i:at.ioln work ciescribeci
_i..n:.__ChapI_te'r.Z., had been cdndu_cté&l-to: systeﬁia.tiicfaﬂy determine t.he___:ag'é of trout when they
become resistént to the effects of the parasite. Consequently, effective management of
wild salmonid fisheries in whirling disease-positive areas has been prevented because
fisheries managers do not know when resistance to the disease develops in fish and thus,
do not know how long trout must rear i M. cerebralis-free waters to reduce or eliminate
the effects of the disease. Similarly, the control of whirling disease in hatcheries has

relied on rearing frv and fingerlings in parasite-free water for as long as possible before
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transfer into earthen ponds or into waters known to contain the parasite, but required
durations were unknown. Recommendations ranged from 4 to 8 months after hatch (5 to
13 cm m length) (Halliday 1976; Hoffman 1976; Schaperclaus 1991; Garden 1992),
which were generally based on the untested premise that resistance to whirling disease
increases as a function of osstfication of the skeleton. Narrowing this range of
recommended rearing times of rainbow trout in parasite-free water would make for better
management of rainbow trout in whirling disease-positive areas, whether in the wild or in
hatcheries.

I systematically demonsirated in Chapter 2 (objective 1) that rainbow trout
become resistant to the development of whirling disease at 9 weeks posthatch. However,
the ages and sizes of fish used n that experiment were significantly correlated.
Therefore, I could not determine whether the development of resistance with increasing
age was a factor of age or size of the fish at exposure, or perhaps a co-variate of one or
both, such as skeletal ossification. Therefore, my second objective was to determine
whether age or size 1s more iﬁﬁééﬂant n thedevelopment of resistance to the disease.
Rainbow trout of same size but different age,.: énd same age bﬁt different size, were
exposed to the parasite. Such determination is critical for effective management and
control of whirling disease, as 1s determination of the specific age or size at which
resistance is conferred. If age were the more critical factor for determining when fish
become resistant, fisheries managers would then know that if the fish were maintained in
parasite-free water for their first 9 weeks after hatch (see Chapter 2) that their chances of
developing whirfing disease would be greatly decreased. However, if size is more

important than the temporal age of fish, then a smaller fish 9 weeks after hatch would be
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more susceptible to development of the disease than one of the same age but larger size.
The duration. or size, to which a fish must be maintained in parasite-free water can
therefore only be specified if it is known whether the age or the size of the fish at first
exposure to the parasite is more critical for the development of the disease.

Myxobolus cerebralis primarily targets fish cartilage (El-Matbouli et al. 1992).
After penetration of the host epidermis, the parasite reaches the cartilage via peripheral
nerves and the central nervous system (El-Matbouli et al. 1995). The trophozoites of the
parasﬁe digest cartilage and destroy the structoral framework needed for healthy bone
formation, leaving fish permanently disfigured. The abundant cartilage in the skeleton of
young trout is thought to render them highly susceptible to the effects of the disease (El-
Matbouli et al. 1992). However, the hypothesis that resistance to whirling disease
increases directly as a function of ossification of the skeleton has never been tested. In
addition to determining whether the age or size of rainbow trout is more umportant for the
development of re_sistance to whirling _disease, I compared the level of skeletal
* ossification i rainbow trout at i of exposure to the subsequent scvrity of whirling.
disease. Deiermmatmnof the _faétc)rs réépoﬂSibie for @’hy égé' or size .inﬁi_ten._ces. the
deveiopment of resiétaﬁce o whirling disease in rainbow trout may enhance our
understanding of this parasite, and therefore aid in the management of wild and hatchery

fish in whirling disease-positive areas.



59
Methods

Whirling disease severity was compared in rambow trout first exposed at different
combinations of age and size to determine which factor was more influential in
enhancing development of resistance to the disease. The effect of age was determined by
exposing fish of the same size but different ages to the parasite. Similarly, size was
evaluated by exposing rainbow trout of the same age but different sizes. These
combinations were achieved by rearing fish at different water temperatures prior to
exposure. Whirling disease severity was measured using mortality, swimming
performance, clinical signs, microscopic pathology, and spore counts as response

variables.

Experunental Procedures

Myxobolus cerebralis triactinomyxons were produced in the laboratory. Cultures
of T ubifex tubifex worms were exposed to myxo'spgres of M. cerebralis, and
ffi:éctiﬁomyxons.w'ére céHecte& 'usiﬁg a procedure simﬂarlt'o' that described by Hedrick eﬁ
- al. (1999b). N | i |

Erwin strain rainbow trout were hatched from eggs supphied by the Enmis National
Fish Hatchery, United States Fish and Wildlife Service, Ennis, Montana, and were
maintained at the Bozeman Fish Technology Center, Bozeman, Montana, until exposure.
After hatch, the fish were reared at one of three different water temperatures (9.3, 12.0, or
15.4 °C) to produce three groups of fish with different growth rates and therefore

different sizes at the same age. The fish were exposed at 7 or 9 weeks posthatch.
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Exposures at each of the six age-size combinations (Table 3.1) included a control

exposure (three replicates) and one exposure to 1,000 triactinomyxons per fish (three

replicates). Hach replicate included 40 fish.

Table 3.1. Lengths and degree-days of development at exposure for fish reared at
different temperatures. No significant difference existed between mean lengths of fish of
different ages with the same degree-days of development (588 or 756 degree-days).

Temperatﬁr_e (°C) Age at exposure Degfcemdays at - Mean (SE) fork length
{weeks posthatch) ‘exposure at exposure (rmm)
9.3 7 456 28 £0.99
9 588 36 047
12 7 588 36 £ 0.83
9 736 40 £ 0.04
154 7 736 40 £ 0.53

9 970 46 + 0.69

Exposures were conducted at the Wild Trout Research Laboratory (WTRL),
Montana State University, Bozeman, Montana. Fach lot was exposed to M. cerebralis
friactinomyxons in aerated 5-liter exposure chambers for 2 hours. Control replicates
were subjected to a sham exposure. Following exposure, lots were maintained separately

at 13 °C in 38-liter glass aquaria supplied with filtered and oxygenated water by a
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recirculating process system at the WIRL. The fish were fed a commercial trout diet at 2
to 3 percent body weight per day. Mortalities were counted and removed daily.

The swimming stamina of individual fish was tested 20 weeks after exposurein a
stamina tunnel (Figure 2.1). Swimming stamina was measured as the length of time a
fish could maintain its position in the tunnel at a constant water velocity (35cm/s). The
times to fatigue were recorded for nine randomly selected fish from each replicate.

The fish used in the stamina test and the remaining fish from the replicates were
examined for clinical signs typical of whirling disease (blacktail, skeletal and cramal
deformities, and whirling behavior), euthanatized and their fork lengths (mm) were
measured. The heads of the euthanatized fish from the stamina test were removed, cut 1n
half along the midsagittal plane, preserved in Davidson’s fixative, and prepared for
microscopic examination using standard histological techniques. From each fish, one
head half and the tail were prepared for histology. Microscopic pathology was
categorized according to Hedrick et al. (1999b), in which cartilaginous tissue was
é_;;amiﬁed forthe p'_rlesence of the parasite and associated lesions. The abundance of
para;sites; o&rtiiagé _démage, mflammation, extent of Eesioné, involvernent of other tissues,
and bone distortion were evaluated and categorized into one of six categories: no
infection, minimal, mild, moderate, moderately severe or severe (E. MacConnell, United
States Fish and Wildlife Service, personal communication, Table 2.2). Two head
sections and two tail sections were evaluated histelogically for each fish collected.

The other halves of the heads were used to obtain spore counts. The standard
plankton centrifuge method (O’ Grodnick 1975) was used for spore extraction. After

extraction, spores were resuspended 1n a known volume of deiomized water, and 1-m!
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aliquots were placed on both sides of a standard 1-ml hemocytometer counting chamber.
Total spores per original head were calculated as follows: (2 x total number of spores

counted x 10 x volume of suspension) / (number of I-mm” areas counted). Three
counts of spores were made from each suspended saraple; the mean of the three was used
in analyses.

Bias was reduced throughout the experiment wherever possible. Fish were
randomly assigned to lots and lots were assigned to tanks randomly. Samples were
collected féndomiy from the tanks for swimming performance tests, histology, and spore
counts. Histology slides and spore samples were examined blindly and in random order.
The exposure designation of each sample was not determined until all samples had been

examined and recorded.

The percentage of cartilage at time of exposure was estimated in 10 randomly

C.“

selected fish from each age-size group. The fish were euthanatized, fixed in 10 %
:buffered formaiin and preserved in 75 % ethanol. Cartiiage and bone were differentially
:. stamed usmg élman blue land ahzarm red S My protocol was adapteii from those -
descnbed by Webb a;nd Byrd (1994}, Fritzsche and Iohnson (1980) and Song a;ad Parenti
(1995) and aﬂowed f{)r casy identification of cartﬂage and ossified bone structures after
staining. Both eyes were removed and discarded before staining. A midsagittal cut was
made along the length of the head and the left side of the head was removed; both sides
were retained for staining. The head was cut in half to allow for better identification of
the skeletal structures within both halves. All entrails and the operculum on the right side

of the head were removed and discarded. Removing the operculum allowed more light to
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pass through the specimen after staining to allow for better definution of the skeletal
structures.

Specimens were washed in several changes of de-tonized water to remove all
traces of the fixative. The cartilage was stained using an alcian blue solution (10 mg
alcian blue 8GN, 80 ml 95 % ethanol, and 20 mi glacial acetic acid) for 48 hours. After
cartilage staining, the specimens were rehydrated using two 2-hour immersions in 95 %
ethanol followed by one immersion each of 75 %, 50 %, and 30 % ethanol, and finally to
de-ionized water until the specific gravity of the specimens éxceeded 1.0. Trypsmina30
% sodium borate buffer (I g trypsin, 30 ml saturated aqueous sodium borate, 70 mi de-
ionized water) was used to digest (clear) muscle. The specimens in the trypsin solution
were placed on a warming tray at 30 °C for 4 to 13 days, depending on the size of the
specimens. Frequent observation of the specunens during this period was critical to
avotd over-digestion. Digestion was considered complete when light could pass freely
through the fish and stained cartilaginous structures could be seen clearly. The
specirﬁens were then placedm 0.5% aqufzoqs-potassi_.qm hydroxidé fog. 1.- Hoﬁr to wash

éway any remammg enzymeand also té b.uilld a. petassi‘iim hy.d.rb.f(ide eﬂ?irenment to help
the alizarin red S peﬁetrafe bone. The syecimens were placéd in an alizarin red S solution
for 18 hours to stain ossified bone. The soiution was made by adding alizarin red S
powder to 0.5 % potassium hydroxide until the solution tumed purple. After staining, the
specimens were placed in 0.5 % potassium hydroxide with 2 drops of hydrogen peroxide
for 30 minutes for a final clearing. The specimens were placed in successive solutions of
30 %. 50 %, and 70 % ethanol for 30 minutes in each to dehydrate them and prepare them

for storage. The specimens were left in 0.5 % potassium hydroxide overnight and then
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into 30 % glycerol (diluted with 0.5 % potassium hydroxide) followed by 70 % glycerol
until the specific gravity of the specimens exceeded 1.0. The specimens were stored in
100% glycerol.

A digiial image of each fish (Figure 3.1) was processed using image analvsis
software (Image-Pro Express 4.0) to calculate the proportions of cartilage and bone
presen.t;.in f_hgﬁsh skeleton. Each digital image was broken into 20 to 30 smaller pieces
to allow for more aoéufat'e‘analysis of the images. In each of the smaller images regions
of the skeleton W’ére désignated as blue (cartilage) or red (ossified bone) and the area of
each color was calculated using the image analysis software. This procedure allowed the

ratio of cartilage to bone in the whole fish skeleton to be calculated.

Figure 3.1—Rainbow trout differentially stained using alcian blue and alizarin red S.
Cartilage is blue and ossified bone is red.



Statistical Analyses

The experiment was designed and analyzed as a three-way factorial. The three
factors, or treatments, were age of fish at exposure (7 or 9 weeks posthatch), size at
exposure (28, 36, 40, or 46 mm) and parasite dose (0 or 1,000 triactinomyxons per fish).
Size of fish is designated as the mean forklength for the group. Forklength was used to
describe the size of fish instead of degree-days as the latter was considered more a
measure of age and period of development rather than actual size of fish. The number of
mortalities, percent of fish with clinical signs, spore counts, sﬁimming performance and
microscopic pathology were compared among the 12 treatment groups (i.e., six age-size
combinations and two parasite dose levels). All responses were treated parametrically
with the exception of microscopic pathology.

Spore counts and swimmung performance were analyzed with random factors
inciuded in thé model for tank and fish, and the fish were treated as the experimental unit.
Mortality and clinical signs were analyzed in the same way as spore counts and
swir_f_zming p.erforméﬁ:cé, With th:e_ exceptwnsthat tanks Wére..the.efgpeg@éntgl units agd

..no_.fa(_.:'figrﬂfér fish :_x_;\:ras._ i.néiude(li_ mthe modei A mrxed hnear mddel_ Was._uéed that
combined both the fixed (age and size of ﬁs’h at expoéure and pérasité dése) and random
(tank and fish) effects. Type 3 F-statistics were used (Montgomery 1997). ANOVA
tables are in Appendix B. The important assumptions supporting this analysis are that the
data are normally distributed and that they are independent with constant variance.

Visual inspection of residual plots of data for all responses confirmed that these
assumptions were met. The units of measure (fish or tank) were not independent,

however, this assumption could be dropped by modeling statistical correfation into the
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analysis, which assumes constant variance and constant covariance (PROC MIXED,

compound symmetry covariance option; Littell et al. 1996). The model used for the

analysis was the following:

y{ji’n’mn = !‘I’ +ai + )B_;' + Tﬁ; —é—(aﬁ) ((Ir)rf +(ﬁf);: + ((Zﬁr)u 1 ik} y (Sf {iikl) + gi;k!mrv 3

where
i=1,: .4
j;ﬁ;" , b
k=1,...,¢c
I=1,...4d
me=1,....e.
n=1,.../,

and

p = the overali mean,
| 5'.““ the .effect of the zth 1evei of the ﬁxed factor A (age of fish at exposure) |
| B— the effect of the ﬂ:h 1evel of the ﬁxed factor B (5126 of fish at exposure)
| = the effect of the kth level of the fixed factor C {parasite dose) |
(af}); = the interaction effect between the ith level of factor A and the jth level of
factor B,
(ot = the interaction effect between the ith level of factor A and the kth level of

factor €,
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(Pt); = the interaction effect between the jth level of factor B and the kth levei of
factor C,

(af3t)y, = the interaction effect between the ith level of factor A, jth level of factor
B and kth level of factor C,

Vi = the effect of the /th level of the random factor D (tank nested in factors A,
B, and C), |

Smeify = tl‘;@ effect of the mth level of the random factor E (fish nested in factors
A;D; this.effect is not included 1n the model when analyzing the mortality
or clinical signs response), and

Esuimn = @ random error caused by sampling.

Benferront™s multiple comparison procedure was used to compare all pairwise
differences of the least-square means. For each significance test, o = 0.05, The
percentage of cartilage in the skeleton was compared among the six age-size
coﬁibinatidns' .as a tWo-W.ay factorial. éaﬁilage perc.e.ntage was analyzed in the same way
as the other parametric responses with the ex_ception that the only treatments were age

and size of the fish.

Pearson correlation coefficients were calculated for size of fish at the end of the
experiment (fork length, mm) and response variable (swimming performance and spore
counts), fo determine if the size of individual fish within a treatment influenced the
development of whirling disease after exposure to M. cerebralis. This assumes that all

fish within a treatment are growing at the same rate.
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The chi-square test of homogenetty was used to determine whether age or size at
exposure significantly affected microscopic pathology (Daniel 1990). This non-
parametric procedure was used because these data were categorical. All statistical

analyses were conducted with the statistical software program SAS/STAT (SAS Institute

1996).

Results

Cumulative Mortality

The age (weeks posthatch) of rainbow trout at first exposure, size (length) at first
exposure and level of iriactinomyvxon dose did not significantly affect the cumulative
mortality of fish at 20 weeks after exposure {age /' = 1.56, P =0.2236, size F =059, P=

0.6249; dose £ =3.34, P=0.0802, Figure 3.2).

: Sw1mmmg Performance -

Slze (iength) at exposure did not szgmﬁéénﬂv affect the smmmmg performance
| f'of the ﬁsh (F 0 14, P - 0. 9338 Flgure 3 .3), but significant differences in swimming
perfomance did exist among groups exposed at different ages (weeks posthatch) (F =
5.20, P = 0.0318; Figure 3.3). Swimming performance only increased with increasing
age at exposure for fish exposed at 40 mm fork length, and not for those exposed at 36
mm fork length. Swimming performance was also significantly affected by the dose of

triactinomyxons {either O or 1,000 triactinomyxons per fish) to which the fish were
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exposed (F = 18.82, P = 0.0002; Figure 3.3); exposure to 1,000 triactinomyxons per fish
significantly reduced swimming performance when compared to that of the controls.

No significant correlations were present between size of fish at the end of the
experiment and swimming performance within any of the treatment groups (Figure 3.4
and Figure 3.5). Assuming that all fish within a treatment grew at an equal rate after
exposure to M. .cerez.bfc.z.lisz the size of the fish at exposure, within a treatment group, does

not influence their swimming performance.

127 40 mm Triactinomyxons per fish
Co B1000

Cur_ri_ﬁi?iti:\fe mortalities

7 7 7 9 9 9
Age at exposure (weeks posthatch)

Figure 3.2—Mean (+SE) number of moitalities of rainbow trout at 20 weeks after
exposure, exposed at different ages and sizes to either 0 or 1,000 Myxobolus cerebralis
triactinomyxons per fish. Numbers above bars represent average fork tengths of fish at
exposure.
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Triactinomyxons per fish

35 -
—~ Op B1o00 40 mm
_g 30 - 36 mm 46 mm
=
3 254 36 mm
2 28 mm
‘; 20 - _{' 40 mm
o
2 15 A
£
Q
‘:; 10
£
o 5
0 r -

7 9 9
Age at exposure {weeks posthatch)

Figure 3.3—Mean (SE) time to fatigue of rainbow trout at a water velocity of 35 cm/s
20 weeks after exposure, exposed at different ages and sizes to either O or 1,000
Myxebolus cerebralis triactinomyxons per fish. Numbers above bars represent average
fork lengths of fish at exposure.

finical i

- None of the control fish exposed to O triactmomyxons per fish exhibited cIinicai.
s.ifgn_s._of whxrimg _di_ééa:se,' butchmcal signs were pf:;-‘:_sé_r_i_t:_ among aﬂ ngupS expt)fs%ﬂ to’
1 ,000 trzactm{)myxons perﬁsh y T}lerefore,dose of tnactmomyxens to whmh ihe fish
were exposed significantly affected fhe percent of fish with clinical signs at 20 weeks
after exposure (F'=405.96, P < 0.0001). All groups exposed to 1,000 triactinomyxons

per fish had a higher percentage of fish with clinical signs than the control groups.
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Figure 3.4—Scatter plots of time to fatigue and fork length of fish at the end of the
experiment for each of the three groups exposed at 7 weeks posthatch.
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Figure 3.5—Scatter plots of time to fatigue and fork length of {ish at the end of the
experiment for each of the three groups exposed at 9 weeks posthatch.
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Significant differences in the percent of fish with clinical signs existed among
groups exposed at different ages (weeks posthatch) (/= 23.10, P < (0.0001; Figure 3.6).
Increased age at exposure decreased the percent of fish with clinical signs when exposed
at 40 mm fork length; however, no significant difference existed in the percentage of fish
with clinical signs of different ages when exposed at 36 mm fork length.

Significant differences in the percent of ﬁéh ‘;&f;i:th clinical signs also existed
among groups exposed at different sizes (length) (F=441, P=0.0132; Figure 3.6);
inc-reasing size at exposure decreased the percent of exposed fish with clinical signs, but
only when the fish were exposed at 9 weeks posthatch. Size at exposure did not
significantly affect the percent of fish with clinical signs when the fish were exposed at 7
weeks posthatch.

Significant interactions in response were pl‘e.sent between age and size of fish at
exposure (/7= 10.91, P = 0.0030), between age of fish at exposure and parasite dose (F =
| 23..1_07 P < O'QOO_I.:)._’ and._an_i_p:r_}_g age and size at exposure and parasite dose (/"= 10.91, P =
OTOOB'Q)_. Anmteractmn occurs When the d_i'_ffér_eﬁcé in: response S'etween_the 1e_v_eis of one |

factoris .not.' the Same&t a.ﬁ'fé.vel__s' of the other _féiétdr. An increase in age at exposure -
rééulted m é def.;.re.ase in tﬁe percéﬁtége of fish with clinical signs but only when the fish
were exposed at 40 mm and not when they were exposed at the smaller size of 36 mm.
Similarly, the effect of size at exposure on the percentage of fish with clinical signs was
not the same at all levels of age at exposure; an increase in size at exposure caused a
decrease in clinical signs but only when the fish were exposed at 9 weeks posthatch and
not when they were exposed at 7 weeks posthatch. The magnitude of difference in

percentage of fish with clinical signs between the controls and those exposed to 1,000
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iriactinomyxons per fish also changed with varying levels of age and size of fish at
exposure. An increase i size and age at exposure caused a decrease in the difference

between the percentage of fish with clinical signs in the control group and in the group

exposed to 1,000 triactinomyxons per fish.

36 mm

46 mm

40 mm

Clinical signs (%)

B Age at ekﬁosare (weeks bb__sfha'téﬁ)' B |

Figure 3.6—Mean (+SE} percent of rainbow trout with clinical signs at 20 weeks after
exposure, exposed at different ages and sizes to 1,000 Myxobolus cerebralis
triactinomyxons per fish. Numbers above bars represent average fork lengths of fish at

exposure.



Microscopic Pathology

Frequency distributions of microscopic pathology category were significantly
different at 7 < 0.05 among the groups exposed at different sizes within each of the two
age classes (Figure 3.7). However, regardless of the size at exposure, the modal
microscopic pathology category was moderate for the fish exposed at 7 weeks posthatch.
Whereas when exposed at Y weeks posthatch the mode decreased from moderate for the
smallest size at exposure to mild for the two larger sizes at exposure.

Frequency distributions of microscopic pathology category were also significantly
different between the different ages at exposure when exposed at the same size (Figure
3.7). However, both groups exposed at 36 mm had a moedal category of moderate;
whereas, when the fish were exposed at 40 mum the modal category decreased with

increasing age at exposure from moderate to mild.

Spore Counts

Myxobolus cerebralis spores were not fou_nd in any of the control fish. Dose of
triactinomyxons to which the fish were é)ipc;s_e'.(_.i. (ezther 0 or E,OOO'_:t_'riactinotnyxons per
fish) significantly affected the num.ber of M. cer:ébmfis spores'in the ﬁsh 20 weeks after
exposure (F =47.74, P < 0.0001, Figure 3.8); however, only fish exposed to 1,000
triactinomyxons per fish at 7 weeks posthatch at 28 mm, 9 weeks posthatch at 36 mm,
and at 9 weeks posthatch at 46 mm had sigmificantly more M. cerebralis spores than the
controls. No significant difference was present in spore counts between fish exposed to
1,000 triactinomyxons per fish and the controls when exposed at 7 weeks posthatch at

either 36 mm or 40 mm, or when exposed at 9 weeks posthatch at 46 mm length,
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Figure 3.7—Frequency distributions of microscopic pathology category for rainbow trout
exposed to 1,000 tnactinomyxons per fish at different ages and sizes.
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A significant interaction was present between age of fish at exposure and parasite dose (£
=746, P=00117). Therefore, the differences in response between the levels of age at
exposure were not the same at all levels of parasite dose.

Age (weeks posthatch) of fish at exposure significantly affected the number of M.
cerebralis spores present in the fish 20 weeks after exposure (F=7.46, P = 0.0117,
Figure 3.8). Increasing age at exposure increased the number of M. cerebralis spores
found in ihe_:ﬁsh;__ the fish exposed at 9 weeks posthatch had significantly more spores

than the cbrrésp_ch'dﬁfig fish exposed at the same size but at 7 weeks posthatch.

4000600

36 mm

40 mm

300000 4 28 mm

2000004

46 mm

~ Spores per head

100000 4

0 -
7 7 7 9 9 9

Age at exposure {(weeks posthatch)

Figure 3.8—Mean (£5E) number of Myxobolus cerebralis spores per head of rainbow
trout at 20 weeks after exposure, exposed at different ages and sizes to 1,000 Myxobolus
cerebralis triactinomyxons per fish. Numbers above bars represent average fork lengths
of fish at exposure.



78

Stgnificant differences in the number of M. cerebralis spores present in the fish
20 weeks after exposure also existed among groups exposed at different sizes (length) (F
= 3.08, P =0.0460; Figure 3.8). Increasing size of fish at exposure significantly
decreased the number of spores present in fish, but only for fish exposed at 9 weeks
posthatch. Size at exposure did not significantly affect the number of spores present in

fish that wére exposed at 7 weeks posthatch.

- No significant correlations were present between size of fish at the end of the

experiment and number of M. cerebralis spores within any of the treatment groups

(Figure 3.9 and Figure 3.10). Assuming that all fish within a treatment grew at an equal
rate after exposure to M. cerebralis, the size of the fish at exposure, within a treatment

group, does not influence the number of M. cerebralis spores that develop within the fish.

Cartilage

The amount of cartilage present in the skeletons of fish was significantly affected

by degree-days of development (' = 20.74, P < 0.0001; Figure 3.11) but not by age in

weeks posthatch (F = 0.05, P = 0.8287; Figure 3.11). Rainbow trout reared at 9.3 °C

| 'sa'r.ﬁp'led at 7 weeks plo:sthatch .(45'6'degreé—'da:y§) had a signiﬁéaﬁﬂy .higher .perceﬁtage of

cartilage in the skeleton than the other two groups sampled at 7 weeks posthatch with
more degree-days of development. No significant difference in cartilage existed between
fish reared at 12.0 °C and 15.4 °C sampled at 7 weeks posthatch (588 and 756 degree-
days). No significant difference in cartilage was found in fish sampled at 9 weeks

posthatch, regardless of their degree-days of development. The fish with 456 degree-
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Figure 3.9—Scatter plots number of Myxoholus cerebralis spores per head and fork
length of fish at the end of the experiment for each of the three groups exposed at 7
weeks posthatch.
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9 weeks posthatch reared at 9.3 °C

Fork length at end of experiment {mm)

Figure 3.10—Scatter plots of number of Myxebolus cerebralis spores per head and fork

length of fish at the end of the experiment for each of the three groups exposed at 9

weeks posthatch.
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days of development had about twice the percent of cartilage in their skeleton than all

other groups.

160 -

% Cartilage in skeleton

7PH  7PH  7PH  9PH  OPH  9PH
(456) (588) (756) (588) (756) (970)

Age, weeks posthatch
(degree-days of development)

Figure 3. 11—Mean (+SE) percent of cartﬂage n i:he skeleton of fish of different ages and
degree- days of deveiopment :

Comparisons were made for each response (i.e., mortality, swimming
performance, clinical signs, microscopic pathology, and spore counts) to determine
whether the differences in percent cartilage could explain the differences found 1n
response. If the percent cartilage at time of exposure to M. cerebralis is solely
responsible for the subsequent intensity of whirling disease the fish develops, it would be

expected that the group with the largest amount of cartilage would develop the most
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severe whirling disease symptoms and the remaining five groups with no difference in
the percent of cartilage i their skeleton would show equal intensities of whirling disease
symptoms.

The group of fish with the highest percent of cartilage (81%; exposed at 7 weeks
posthatch, 456 degree-days} had the same number of mortalities when exposed to 1,000
triactinomyxons per ﬁsl} as all of the other groups, with the ex;ept_ion of those exposed at
9 weeks posthatch and 756-.degree-days (Tabi¢ 3.2_,_ Figure __3._2). ”i;l]e differences in
swimming pé;fénnéﬂt’;e':'gmoﬁg thé 'é?oups -;:mﬂd also not be c.o'mp:'iet.ely expiaine—d by
differences in .percen:t cartilage at time of exposure. The group with the highest
percentage of cartilage had the same swimming performance after exposure to 1,000
triactinomyxons per fish as three of the other groups (Table 3.2, Figure 3.3). Clinical
signs were not more prevalent in the group with the highest percent of cartilage than in all
of the other groups with less cartilage in their skeleton (Table 3.2, Figure 3.0). The two
groups with significantly less clinical signs than all thé o_f_her groups had no less cartilage

| than three f:;'fzthe':_qther- groups WlthSlgmficantiy morechmcal szgns(Table 32, Flgure

- 36} Threeout of the ﬁvegmups w1th the 1east percentof cartﬂage aisohad mgmﬁcantiy
" fewer M. cerebralis spores in their heads than all of the ofher groups (Table 3.2, Figure
3.8). However, the group with the significantly highest amount of cartilage had the same
number of spores as four of the other groups (Table 3.2, Figure 3.8). Frequency
distributions of microscopic pathology were significantly different for the different age
and size groups (Figure 3.7). However, the fish with the lowest amount of cartilage had
the same modal pathology category as three groups with a higher percentage of cartilage

(Table 3.2, Figure 3.7} and the two groups with the lowest modal pathology category had
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the same percentage of cartilage as three of the other groups with different modal

pathology categories (Table 3.2, Figure 3.7). Therefore, whirling disease severity

correlates poorly to the percent of cartilage present in the fish skeleton at time of

CXposure.

Table 3.2. Results of Bonferroni’s multiple comparison procedure for the responses of
whirling disease intensity. Comparisons were made between the six groups of fish based
only on their percent of cartilage in their skeletons at time of exposure. Comparing down
the columns, different letters indicate a significant difference in response (P < 0.05). All
greups were exposed to 1,000 triactinomyxons per fish. Age is weeks posthatch.

Stage at exposure

Response of whirling disease intensity

Degree- Swimming Clinical
Age days Cartilage (%0) | Mortality  performance  signs Spore counts
7 436 81 z z z zy
7 588 42 z zy zy VX
7 756 47 z Zy zy yX
9 - .588 49. Z - zy ¥ z
9 970 44 zy . y X X
Discussion

Whirling disease severity m rainbow trout was affected by both age and size at

first exposure. The hypothests that size of rainbow trout at first exposure to M. cerebralis

does not affect the development of whirling disease (hvpothesis 2) is therefore rejected.
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The effects of size on the development of whirling disease in rainbow trout were
however, not the same for fish exposed at different ages. Size at exposure was important
for the development of whirling disease in the older age group, with an increase in size at
exposure resulting 1n 2 decrease 1n severity of whiriiﬁg disease that devefoﬁed. However,
size at exposure did not affect the development of whirling disease in the younger age
group. Simiiarly, the effects of age on the development of whirling disease in rainbow
tré‘z;t_ W_ér-eﬁot the same for ﬁsﬁ exposgd at differ_enfsizes. Age at exposure was
nnpoﬂant for the deveiépfnent of whi.fﬁli.ﬁg' &iéeés’é in the Iargef'siied fish 'vyrﬁh"aﬁ'increase
in age at é.xposure resulting in a decrease in severity of whirling disease.

The susceptibility of the youngest and the smallest fish to whirling disease could
not be altered by changing their size, or age, respectively for the voungest and smallest
fish, at 'eﬁc.zposu.fe.. [n contrast whirling disease susceptibility of older and larger fish could
be reduced by either increasing their age at exposure, or increasing their size at exposure,
The younger (7 weeks posihafch) and the S_.maﬂg:._r”ﬁsh {36 mm) gsed m this experiment
s__ee,ﬁ_l t(_; beso E_;Ius_éeptibl_é totheeffectsof the M .ééfféfiraffs.pgias.ite. fhat the_ &_éféio;ame_nt
of the dlSS&SS can not bé reéucgd by .exposmgtiiém at either larger sizes (for %:he 7 weeks
| posthatch ﬁsh) '.or. oiderages(for Ehe36 mm ﬁsh) Th.e.meéha.nisms needed to p.rox.f_i.&é. |
the fish with protection against development of the disease must therefore not be able to
develop within such young or small fish. Although, for the older and larger fish only a
slight increase in age or size was all that was needed to induce the mechanisms which
protect the fish against the development of the disease. The possible mechanisms present
in the fish, which result in a resistance against the development of whirling disease, will

be discussed in more detail later in this section.
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Rainbow trout exposed at 9 weeks posthatch had a greater number of M.
cerebralis spores than fish expesed at 7 weeks posthatch. This result contradicts findings
in Chapter 2, wherein spore counts decreased with increasing age at exposure, and does
not follow the pattern among the other measures of whirling disease severity used in this
experiment. In the experiment described in Chapter 2, all of the fish were raised at 12 °C
before exposure; therefore, fish ekpo%éd at 7 weeks posthatch were exposed at 588
degree-days and those exposed at 9 weeks posthatch were exposed at 756 degrée—days.
In the experiment used m ;chis' chapter, the rainbow trout exposed at 9 weeks posthatch
and 756 degree-days of development had significantly more spores than those exposed at
7 weeks posthateh and 588 degree-davs of development, contradictory to the results in
Chapter 2. The temperatures that the fish were reared at in the current experiment can
perhaps explain this anomaly. The 36 mm, 9 week posthatch fish were reared at 9.3 "C
before exposure and had significantly more M. cerebralis spores present in their heads
than the fish exposed at 36 mim and 7 weeks posthatch which were reared at 12.0 °C.

- "Temperatum is known to affect aﬂ aspects ef the phys;oiogy c)f the teleosts }Zt could be
poss1ble that ths ﬁsh held at i:he Iower temperamre prior to exposure fo the parasite may
have'compromiséd defense mechani’sms,’ in comparison to théﬁsh held at the warmer
temperature, which may have put them at a greater risk of developing the disease. For
instance, decreasing water temperatures are known to reduce the defensive properties of
the skin, and lower water temperatures are also known to slow down the immune svstem
of teleosts (Roberts 1975}, Therefore, the higher number of spores in the 36 mm fish
reared at 9.3 °C, when compared to those exposed at the same size but reared at 12 °C,

could perhaps be explained by the fact that prior to exposure the defense mechanisms of
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the fish reared at the colder temperature were compromised. The fish exposed at 40 mm
that developed the most M. cerebralis spores was the 9-week posthatch group, which
were also reared at a cooler temperature than the 40 mm and 7-week posthatch fish.
However, if the water temperature prior to exposure did affect the susceptibility of the
fish to the development of the disease we would expect to see the same relationship of
lower tem;;s_aratﬂre_s' :_p_ridg to exposure resuking'”in an increase of disease susceptibility in
aiI:__o'f the respénses; _ Tl}_e only response that sh;)weé this pattern was the number of M.
cerebralis spores presént in the fish heads. The anomaly of why the older fish at
exposure developed more M. cerebralis spores than the size-matched younger fish at
exposure is therefore more likely to be explained by experimental error or bias either
during the spore extraction process or during the spore counts.

[ discussed 1n Chapter 2 that the development and severity of whirling disease
pathology in rainbow trout 1s dependent on the age of fish when first exposed to the
triactinomyxon stage of M. ce;rebm[is, and that the effects of whirling disease on rainbow

“irout are substantially reduced when they are exposed to the parasite for the fist time at 9
“longer be the best measurement of when young trout become resistant to the effects of the
disease because we now know that both the age of fish at first exposure and the size of
fish at first exposure are important for the development of whirling disease. Prior to the
exposures for the experiment fo determine the effects of age or size on the development
of the disease, varving the water temperature, which the fish were held at, varied the size
of fish; the groups reared to the same degree-days showed no difference in size,

regardless of age. The fish used in the exposure expenment described in this chapter,
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which correspond to the 9-week fish used in the experiment described in Chapter 2, were
the 40-mm fish (i.e., those exposed at 756 degree-days). Within those groups that had a
mean length of 40 mm at exposure no difference in the development of whirling disease
based on the actual size of fish at exposure was present. Therefore, the recommendation
made in Chapter 2 can now be adapted to reflect this. The recommendation can now
read: rainbow trout reared in M. cerebralis-free waters for 756 degree-days of
development or until they are 40 mm in length, whether in the wild or in a hatchery
situation, should exhibit enhanced survival and swimming performance, reduced
prevalence of clinical signs, spore counts and severity of microscopic pathology,
compared to fish first exposed to the parasite at an earlier stage of development.

it has long been hypothesized that the decreasing severity of whirling disease with
increasing age or size of fish at {irst exposure occurs hecause of an Increase
ossification of the skeleton (Halliday 1973 Schaperciaus 1991; Ei-Matbouli et al. 1992:
Garden 1992). If this hypothesis were true we would expect to find a decrease in
susceptibility to whirling disease severity with a decrease in the percentage of cartilage
present in the skeleton. No relationship was found between the percentage of cartilage in
the skeleton at time of exposure and susceptibility to the severity of whirling disease.
The group of fish in this experiment with the shortest period of development (456 degree-
days) had the highest percentage of cartilage in their skeleton. However, this group was
not more susceptible to the development of whirling disease than some of the other
treatment groups with lower percentages of cartilage n their skeleton. The three groups
of fish exposed at 7 weeks posthatch at different developmental stages (456, 588, and 756

degree-days of development) did not show any difference in susceptibility to
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development of whirling disease, although they did not all have the same percentage of
cartilage n their skeleton. No difference in the presence of clinical signs, M. cerebralis
spores, swimming performance or microscopic pathology was found among these three
groups even though the group exposed at the earliest stage of development (456 degree-
days) had a significantly higher percentage of cartilage than the other two groups. The
percentage of cartilage present in the fish was not different among the groups with
different degree-days of development at 9 weeks posthatch. However, the susceptibility
of rainbow trout to whiﬂing disease increased with decreasing degree-days of
development for ﬁsh.exposed at 9 weeks posthatch. This suggests that the percentage of
cartilage present in the skeleton of rainbow trout does not affect their susceptibility to M.
cerebralis triactinomyxons and the subsequent development of whirling disease after
exXposure.

The role of cartilage in rainbow trout susceptibility to the whirling disease
pathogen cannot be ruled out. The tissue primanly targeted by M. cerebralis is the
carﬁiage'_(E_EiNiatboaI'i et al. 1992). The trophozoites of the parasite digest'the cartilage
aﬂd 563&03} EIh'e strﬁémrai framework needed for healthy bone fomatioﬁ., 1éaving thé fish
with permanent skeletal disfiguration. Logic would then follow that the abundant
cartilage m the skeleton of young trout would render them susceptible to the effects of the
disease, but it may not be as simple as just the quantity of cartilage present in the young
fish at exposure that controls their susceptibility to the development of the disease.
Future investigations should study the relationship of cartilage and whirling disease
susceptibility of rainbow trout in more detail to try to determine the role, if present, that

cartilage plays in the development of resistance against the disease in rainbow trout. One
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would expect that if the trophozoites can find areas of cartilage more easily that it would
result 1n an mcrease in whirling disease susceptibility. Perhaps the absolute amount of
cartilage in relation to the dose of parasites to which the fish are exposed is more
important than the percentage of cartilage in the skeleton. Alternatively, it may be the
proportion of cartilage to total body mass that determines the susceptibility of rainbow
trout to the development of whirling disease. Several questions remain unanswered in
determining the role cartilage plays in the development of whirling disease in salmonids.
For insf&nce,. the amount of carii_lage'ijeedsd for a trophozoite to mature is unknown.
How many trophozoites it takes to induce disease and consequently how much cartiiage
1s needed to support that number of trophozoites is also unknown. Therefore, it cannot
yet be determined if disease severity will increase, decrease, or neither with increasing or
decreasing quantities of cartifage.
Other processes, currently unknown, may also explain why the susceptibility of

rainbow trout to whirling disease d.ecrea.ses with mereasing age or size at first exposure.
"Rés.i.éfanqe.td apathogencanbe caasgdbyseVeraIdlfferent factors ?enetrat_ion é_f the

| ﬁosﬁ may be reduced,theremaybeanmdﬁcedmechamsmsuchas :Ei'l‘.kﬁb(}.dj% ér interferon
production, or the pathogen may be inactivated by serum comporents. phagocytic cells.
acute-phase proteins, or killer cells (Chevassus and Dorson 1990).

Rainbow trout do develop a humoral and cellular immune response to the
whirling disease pathogen (Hedrick et al. 1998). However, an active cellular immune
response is not evident in the fish until after significant cartilage damage has occurred
(Hedrick et al. 1998) and specific anti-M. cerebralis antibodies are not present until 12

weeks after exposure o the parasite (Chapter 4). Therefore, it can be assumed that
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neither a cellular or humoral immune response is responsible for the relationship of
increasing fish age or size at exposure resulting in a decrease in disease severity.
However, there could be other non-specific immune mechanisms that rainbow trout
develop with time that could provide them with resistance against development of the
disease. The immune response of rainbow trout to M. cerebralis will be discussed in
more detail in the next chapter.

Signmificant neuropathology is related to the presence of whirling disease in
rainbow trout (Rose et al. 2000). An explanation for increased whirling disease severity
with decreased age at exposure could be that the neuropathology has a greater effect in
young fish. Younger fish at first exposure would have a less mature nervous systems that
would be more vulnerable to dysfunction caused by the whirting disease pathogen (Rose
et al. 2000). Therefore, development of a more mature and well-developed nervous
system may coincide with the development of resistance to whirling disease.

One, or a combination of physiological factors at .a_bout 756 degree-days of
de’y'slt)pmem of 40'm.r_n_.in. E;—:_ﬁgfh, pfovides;_ ;zﬁnbthréu_t_Wiéh protection againsf the

| I_deVeiopm_ent of Whirhng .dii:'sease aﬁér exp_c}}jsﬁre' to M. cerebralis triactinomyxons.
. Whethermthe iﬁf:ﬂ&or' ma hatchery31tuat10n, r.ainbbx.v ffou’t ﬁ}aintained in M. cerebralis-
free water for at least 756 degree-days of development or until they are at least 40 mm in

length, will have a significant resistance to the development of whirling discase after they

are exposed to the parasite.
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CHAPTER 4

OBJECTIVE 3: EFFECTS OF AN INITIAL EXPOSURE TO
MYXOBOLUS CEREBRALLS, AND INDUCTION OF AN ACQUIRED IMMUNE
RESPONSE, ON THE DEVELOPMENT OF RESISTANCE TO

WHIRLING DISEASE IN RAINBOW TROUT
Introduction

The two main types of immune response are the innate and the specific immune
responses. The innate immune response provides the first line of defense against
common microorganisms and also plays a crucial part in the mitiation and subsequent
direction of the specilic immune response. Moreover, because a delay exists before the
initial specific immune respouse takes effect, the innate immune response has a critical
role in controlling infections during this pertod. A specific immune response, such as the
* production of antibodies against a particular pathogen, is known as an acquired (or

adaptwe) iim_'ﬁ&m yespénée _i_}eqaus__e it occurs :dﬁﬁng thé ii’fé.t.imé of an in&ividt;ai asa
-reaction to infection by that bathﬁgen._ Acquired immune responses depend upon, .
lymphocytes, which provide a more versatile means of defense than the innate immune
response, and provide an increased level of protection from a subsequent re-infection
with the same pathogen (Janeway et al. 1999; Goldsby et al. 2002).

The acquired ummune system is capable of generating tremendous diversity in its

recognition molecules, alfowing it to recognize hillions of uniquely different structures on

foreign antigens. When the immune system has recognized and responded to an antigen,
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1t exhibits immunologic memory; that is, a second encounter with the same antigen
induces a heightened state of immune reactivity. Because of this attribute, the immune
systemn can confer lifelong immunity to many infectious agents after an initial encounter.
The mmmune system normally responds only to foreign antigens, because it is capable of
self/nonself recognition (Janeway et al. 1999; Goldsby et al. 2002).

An effective acquired immune response mvolves two major groups of cells:
_I.ymphocytes and'anﬂgen»presenting cells. Lymphocytes produce antigen—bin_ding cell-
.surf::ace 'fééej:ﬁtors on their membranes and are capable of the immunologic attributes of
© specificity, diversity, memory, and self/nonself recognition. The two major types of
lymphocytes involved in the immune response are B lymphocytes (B cells)y and T
tymphoeytes (T cells). Each B cell expresses a unique antigen-binding receptor on its
“membrane. The B-cell receptor is a membrane-bound antibody molecule. When a naive
B cell, which has not previously come in contact with the antigen it 18 specific for, first

encounters the antlgen tha‘z matches its membrane bound antlbody, the bmdmg of the

LA antigen to. the antzbody causes the ceil to dWIde rap1d1y The progeny of an actlvated B

i ':céH dtfferenﬁate mto memery B ceHs and plasma ceHs Memory B ceHs have a Ionger
' 'il'fe' span thz’t;tz n'a'z‘ve’ 'celis; th‘e'y continue {6 :e'xpress the same merﬂbrané~bound antibodies
as their parent naive B cell. Plasma cells produce antibody in a form that is secreted
instead of expressing membrane-bound antibody. Secreted antibodies are the major
effector molecules of humoral immunity. The secreted antibodies bind to the antigen
facilitating its clearance from the body (faneway et al. 1999; Goldsby et al. 2002).
T cells express a unique antigen-binding molecule, called the T-cell receptor, on

their membrane. T-cell receptors can only recognize an antigen that is bound to cell-
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membrane proteins called major histocompatibility complex (MHC) moiecules. Class 1
MHC molecules are expressed by nearly all nucleated ceils. Class Il MHC molecuies are
expressed only by antigen-presenting cells such as macrophages and B lymphocytes.
When a naive T cell encounters an antigen combined with an MHC molecule on a cell,
the T cell proliferates and differentiates into memory T cells and various effector T celis
(Janeway et al. 1999; Goldsby et al. 2002).

Two types of T cells exist: T helper and T cytotoxic cells. After a T helper cell
reéognizes and interacts with an antigen-MHC class II molecule complex, the cell is
activated and becomes an effector cell that secretes various growth factors known as
cytokines. The secreted cytokines play an important role in activating B cells, T
cvtotoxic cells, macrophages, and various other cells that participate in the mmmune
response. Under the influence of T helper cell-derived cytokines, a T cviotoxic cell that
recognizes an antigen-MHC class [ molecule complex proliferates and differentiates into
an effector cell called a cytotoxic T lymphocyte (CTL). The CTL exhibits cytotoxic
- activity and.ﬁlé::di_a.tés;'fhe:killiﬁ‘lg"of altered self-cells (Janeway et al: 1999; Goldsby et al.
2002) (Figure 41).

- The whirling disease pathogen induces a strong cellular host immune response
during active cartilage destruction (Hedrick et al. 1998). However, the interactions of
host immune cells and Myxobolus cerebralis are poorly understood. Indirect fluorescent
antibody tests have revealed evidence that rainbow trout produce antibodies against M.
cerebralis {(Griffin and Davis 1978) and antibodies to friactinomyxon and myxosporean
antigens have been recogaized 1n serum from infected rambow trout using an enzyme-

linked immunosorbent assay (ELISA) and Western blotting assavs (Hedrick et al. 1998},
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Figure 4.1—Overview of the humoral and cell-mediated branches of the acquired
immune system. In the humoral response, B cells interact with antigen (Ag) and then
differentiate into antibody-secreting plasma cells. In the cell-mediated response,
subpopulations of T cells recognize antigen presented on self-cells. T helper cells (Ty
cells) respond to antigen by producing cytokines. Cytotoxic T cells (Te cells) respond to
antigen by developing into cytotoxic T lymphocytes (CTL), which mediate killing of
altered self-cells (adapted from Goldsby et al. 2002).
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Other studies have failed to detect the presence of anti-M. cerebralis antibodies in
infected fish (Halliday 1974, Pauley 1974). However, the instances in which M.
cerebralis infected fish did not produce specific anti-M. cerebralis antibodies have been
attributed to the use of a nonspecific fluorescent antibody conjugate, rather than an
insufficiency on the part of the infected animal (Griffin and Davis 1978).

Attempts to demonstrate that serum with anti-M. cerebralis antibodies from
infected trout might provide passive protection to young rainbow trout have shown only
marginal efficacy (Hedrick et al. 1998). However, some evidence exists that rainbow
trout can acquire resistance to reinfection after a prior exposure (Hedrick et al. 1998). An
exposure of 1,000 triactinomyxons per fish provided rambow trout with protection
against 1‘(—:1111"@&1’011 as early as 35 days after initial exposure, demonstrated by the absence
of sporoplasms in epidermal tissue sections af 2 hours post-re-exposure. Fish exposed to
100 triactinomyxons per fish failed to develop resistance to reinfection. These
experiments demonstrated resistance only by the absence of sporoplasms in the fish
epidermis after exposure to the parasite; no demonstration of reduced susceptibility to the
development of whirling disease was made.

The presence of an acquired immune response after the first contact with
triactinomyxons of M. cerebralis could allow for the development of management
strategies to minimize the effects of whirling disease on wild trout populations, hatchery
trout and stocked trout. For instance, if a light infection can provide fish with immunity
or resistance against a subsequent higher parasite dose, a young wild trout in M.
cerebralis-positive waters may gain a benefit from being infected with a low level of the

parasite if it later enters waters where the risk of higher infectivity 1s great. Similarly, a
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low level of exposure in a hatchery may be beneficial {o fish stocked into positive waters,
and critical to their subsequent survival and performance. Management and control of
the pathogen in hatcheries could involve the use of a M. cerebralis vaccine. Vaccination
is the deliberate induction of an acquired immune response to a dead or attenuated (non-
pathogenic) form of the pathogen. Vaccination would provide protection for the fish only
if an acquired immune response could be induced against the pathogen. The
demonstration that rainbow trout could develop an acquired immune response to M.
cerebralis would be necessary prior to the development of a vaccine against the
pathogen. Vaccination could facilitate operation of rainbow trout hatcheries in whirling
disease-positive areas, or where rainbow trout are cultured for stocking into whirling
disease-positive waters.

My objective was to determine if rainbow trout develop an acquired immune
response to M. cerebralis and if present, whether the immune response provided the fish
with protection against subsequent exposures. I hypothesized that a low-level exposure
or 1mmumzatlan Wlth M”;:éfebmlis iifbuid indlice_ an éﬁitigen-Speciﬁc antibody response,
whiéh W_oﬁid I;vaide the fish lwith protection. against subsequent higher levels of
exposure. I'.'fésted' whether immunization with M. cerebralis triactinomyxons provided
the fish with protection against the development of whirling disease after a subsequent

exposure, and secondly, 1 tested whether specific anti-M. cerebralis antibodies were

produced in rainbow trout afier immurnization.
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Methods

Rainbow trout were given an immunization dose of M. cerebralis triactinomyxoens
followed by a later re-exposure to determine if the immunization provided the fish with
protection against subsequent exposures. Throughout this chapter, I refer to the first
exposure as the immunization and the second exposure as the exposure. The dose of the
immunization was varied to determine what level provided the fish with protection; the
exposure dose was varied to determine what level of exposure the fish could be protected
against. The timing between the immunization and exposure was varied to determine the
time period required for protection to develop. Whirling discase severity was compared
among treatments to determine if the immunization dose had provided the fish with
protection against subsequent exposures. Blood serum samples were analvzed for the
presence of anti-AM. cerebralis antibodies to determine if immunized rainbow trout were
able to mount a specific acquired immune response. The presence of anti-M. cerebralis
antibodies was__defer;n_ingd at different time periods after the exposure to determine when

the immune réépoﬁge was n’iouﬁﬁe_(:i by the fish.

Experimental Procedures

Myxobolus cerebralis triactinomyxons were produced in the laboratory. Cultures
of Tubifex tubifex worms were exposed to spores of M. cerebralis, and triactinomyxons
were collected using a procedure stmilar to that described by Hedrick et al. (1999b).

Erwin strain rainbow trout, hatched from eggs supplied by the Ennis National

Fish Hatchery, United States Fish and Wildlife Service, Ennis, Montana, were maintained
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at the Bozeman Fish Technology Center, Bozeman, Montana, at 12 °C until scheduled
for exposure. Immunizations and exposures were conducted at the Wild Trout Research
Laboratory (WTRL), Montana State University, Bozeman, Montana. Each lot of fish was
immunized or exposed to M. cerebralis triactinomyxons in aerated 5-liter exposure
chambers for 2 hours. Following imm&iﬁézaﬁion or exposure, lots were maintained
sepafrate.l'jf' at 173 °C in 38-liter glass aiqué_iﬁé supplied with filtered and oxygenated water
b'y a recirculating process system aftﬁ'e WTRL The fish were fed.a co.mmercial trout
diet at 2 to-3 percent body weight per day Mortalities were counted and removed daily.
The fish were given an immunization dose of 0, 100, 1,000, or 10,000

triactinomyxons per fish at 5 weeks posthatch, and segregated Into two equal groups; one
group was exposed four weeks after the imununization (9 weeks posthatch), and the other
eight weeks alter the immunization {13 weeks posthatch). Exposure ;%c}ses were (0, 100,
1,000, or 19,000 friactinomyxons per fish, Treatment gmzzps' in:ciuded every possible
combination of immunization and exposure dose (Table 4.1). Egch .immunization and
expos'uge’ cembmatzoﬁwas camed Qﬁt mmphcate Wzih 33 ﬁshm eachrephcate, fd.r. a
total of 96 lots. e A e

| The swimmiﬁg pérfofm&mes of thiée réi’ﬁ&ofﬁlf ée’iectéé ﬁsh frdr’ﬁ each replicate
were tested 20 weeks after the immunization. Fish were tested individually in a stamina
turmel (Figure 2.1). Swimming stamina was measured as the length of time a fish could

maintain its position in the tunnel (time to fatigue) at a constant velocity (35 cm/s).
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Table 4.1. Experiment design. Each combination was carried out in triplicate; numbers
are dose of triactinomyxons per fish.

Immunization Exposure
5 weeks posthatch | 9 weeks posthatch | 13 weeks posthatch
0 0
100
1060
10000
0 0
100
1000
10000
100 0
100
1000
10000
100 0
100
1006
10060
1000 5
100
1000
10000
1600 0
100
1000
, 10000
10000 0
100
1000
10000
10000 0
100
1000
10000
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The fish used in the stamina test, and an additional six randomly selected fish
from each replicate, were examined for clinical signs typical to whirling disease
(blacktail, skeletal and cranial defornuties, and whirling behavior) and then euthanatized.
The heads of the euthanatized fish were removed, cut in half along a midsagittal plane,
preserved in Davidson’s fixative, and prepared for microscopic examination using
standard histéiogicql éech.niques.f One hea.d. half aﬁd_ the tail section of each fish were
prepa_red__ for histology. Mic-roﬁs'cg.)éic ;}éﬁhology wa;’ categorized according to Hedrick et
| alg' (1999b), where cartilaginous tissﬁé'i%i'as e'xgmi;ned'fér the presence of the parasite and
associated lesions. The abundance of parasites, cartilage damage, inflammation, extent
of lesions, involvement of other tissues, and bone distortion were evaluated and
categorized 1ato one of szx categories: no infection, minimal, mild, moderate,
moderately/severe or severe (E. MacConnell, United States Fish and Wildlife Service,
personal communication, Table 2.2). Twao _lmad sections and two tail sections were
evaluated histologically for each fish coliegted._ :

The o‘{herhalves of theheadswere usedfoobtam spore .count:s. .. The Colorado
| leswn ofWIIdhfe performed the Spere cauntsusmg thé én;:zﬁnatib digestion method to
 extract the spores from the tissues (Markiw and Wolf 1974). Afier extraction, spores
were resuspended in a known volume of detonized water, and 1-ml aliquots were placed
on both sides of a standard 1-ml hemocytometer counting chamber. Total spores per
original head were calculated as follows: (2 x total number of spores counted x 107 x
volume of suspension) / (number of I-mm’ areas counted) (O’ Grodnick 1975). Three

counts of spores were made from each suspended sample; the mean of the three was used

m analyses.
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A blood serum sample was collected from five randomly selected fish from each
replicate at 2 hours and at 4 weeks after the exposures and screened for anti-M. cerebralis
antibodies. Blood serum was also collected from the 9 randomly selected fish sacrificed
20 weeks after the immunization. Total serum immunoglobulin was quantified by
ELISA using triactinomyxon-specific antigens (Dr. M. A. Adkison, School of Veterinary
Medicine, The University of California at Davis, personal communication). The level of
anti-M. cerebralis antibodies was quantified using the following procedure:

1. ELISA plates were coated with 50 pi/well of homogenized M. cerebralis
triactinomyxon antigen in bicarbonate coating buffer (4 pg/ml) and left overnight
at 4 °C. The plates were wrapped in cellophane wrapper to prevent desiccation.
Outside wells of the ELISA plates were not used in the analyses. Bicarbonate
coating buffer: 0.7935 g NA;CO,, 1.465 g NaHCO,, and 500 mi distiiled water.
Bicarbonate coating huffer was stored at 4 °C for no tonger than 2 weeks.

2. The wells were I?Ipcked with 3.00 }EI/W?H of blocking buffer/diluent (2 % non-fat
dairy miik_ir} tﬁé»i}a"séf S_Qiutien)'.'fozr E h.(.)i&.-.aj: toé_rn_ térﬁpergﬁure} Tris-base
solution: 6.07 g 50 mM trié base; 0409 g 1 mM efhyieﬁe diamine-tetraacetic acid,
87¢g ISOmM NaCI, and pH adjusted to 8.0 w1th HC%

3. Plates were washed 3 times, at 3.0 PSI, with TTBS (0.1 % Tween-20 in tris-base
solution).

4, Serum samples were diluted 1:50 with 1 % non-fat dairy milk m TTBS (0.05 %
Tween-20 in tris-base solution). 50 ul of diluted serum soluiton was added to the

wells. All samples were put on the plates in triplicate and each plate included a
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known positive and negative control serum sample, and a no-serum control set.
The serum samples were left on the plates for 2 hours at room temperature.
Plates were washed 5 times, at 3.0 PSI, with TTBS (0.1 % Tween-20 in tris-base
solution). ‘

Secondary antibody (purified Warrs) was diluted 1:10,000 in I % non-fat dairy

milk-TTBS diluent, and 50 1l of diluted secondary antibody was added to each

~ well for 1 hour at room temperature.

9.

Plates were washed 5 times, at 3.0 PSL with TTBS (0.1 % Tween-20 in tris-base

solution).

Goat anti-mouse immunoglobulin-peroxidase was diluted 1:2,000 in 1 % non-fat

dairy mill-TTBS diluent, and 50 pl added to each well for 1 hour af room

temperature.

Plates were washed 10 times, at 3.0 PSL with TTBS (0.1 % Tween-20 in tris-base

solution).

| .. | }OPiateSweredeVdOpedWﬁh1 (}Opi/vveﬂof tetramethylbenzxdme déveibpa_r (12ml

cltrc acid, 60 pl tetramethy! benzidine stock, and 60 il of2 % Hy05).
Tétfa:;.i}e.t.}.lyl..:ben;i.:(iin.e'sif;éléﬁ 3,325,5’-tetraﬁie£hﬂ ben:zi;ﬁn.e,. 10 mg/ml in
dimethylsulfoxide, stored at 4 °C. Plates were developed for 15 minutes at room
temperature then the reaction was stopped by adding 50 pl/well of 1 M H>SO,.

Plates were equilibrated for 5 minutes before reading.

. Absorbance was read at 450 nm. The samples were blanked to the negative

controls on each plate. The higher the absorbance the more anti-M. cerebralis
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antibodies were present in the serum. The mean absorbance for the three

replicates of each sample was used in analyses.

Bias was reduced throughout the experiment wherever possible. Fish were
randomly assigned to lots and lots were randomly assigned to tanks. Samples were
collected randomly from the tanks for swimming performance tests, histology, spore
counts, and blood serum. Histology, spore count, and blood serum samples were
examined blindly and in a random order. The treatment designation of each sample was

not determined until all samples had been examined and the results recorded.

Statistical Analvsis

A necessary precursor to the evaluation of the effectiveness of an immunization 1s
determination that the exposure elicited disease. That 1s, positive controls (fish not
immunized but exposed) must exhibit significantly more disease than negative controls

(fish not immunized nor exposed) to allow attribution of differences in disease between

zmumzed(treated) and un-immunized (positive control) exposed fish to the

immuﬂizétﬁon. More .expiic_itly, I néed.ed to._ be able to show that exposurés actually made
fish tangibly sick if T was to show that immunization reduced disease. If un-immunized
exposed fish were no sicker than un-immunized, un-exposed fish, then it would be
impossible to tell if they were sicker than immunized, exposed fish. Analysis of variance
(ANOVA) mixed models were used to determine if significant differences existed

between the negative controls and each positive control for each of the responses with the

exception of microscopic pathology.
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Spore counts and swimming performance were analyzed by including random
factors in the model for tank and fish, and the fish were treated as the experimental unit.
Mortality and clinical signs were analyzed in the same way with the exceptions that tanks
were the experimental units and no factor for fish was present in the model. A mixed
linear model was used that combined both the fixed (parasite dose level of the exposure)
and random (tank and fish) effects. Type 3 [F-statistics were used in the analysis
(Montgomery 1997). The important assumptions supporting this analysis are that the
data are normally distributed and that they are independent with constant variance.
Visual mspection of residual plots of data for all responses confirmed that these
assumptions were met. The units of measure (fish or tank) were not independent;
however, this assumption could be dropped by modelmg statistical correlation into the
analysis, which assumes constant variance and constant covariance (PROC MIXED,
compound symmetry covariance option; Littell et al. 1996}, The model used for the

analysis was the following:

Y=o Yo é'w} + 8

where
i=1,....a
F=1,...b,
k=1,
[=1,..d
and

1 = the overall mean,
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o; = the effect of the ith level of the fixed factor A {parasite dose level of the

exposure),

vior= the effect of the ith level of the random factor B {tank nested in factor A),

Bty = the effect of the Ath level of the random factor C (fish nested in factors A

and B: this effect is not included in the model when analyzing the mortality or

clinical signs fespomse), and

g% = a random error caused by sampling.

The chi-square test of homogenieity was used instead of the ANOVA for the microscopic
pathology results because these data were non-parametric {Danzel 1990).

If it was determined from this initial analysis that that the positive controls were
not more diseased than the negative controls, then the analysis was not taken any further.
Alternatively, if the response showed that the positive controls were significantly more
diseased than the negative controls, [ determined what effect the immunization dose had
on the disease caused by the exposure dose. Protection provided by the immunization
agé_iiﬂst the eﬁpoéﬁié was determined by c.omparing the d:i'éease s_evé_rity of the fish that
receéved both thé'immuﬁf:zatioﬁ and theexposure Wﬁ-ﬁ tﬁﬁt of fhe fish that just received
the ir;miurﬁzation. if coiﬁéiéte pro.te'c:‘i.ion were'providec.l by the immunization the diseése
severity of the fish that received both the immunization and exposure would be equal o
that of the fish that only received the immunization because the effect of the exposure
would be eliminated by the immunization. The experiment was designed and analvzed as
a two-way factorial, one each for the fish exposed at 9 or 13 weeks posthatch. The two
factors, or treatments. were immunization parasite dose level (0, 100, 1,000, or 10,000

triactinomyxons per fish) and parasite dose level at the exposure (0, 100, 1,000, or 10,000
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triactinomyxons per fish). The analysis was the same as is described above with the
exception that a treatment group was added to the model for immunization dose level.

The model used for the analysis was the following:

v=pto+ f+ aﬁg TV T é:(;‘;‘:;) + E i »

where
i=1,..a
J=1.0,
k=1,....0c
[=1,....d,
m=1,...¢
and

il = the overall mean,

oy = the eifect of the ith level of the fixed factor A (parasiie dose level of the
immunization), -

B 'ﬂ..the'effect'of thé: jth level of the ﬁxed factor B (parasite dose level at the
R S R . :

af; = the interaction effect between the ith level of factor A and the jth level of

factor B,

Y= the effect of the ith level of the random factor C (tank nested 1n factors A

and B),
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Biw = the effect of the /th fevel of the random factor D (fish nested in factors A-

C; this effect is not included in the model when analyzing the mortality or clinical

stgns response), and

E51m = & random error caused by sampling.
Bonferroni’s multiple comparison procedure was used to compare the pairwise
differences of the least-square means. The chi-square test of homogeneity test was again
used to analyze the microscopic pathology data (Daniel 1990). The levels of anti-AM.
cerebralis antibodies were.compared among the treatments using the same two-way
factorial model as described above. ANOVA tables are in Appendix C.

For each significance test, o = 0.05. All statistical analyses were conducted with
the statistical software program SAS/STAT (SAS lInstitute 1996).

esults

Disease Indicators

The positive controls (fish riét immunized but exposed) did not exhibat
significantly more disease than the negative controls (fish not immunized nor exposed)
for several of the disease indicators. These included swimming performance (Figure
4.2A) and spore counts (Figure 4.2B) of fish exposed at 9 weeks posthatch, and
cumulative mortality (Figure 4.2C), swimming performance (Figure 4.2D) and spore
counts (Figure 4.2E) of fish exposed at 13 weeks posthatch. These indicators of disease
severity were deleted from further analysis because the effectrveness of the immunization

could not be determined. [ndicators for which the positive controls did exhibit
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Fish Exposed at 9 Weeks Posthatch Fish Exposed at 13 Weeks Posthatch
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Figure 4.2 A-E—Mean (+SE) value of disease indicator for responses which were not
significantly different from the negative controls. X-axis is level of immunization and
exposure dose (triactinomyxons per fish). Fish were immunized at 5 weeks posthatch
with a sham exposure followed by an exposure at 9 or 13 weeks posthateh to a range of
parasite doses (0, 100, 1,000, or 10,000 triactinomyxons per fish). Values above bars
represent the results from the ANOVA comparisons between the negative controls (fish
not immunized nor exposed) and the positive controls (fish not tmmunized but exposed).
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signiﬁcaﬁtiy more dise.ase than the negative controls were cumulative mortality (Figure
4.3A), the prevalence of clinical signs (Figure 4.3B), and microscopic pathology (Figure
4.3C) of fish exposed at 9 weeks posthatch, and clinical signs (Figure 4.3D) and
microscopic pathology (Figure 4.3E) of fish exposed at 13 weeks posthatch.

If complete protection were provided by the immunization the disease severity of
the fish that received both the immunization and exposure would be equal to that of the
fish that only received the immunization because the effect of the exposure would be
eliminated by the immugization. An immunization of either 100 or 10,000
triactinomyxons per fish provided éompiete protection against the effects of exposure at 9
weeks posthatch to all doses on cumulative mortality (Figures 4.4A and 4.4C). An
immunization of 1,000 triactinomyxons per fish provided complete protection against the
affects of exposure to 100 or 1,000 triactinomyxons per tish on mortality (Figure 4.4B).
but not against exposure to 10,000 riactinomyxons per fish (Figure 4.4B). Because the
mean cumulative mortality values were low (less than 6 per tank), it is possible that this
axiqmal_ou_s_.'fésu}t was caused by éxiﬁéﬁméntal error. For all levels of inimmjizaﬁon_ and
é)__(llplosu_re;_ ﬂOne of t.l.ze gr{mps .:Whiéh%éeived b.oth thg:.iﬁlﬁmﬁizatién aﬂd'éxﬁ)ééitreg
- r'egardﬁess of _timiﬁg of exﬁesmre, had higher levels of diseésé'é’eﬁcrity than the groups
which just received the immunization dose, as measured by clinical signs (Figures 4.5
and 4.6) and microscopic pathology. Although the statistical analysis for microscopic
pathology did indicate significant differences in frequency distributions, the median
category Tailed fo increase with the addition of the exposure when compared to fish that
only received the immunization exposure. Additionally, visual inspection of the

frequency distribuiions (Figures 4.7 to 4.12) lends very little evidence to suggest that the
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Figure 4.3 A-E—Mean (£SE) value of disease mdicator for responses which did differ
significantly from the negative controls. X-axis is level of immunization and exposure dose
{triactinomyxons per fish). Fish were immunized at 5 weeks posthatch with a sham exposure
foliowed by an exposure at 9 or 13 weeks posthatch to a range of parasite doses (0, 100, 1,000, or
10,000 triactinomyxons per fish). Values above bars represent the results from the ANOVA
comparisons between the negative controls (fish not immunized nor exposed) and the positive
controfs (fish not immunized but exposed). # values on graphs C and E are results from the chi-
square test of homogeneity, P - 0,03 indicates a significant difference in frequency distributions

within the group.
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Figure 4. 4A-C—Mean (£SE) cumulative number of mortalities 20 weeks after the
immunization. Fish were immunized at 5 weeks posthatch to a range of parasite doses (0.
100, 1,000, or 10,000 triactinomyxons per fish} followed by an exposure at 9 weeks
posthatch fo a range of parasite doses (0, 100, 1.000, or 10,000 triactinomyxons per fish).
Different letters on individual graphs indicate bars with a significantly higher response
than those that just received the immunization (Bonferroni’s multiple comparison
procedure £ < 0.05}.
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Figure 4.5—Mean (+SE) percent of fish with clinical signs 20 weeks after the
immunization. Fish were immumzed at 5 weeks posthatch to a range of parasite doses (0,
100, 1,000, or 10,000 triactinomyxons per fish) folowed by an exposure at 9 weeks
posthatch to a range of parasite doses (0, 100, 1,000, or 10,000 triactinomyxons per fish).
Different letters on individual graphs indicate bars with a significantly higher response
than those that just received the immunization (Bonferroni’s multple comparison
procedure /2 < 0.05},
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Figure 4.6—Mean (SE) percent of fish with clinical signs 20 weeks after the
immunization. Fish were immunized at 5 weeks posthatch to a range of parasite doses (0,
100, 1,000, or 10,000 triactinomyxons per fish) followed by an exposure at 13 weeks
posthatch to a range of parasite doses (0. 100, 1,000, or 10,000 triactinomyxons per fish).
Different letters on individual graphs indicate bars with a significantly higher response
than those that just received the immunization {Bonferroni’s multiple comparison
procedure 7 < 0.05),
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Figure 4.7 v distributions of microscopic pathology category for rainbow trout
immunized with 100 triactinomyxons per fish at § weeks posthatch and exposed to
varying dose levels at 9 weeks posthatch. The frequency distributions were significantly
different at 2 < 0.0001 (chi-square test of homogeneity).
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Figure 4.8 Frequency distributions of microscopic pathology category for rainbow trout
immunized with 1,000 triactinomyxons per fish at 5 weeks posthatch and exposed to
varying dose levels at 9 weeks posthatch. The frequency distributions were significantly
different at P < 0.0001 (chi-square test of homogeneity).
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Figure 4. 9—Frequency distributions of microscopic pathology category for rainbow trout
immunized with 10,000 triactinomyxons per fish at 5 weeks posthatch and exposed to
varying dose levels at 9 weeks posthatch. The frequency distributions were significantly
different at P = 0.0067 {chi-square test of homogeneity).
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Figure 4.10—~Frequency distabutions of microscopic pathology category for rainbow
trout immunized with 100 tnactinomyxons per fish at 5 weeks posthatch and exposed to
varving dose levels at 13 weeks posthatch. The frequency distributions were
significantly different at £ <0 0.0001 (chi-square test of homogeneity).
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Figure 4.11—Frequency distributions of microscopic pathology category for rainbow

trout immunized with 1,000 triactinomyxons per fish at 5 weeks posthatch and exposed to

varying dose levels at 13 weeks posthaich. The frequency distributions were
significantly different at /2 < 0.0001 (chi-square test of homogeneity).
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Figure 4.12-—Frequency distributions of microscopic pathology category for rainbow
trout immunized with 10,000 triactinomyxons per fish at 5§ weeks posthatch and exposed
to varying dose levels at 13 weeks posthatch. The frequency distributions were
significantly different at £ < 0.0001 (chi-square test of homogeneity).
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microscopic pathology scores are increasing with the addition of the exposure dose.
Therefore, all levels of immunization dose provided protection agamst all levels of
exposure dose, regardiess of when the exposure dose was given.

Disease sevc_erity, as measured by cumulative mortality (sham exposure at 9 weeks
posthatch) (Figure 4.13A), swimming performance (Figures 4.13C and 4.13D), clinical
signs (F iguﬁres_ 4.13E and F), microscopic péthéiogy (Figures 4.13G and H) and spore

counts (Figﬁre_s_ 4.131 and 4.13]), was sigﬁiﬁca_nﬂy increased in fish that received the

. immunization dose cgmpa'ré'd to the ﬁegéﬁvé controls. Therefore, although the
immunization dose provided the fish with protection against disease caused by the
exposure, the immunization dose also caused the ﬁsh. to become diseased. Cumulative
mortality measured from the fish given the sham exposure at 13 weeks posthatch was not

significantly affected by the immunization dose (Figure 4.13B).

Semm gntibo_dy levels: 9—week posﬁi_xateh__exposure
TWO ﬁéu’r’é lllafter theexposurenmtherthe exposure dc_;_éé’_ (F = _1.66, P=0.1773;

: Figure 4..14). nor thé_ 1mmumzataen dose (F = 087, Px 0457 };, F ig.ur.e 4.15) significantly
e affectedthelevel of anti—Mcerebmlzs a:z.ﬁib'od'ié'é plre.se'nf in the serum. Antibody levels
recorded from the fish 2 hours after the exposure were not significantly greater than that
from the negative controls. Similarly, in serum collected | month after the exposure,
neither the exposure dose (F = (0.58, P =0.6314; Figure 4.16) nor the immunization dose
(F=0.75, P =10.5281; Figure 4.17) had affected the level of anti-M. cerebralis
antibodies. Also, the level of anti-M. cerebralis antibodies present in the serum 1 month

after the exposure was not significantly different from that of the negative controls.
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Figure 4.13A-J—Mean (+SE) value of disease indicator. X-axis is level of immunization and
exposure { triactinomyxons per fish). Fish were immunized at 5 weeks posthatch to a range of
parasite doses (0, 100, 1.000 or 10,000 triactinomyxons per fish) followed by a sham exposure (0
triactinomyxons per {ish) at either 9 or 13 weeks posthatch. Different letters above bars indicate
a significant difference (Bonferroni’s multiple comparison procedure 7 < (.05). P values on
graphs G and H are results from the chi-square test of homogeneity, /7 < (.05 indicates a

significant difference n response within the group.
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Figure 4.14—Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 430 nm (£:SE), 2 hours after the exposure. Fish were immunized at 5
weeks posthatch to a range of parasite doses (0, 100. 1,000, or 10.000 triactinomvxons
per fishj followed by an exposure at 9 weeks posthatch to a range of parasite doses (0,
100, 1,000 or 10,000 triactinomyxons per fish).
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Figure 4.15—Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 450 nm (£SE), 2 hours after the exposure. Fish were immunized at 5
weeks posthatch to a range of parasite doses (0. 100, 1.000, or 10,000 triactinomyxons
per fish) followed by an exposure at 9 weeks posthatch to a range of parasite doses (0,
100, 1,000 or 10,000 triactinomyxons per fish).
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Figure 4.16-Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 450 nm (+SE), 1 month after the exposure. Fish were immunized at 5
weeks posthatch to a range of parasite doses (0, 100, 1,006, or 10,000 triactinomyxons
per fish) followed by an exposure at 9 weeks posthatch to a range of parasite doses (0,
160, 1,000 or 10.000 triactinomyxons per fish).
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Figure 4.17—Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 450 nm (+SE), 1 month after the exposure. Fish were immunized at 5
weeks posthateh to a range of parasite doses (0, 100, 1,000, or 10,000 triactinomyxons
per fish) followed by an exposure at 9 weeks posthatch to a range of parasite doses (0,
100, 1,000 or 10,000 triactinomyxons per fish}
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The ekposure dose (FF=3.77, P=0.0212; Figure 4.18) and the immunization dose
(F=3.81, P=0.0203; Figure 4.19) did however influence the amount of anti-M.
cerebralis antibodies present in the serum collected at 20 weeks after the immunization
dose. The treatment groups, which received an exposure but no immunization, had
significantly more anti-M. cerebralis antibodies than the negative controls (Figure 4.18).
However, the exposure dose failed to influence the anti-M. cerebrafis antibodies when
the immunization dose was maintained constant at either 100 or 10,000 triactinomyxons
per fish (Figure 4.18). Fish immunized with 1,000 triactinomyxons per fish and exposed
with 1,000 triactinomyxons per fish had significantly lower levels of anti-M. cerebralis
antibodies than the groups exposed to either 100 or 10,000 triactinomyxons per fish and
immunized with 1,000 triactinomyxons per fih (Figure 4.18). However, the lish exposed
and mmunized to 1,000 triactinomyxons per fish had the same amount of anti-A4.
cerehralis antibodies as the fish immunized to 1,000 triactinomyvxons per fish but not
exposed, as did the groups exposed to either 1OQ or 1,000 triactinomyxons per fish
. (Figure 418) . CI .

.AH treatment groups immuﬁiz’éd but not exposed had significantly higher levels
of the aﬁtibody than thé .ne'gétix.fe controls at 20 Weeks after the immunization (F igure
4.19). However, treatment groups exposed to either 100 or 1,000 triactinomyxons per
fish had no significant difference in anti-M. cerebralis antibody levels regardless of
whether or not they were immunized (Figure 4.19). Fish exposed to 10,000
triactinomyxons per fish and immunized with 1,000 triactinomyxons per fish had

significantly higher levels of anti-M. cerebralts antibodies than the corresponding group
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Figure 4.18-—Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 430 nm {(£SE), 20 weeks after the immunization. Fish were immunized at
5 weeks posthatch to a range of parasite doses {0, 100, 1,000, or 10,000 triactinomyxons
per fish) followed by an exposure at 9 weeks posthatch to a range of parasite doses (0,
100, 1,000 or 10.000 triactinomyxons per fish). Within each horizontal graph different
letters indicate significant differences (Bonferroni’s multiple comparisons procedure P <

0.05).
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Figure 4.19-—Level of serum anti-Myxobelus cerebralis antibodies measured as mean
absorbance at 450 nm (£SE), 20 weeks after the immunization. Fish were immunized at
5 weeks posthatch to a range of parasite doses (0, 100, 1,000, or 10.000 friactinomyxons
per fish) followed by an exposure at 9 weeks posthatch to a range of parasite doses (0,
100, 1,600 or 10,000 triactinomyxons per fish). Within each horizontal graph different
letters indicate significant differences (Bonferront’s multiple comparison procedure P <
0.035).
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which was not immunized (Figure 4.19); however, no signtficant differences were
present among the groups exposed to 10,000 triactinomyxons per {ish and immunized

with either 100, 1,000 or 10,000 triactinomyxons per fish.

Serum antibody levels: 13-week posthatch exposure

Two hours after the exposure at 13 weeks posthatch, neither the exposure dose (F
= (.37, P = 0.7733; Figure 4.20) nor the immunization dose (F = 0.24, P 0.8684; Figure
4.21) significantly affected the level of anti-M. cerebralis antibodies. Antibody levels

recorded from the fish 2 hours after the exposure were not significantly greater than that

from the negative controls.

One month after the 13-weeks posthatch exposure the immunization dose did
significantly affect the level of anti-M. cerebraliy antibodies present mn the fish (/=
12.50, P < 0.0001; Figure 4.22); however, the exposure dose continued to fail to atfect
the level of antibodies present (F = 0.21, P = 0.8877; Figure 4.23). The level of anti-M.
. cerebralis a;ngtibo.diés present in the serum 1 momh_' after the exposure increased with
increasihg 1ex}e.} gf i%ﬁ%r;ﬁnizafsion dose (Figure .4.22).. |

Twenty .We'éks after the immunization both the exposure dose (F=2.99, P =
0.0309, Figure 4.24) and the immunization dose (F = 39.67, P < (0.0001, Figure 4.25) had
significantly affected the level of anti-AM. cerebralis antibodies present in the fish serum
amongst some of the treatment groups. However, the exposure dose failed to affect the
amount of anti-M. cerebralis antibodies present unless the fish had first received an
tmmunization dose; and only slight differences in antibody production existed between

the fish that received an immunization and those that received both the immunization and



130

Absorbance at 450 nm

0+0 0+100 0+1G00 0+10000

Absorbance at 450 nm

100+0 100+100 100+1000 100+10000

&
£ 0.008 -

<

< G.006 -

©

& 0.004

&

£ 0.002

2

g a4 i

R 1000+1000. 1000+ 10000

B

.~

o3

iy

b

®

©

<

| ==

o

=

Q -

2

< 1000040 10000+100 10000+ 1000 10000+10000

Immunization and exposure (triactinomyxons per fish)

Figure 4.20—Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 450 nm (SE), 2 hours after the exposure. Fish were immunized at 5
weeks posthatch to a range of parasite doses (0, 100, 1,000, or 10,000 triactinomyxons
per fish) followed by an exposure at 13 weeks posthatch to a range of parasite doses (0,
100, 1,000 or 10,000 triactinomyxons per fish).
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Figure 4.2 1—Level of serum anti-AMyxobolus cerebralis antibodies measured as mean
absorbance at 450 nm (£SE), 2 hours after the exposure. Fish were immunized at 5
weeks posthatch to a range of parasite doses (0, 100, 1,000, or 10,000 triactinomyxons
per fish) followed by an exposure at 13 weeks posthatch to a range of parasite doses (0,
100, 1,000 or 10.000 triactinomyxons per fish).
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Figure 4.22—Level of serum anti-Myxabolus cerebralis antibodies measured as mean
absorbance at 450 nm (£SE), | month after the exposure. Fish were immunized at 5
weelks posthatch to a range of parasite doses (0, 100, 1,000, or 10,000 triactinomyxons
per fish) followed by an exposure at 13 weeks posthatch to a range of parasite doses (0,
100, 1.000 or 10,000 triactinomyxons per fish). Within each horizontal graph different
letters indicated significant differences (Bonferroni’s multiple comparison procedure P «

0.05).



0.1 4
0.08 -
0.08 -
0.04
0.02 -

Absarbance at 450 nm

0+0 0+100 0+1000 g+10000

Absorbance at 450 nm

100+0 100+100 100+1000 100+10000

0.1 4
0.08
0.06
0.04
0.02

Absorbance at 450 nm

1000+ 1000+100 1000+1000 1000+10000

Absorbance at 450 nm. . |

10000+0 10000+100 10000+1000 10000+10000

immunization and exposure (triactinomyxons per fish)
Figure 4.23—Level of serum anti-Mixobolus cerebralis antibodies measured as mean
absorbance at 450 nm (£SE), 1 month after the exposure. Fish were immunized at 5
weeks posthatch to a range of parasite doses (0, 100, 1,000, or 10,000 triactinomyxons
per fish) followed by an exposure at 13 weeks posthatch to a range of parasite doses (0,
160, 1,000 or 10,000 triactinomyxons per fish).
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5 weeks posthatch to a range of parasite doses (0, 100, 1,600, or 10,000 triactinomyxons
per fish} followed by an exposure at 13 weeks posthatch to a range of parasite doses (0,
160, 1,000 or 10,000 triactinomyxons per fish). Within each horizontal graph different
letters indicate significant differences (Bonferron’s multiple comparison procedure £ <

0.05).



135

0.2 7
0.15 1
0.1 1
0.05 1

Absorbance at 450 nm

0+0 100+0 _ 1000+0 10000+0

Gz
18
0.1
0.05

0+100 100+100 1000+100 10006+100

Absorbance at 450 nm

02 y y y
0.15

0.1
0.05 z

0+1000  100+1000 1000+1000 10000+1000

: : Absorbance at 450 nm

025

015
0.1
0.05

0+10000 100+10000 ' 1000+10C00 10006+10000

immunization and exposure {triactinomyxons per fish)
Figure 4.25—Level of serum anti-Myxobolus cerebralis antibodies measured as mean
absorbance at 450 nm (£SE), 20 weeks after the immunization. Fish were immunized at
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the exposure (Figure 4.24). All treatment groups that received an immunization dose had
significantly higher levels of anti-M. cerebralis present 20 weeks after the immunization
than those that did not receive an immunization dose (/7= 12.50, P < 0.0001; Figure
4.25). For the fish that either received no exposure dose or an exposure dose of either
100 or 1,000 triactinomyxons per fish, no significant difference existed in response
arnongst those immunized with either 100, 1,000 or 10,000 triactinomyxons per fish (F =
12.50, P> 0.0001; Figure 4.25). The fish immunized and exposed with 10,000
tﬁaciinomyxoné lpe'r fish had sighificantly Idﬂifér levels of anti-A. cerebralis antibodies

than the fish that received the same exposure dose level but lower levels of immunization

(F=12.50, P < 0.0001; Figure 4.25).
Diiscussion

The first part Qf this objective was to determine if an immunization with M.

‘cerebralis n’ia'c_tinomyxons éfoﬁided rainbow trout with protection against subsequent
éxpdsures to M. ceréb%aiz’s. Protection against em exposure at either 4 or 8 weeks after
the immunization was evidéné:éd; ﬁ0we\fer, the immilﬁizétion, which provided the fish
with protection against the development of disease mduced by a subsequent exposure,
also induced disease in the fish. Therefore, the disease that the immunization induced in
the fish far outweighed the benefits the fish received from the protection. The second
part of this objective was to determine if rainbow trout develop a specific acquired
immune response after exposure to triactinomyxons of M. cerebralis. Rainbow trout do

develop an acquired immune response to M. cerebralis, as evidenced by the presence of
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anti-M. cerebralis antibodies in serum from infected fish, confirming earlier indirect
fluorescent antibody (Griffin and Davis 1978) and ELISA tests (Hedrick et al. 1998).
The first incidence of anti-M. cerebralis antibodies was detected one month after the 13-
week posthatch exposure. The defection of antibodies in rainbow trout at this time was
assumed to be solely the result of their immunization at 5 weeks posthatch, because the
exposure was found to not significantly influence the presence of anttbodies. Therefore,
no anti-M. cerebralis antibodies were detectéd until 12 weeks after the immunization.
Hypot_ﬁesis 3.1 and 3.2 of this dissertation were thf;feforc; i"ejacted-,

) The protection provided by the immunization exposure did not correlate with the
observed acquired immune response after exposure to M. cerebralis. Specific anti-A.
cerebralis antibodies were not detected in the fish until 12 weeks after mitial exposure;
however, protection against the effects of an exposure was provided at 4 weeks after the
immunization. Therefore. something other than the antibody response must have been
rg_sponsible for_ the observed _pz_'__otect;ion. (_)_.ne poss:ibi_l_ity is that the innate (or non-
*specific) immune response i the ish was activated by the firt exposure and lthough
“did noﬁ pmmde the ﬁshwzth pfotectlon 3gamstthezmt1aiexposure zt may h.a{fe. been'.ablé

to 'defe.nd'”t.he ﬁsh ag’éiﬁ'st tﬁe ;s'ﬁbéeqﬁeﬂ;eﬁj.é:sﬁre. A similar situation is observed in
human disease. In humans the non-specific immune system is stimulated by mfection.
The number and functionality of phagocytes increase as an immediate consequence of
infection. In addition, there is a general increase in the number and activity of the other
fractions of the non-specific imumune system (Relman and Falkow 1995). Sumilarly, the
non-specific immune system of newborn pigs 1s rapidly activated after the pigs first

encounter with pathogens (Sinkora et al. 2002). After M. cerebralis infects rainbow trout



it s susceptible to the effects of the non-specific immune system of the fish for a
relatively short time (4 days) before 1t enters the nervous system of the fish where it is
protected against the immune responses of the fish (El-Matbouli et al. 1993). Therefore,
after the initial infection by the immunization exposure any stimulation of the non-
specific immune system may not be effective quick enough to influence the effects of the
mmmunization; however, the immune system may be stimulated long enough to reduce
the impacts of any later exposures.

The fact that specific anti-M. cerebralis antibodies were not detected until 12
weeks after the first infection is explained by the life history of the pathogen and the host
response to 1t. Generation of an antigen-specific antibody response first requires
activation from the host cellular immune response (Janeway et al. 1999; Goldshy et al.
2002). The parasite is protected from the host immune system while it harbors in the host
nervous svstem (Hoffmann et al. 1991, cited in El-Matbouh et al. 1995), and does not
induce a significant cellular immune response in the hqst until after significant damage

~ has been céuSegi to the '__h_bsi cartﬂage,whlchoccurs at ieast 2 months after infection
| _ (Hedrick et al. 199_8).,1 resuitmgm ﬂlespeczﬁcacqmredlmmune responge being mounted
and antigen specific antibodies being ﬁmdﬂcé&[

The immune response increased, as measured by an increase in serum anti-M.
cerebralis antibodies, when the level of the first parasite dose the fish received increased.
[ demonstrated in Chapter 2 that whirling disease severity in susceptible rainbow trout
increases with increasing levels of parasite dose. Therefore, as the severity of whirling
disease mcreases, includmg an increase in cellular host immune response, a concomitant

increase in the specific humoral (antibody) immune response occurs. Microscopic
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pathology in rainbow trout caused by M. cerebralis characteristically contains remnants
of cartilage, parasites, and a diffuse to focal granulomatous infiltrate of host macrophages
and lymphocytes (Hedrick et al. 1998). The combined pressure of the parasites and host
inflammatory cells on the brain stem and spinal cord is thought to give rise to some of the
whirling disease clinical signs, namely blacktail and the whirling swimming behavior
(Rose 2000). Therefore, severity of disease symptoms increases as the immune response
increases with increasing level of parasite dose.

Fish exposed at 13 weeks posthatch with no prior immunization exhibited no
difference in the presence of anti-M. cerebralis antibodies when compared to that of the
control fish, whereas fish exposed at 9 weeks posthatch with no prior immunization
showed a significant increase in the presence of anti-A. cerebralis antibodies when
compared to the controls. This can be explained by the age of the fish at exposure o M.
cerehralis triactinomyxons. [ demonstrated in Chapter 2 that resistance to the
development of whitling disease in rainbow trout occurs 9 weeks after hatch. Therefore,
th_g ;ﬁéﬁexpéséd .to.M.-.:ééfeb?aZi& .triabt.ifiér.nyxons for the ﬁrsttameat 13 weeks posthatch
: chd :ﬁet pro.du.ce an acquired imumune response to M. cerez)'f;alé';s ;because they were
resistant to the development of the disease. Because the fish exposed at 13 weeks
posthatch were resistant to the development of the disease they produced no cellular host
mmune response and resulting antigen specific immune response, which would only be
induced by damage caused by the parasite to the cartilage.

Protection provided to rainbow trout from an acquired immune response does not
determine whether or not the fish will develop whirling disease. By the time the humoral

immune response developed. the fish were physiologically resistant to the development
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of whirling disease because of their age (see Chapter 2). I demonstrated in this chapter
that the parasite dose level the fish received during their first exposure to M. cerebralis
triactinomyxons was the most critical factor for determining the severity of whirling
disease. I demonstrated in Chapter 2 and 3 that rainbow trout develop a resistance to
whirling disease at 9 weeks posthaich or 756 degree-days of development. Therefore, the
level of M. cerebralis tri.actinomyxon dose that the rainbow trout receive during this
critical perfod will detc_armine: the severity of whirling disease the fish will develop,

| '.nga.rd.iess of subéeqﬁ:ent: 'éﬁ(posures after this critical period. Althdﬁgh the immunization
exposure provided the fish with protection against subsequent exposures 1t failed to
prevent them from developing the disease. Therefore, control of the pathogen and the
disease it manifests can only be achieved by maintaining rainbow trout in M. cerebralis-
free waters during the period that they are susceptible to the development of the disease.

Several recommendations were made in Chapter 2 to achieve this in hatcheries and in the

+

wild.

= The deveiopmentof _’a‘._..va;,gci_naﬁon-. félr. usé és: a mgﬁagénignt tool in ha_tchér_ieé '
: c_:oi_llltz'i be dévefo?ed mﬁlture :investigétions. I demonéfﬁratéd t.hat:_'prdtecti.én was pmwded
A weeks affer an immunization exposure; therefore, a vaccine, which does not induce
disease in the fish, may be able to provide them with protection against the parasite at
least 4 weeks after they are vaccinated. Any vaccination would have to be administered
before the fish are stocked into positive waters with enough time being allowed between
vaccination and exposure for the immune response to the parasite to develop. An
attenuated (non pathogenic) or dead form of the pathogen may be able to induce an

tmmune response in the fish without causing the development of the disease. A bath or
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oral vaccination would be the most efficient means of administering the vaccine to large
numbers of fish; however, the best route of vaccination to induce an appropriate immune
response against the parasite would need to be determined. If injections are determined
to be the only effective way to administer an M. cerebralis vaceine, then vaccination may
not be feasible because of extra handling and economic costs. If rainbow trout can be
vaccinated against the pathogen they could be stocked or reared in M. cerebralis-positive
waters during their first 9 weeks (756 degree-days) after hatch without the risk of
déveioping the disease. Vaccinations are most likely only to be a useful management
tool in hatchery systems.

Several examples exist in human medicine that can be compared to the immune
response of rainbow trout to M. cerebralis, where the disease 1s caused not by the
pathogen itself but by the unmune response to the pathogen. For example, much of the
disease caused by Mycobacterium tuberculosis, the causative agent of tuberculosis,
results from the immune response that the pathogen mduces. The inhaled bacith are
tii:acropha;es lyse large numbers of bacilli are released .resulting in activation of T cells
which induce the infiltration of large numbers of activated macrophages inito the infected
area. These cells wall off the organism nside a granulomatous leston called a tubercle.
The massive activation of macrophages that occurs within tubercles often resuits in the
concentrated release of Iytic enzymes. These enzymes destroy nearby healthy cells,
resulling in areas of necrotic tissue which eventually becomes calcified. In the majority
of people infected with Mycobacierium tuberculosis the T-cell mediated immune

response controls the infection and later protects against infection (Adams 1976;
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Dannenberg 1989). Therefore, similarly to the infections caused by Myxobolus
cerebralis the immune response results in disease symptoms; however, profection is
provided against later re-infections. The difference with whirling disease 1s that the
protection provided against re-infection is irrelevant because the damage caused by the
parasite before the protection is induced is so extensive that the fish are severely
comproin:i.séd by-the infection.

: _Lj:{'r;'z.e_.diseas_e, caused by the ba;teria Borrelia burgdorferi, 1s an example of a
human disease in which the imnune re.sporise' causes the disease and fails toprovide the
patient with protection. Specific antibodies are produced against B. burgdorferi;
however, the antibodies fail to confer protection and instead are the cause of the
pathogenesis of the disease. Immune complexes consisting of the bacteria antigens and
antibody are thouglht to result in 2 hypersensitive reaction. The antigen-antibody
complexes can activate the complement system, resulting m direct iytic damage to the
}Oints or vasculatme. Aitemativeiv complement (a group of serum proteins that
| _. .'partwlpate in enzymatzc .cascade. resuitmg m the productmn of a oytoiytzlo attack .....

_'complex) pmducts cén mduce neutrophﬂ chemotaxzs and actwa‘aon Somé tissue damage
can then result from Iytic enzymes released by the actwatéd neutrophﬂs (Evans 1998)
Therefore, the whirling disease pathogen is not alone in inducing an immune response
that contributes to the pathogenesis of the disease.
An example of a fish disease with a sumilar immune response to that caused by
the whirling disease pathogen is bacterial coldwater disease caused by Flavobacterium
psychrophilum. Clinical signs of bacterial coldwater disease can be similar to that of

whirling disease, including skeletal deformities, blacktail and a whirling swimming
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behavior. The cause of these symptoms is related to an inflammatory response as part of
the immune response mounted by the host m order to control the pathogen (Meyers
1989). The inflammatory response induced by the bacteria helps control the spread of the
bacterium but it is unclear if the response provides the fish with protection against
subsequent exposures.

The immune response of vertebrate hosts has evolved to protect the host against
attack by parasites. Parasites have in turn, evolved a wide array of mechanisms to
counter the immune response. Myxobolus cerebrals avoids the immune system of 1ts host
by using the nervous system to travel to areas of cartilage. If the parasite were to use
some other means. such as the circulatory system, to travel to areas of cartilage the host
celiular immune response would be induced sooner and the parasiie could be destroyed
before reaching the cartilage. Brown trout show a greater resistance to the development
of whirling disease than rainbow trout and will only become infected when exposed to
high triactinomyxon densities (Hedrick et al. 1999a). The granulomatous inflanumation
often associated wi_’zh- the parasite is less effective at destroying or restricting the parasite

- in rainbow trout than in.- brown trout (Hedrick et al. 1999a). Other host immune

' tesponses in brown trout may also be responsible for retarding or eliminating the
parasites at each stage of development as they move through the three principal tissue
compartments of skin, nerves, and cartilage in the fish. Perhaps fewer parasites attach,
invade and replicate in the early stages of infection i the epidermis of brown trout
compared to rainbow {rout. Brown trout are thought to have co-evolved with M.
cerebralis m Eurasia (Hoffman 19703, whereas rainbow trout have been 1solated from M.

cerebralis. Rainbow trout, over time, develop an immune response that could provide the
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fish with greater protection against the parasite. A population of rainbow trout with an
apparent resistance to whirling disease has been identified in Germany (Kent et al. 2001).
These “resistant” rainbow trout from Germany, although originally from North America,
have been rais.ed in Germany in M. cerebralis-positive waters for up to 110 years, The
mechanism for this resistance is unknown; however, the resistant population may have
h_ad Sufﬁcient time to evolve defenses to the pathogen and develop an immune response
snmiar to _bﬁ_;#%m.tr’éﬁt fprov-iding the ﬁéh with protection against development of the
dlsease(}ivennme, rainbow trout in North America may also develop resistance to the
pathogen; hb'w'ever, before this is achieved many more populations are likely to suffer
from the results of whirling disease. [f we want to preserve the fisheries resource as it is
now and limit the effects of the disease we need to intervene and use the information we
llé\*e on the relationships between host and pathogen to better control the parasite and the
disease 1t manifests.
o One gmjor probie;_n_ v_vfgth the desi__gn_.gf .{his experiment was that disease seve;rity

: Wasmeasured ét 20 .\.?ve.ek.s. after expos.u_'%é.._' Thi._s__eq.ua_ied to. E 1 _\vééics_ after exéc;sure for

. the fish exposed at9 Weéksllpc_s‘s.hatch, and 7 Wer::ks aﬁé‘r expééure for the fish éxpOsed at
- 13 Weeksposthatch .. These ﬁmes &ﬂér. exposure méy nof havebeensufﬁczenﬂy long |
enough for all of the whirling disease symptoms to develop fuily. However, it still stands
that specific antibodies were not produced until 12 weeks after exposure by which time
fish were resistant to the development of the disease because of their age. Therefore, it
can still be concluded that the most important factor in terms of the development of

resistance to whirling disease in rainbow trout is the age at which they are first exposed to

the parasite.
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CHAPTER 5

CONCLUSIONS, MANAGEMENT IMPLICATIONS

AND FUTURE INVESVESTIGATIONS

I showed in Chapter 2 that the development and severity of whirling disease
pathology in rainbow trout is dependent on the age of fish when first exposed to the
triactinomyxon stage of Myxobolus cerebralis, and that the effects of whirling disease on
rainbow trout are substantially reduced when they are exposed to the parasite for the first
time at 9 weeks posthatch or older, as compared to fish exposed at younger ages. In
Chapter 3 T showed that both the age of fish at first exposure and the size of fish at first
exposure are important for the development of whirling disease; therefore, age may not
be the best measurement of when voung trout become resistant to the effects of the
disease. I demonstrated in Chapler 4 that although rainbow trout are protected against
subsequent exposures after an immunization exposure, and'although rainbow trout do
de\}elop an acquirgd immune response after exposure to M. cerebralis, the parasite dose
level the fish Ie_:ceivés- during their first exposure to M cerebralis tnactinomyxons is the
most critical féctor for determining the severity of Whiriing disease. Therefore, my
primary recommendation for reducing the effects of whirling disease on rainbow trout,
which incorporates the information gained from the three objectives of this study 1s:
rainbow trout reared in M. cerebralis-free waters for 756 degree-days of development or
until they are 40 mm in length, whether 1o the wild or 1n a hatchery situation, should

exhibit enhanced survival and swimming performance, and reduced prevalence of clinical
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signs, spore counts and severity of microscopic pathology, in comparison to fish first
exposed to the parasite at an earlier stage of development.

Understanding the factors that affect the pathogenesis of any pathogen is crucial
to its control. The information gained from my dissertation work can be used to develop
management strategies useful for use in hatcheries and in the management of wild trout
fisheries. In hatcheries, whether the rainbow trout being reared are for stocking into
infected waters or are for food production, if the fish are maintained in M. cerebralis-free
water for the first 756 degree-days of development (9 weeks at 12 °C) after hatch the
production and survival of the fish will be greatly mcreased.

Whereas the situation is simple in hatcheries, controlling the pathogen and the
disease it manifests in the wild is more complicated. When and where rainbow trout
spawn, when the fry leave the redd. where the fry rear, and spatial and temporal
triactinomyxon abundances, are all essential to any management strategy (Downing et al.
2002). H_a_bitats known to-be M. cerebralis-free, and where rainbow trout spawn and rear,
. should bemamtamed andconserved t(.). encéuragé the fish to rear in these areas,. |
: t*.«:sp.éciﬁily' if later in-theéf life history they are known to tr'ével.i'nto. areas where the
| ééfésﬁe is present. Fiushiﬁg flows, such as an mcreased reliea.se from a dazﬁ, may be used

to dilute triactinomyxons, and reduce the likelihood of infection and disease during
periods when high triactinomyxon abundances are known fo coincide with the rearing of
susceptible juvenile salmonids. Early spawning strains may also be stocked in areas
where emergence and rearing of susceptible juveniles currently coincides with times of
high triactinomyxon abundance. Introducing early spawners into the system will result in

fry hatching earlier and theoreticallv rearing and developing to an age that provides them
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with protection against the development of the disease before triactinomyxon abundances
are at their highest. Alternatively, eggs could be collected and fertilized from adult
rainbow trout returning to the spawning areas earlier than the average spawners in the
population. The fry from these collections could subsequently be reared in a hatchery
and stocked back into the system to increase the numbers of early spawners within the
population. The fry of early spawning fish have a greater chance of survival; therefore,
early spawning fish may also become dominant within the population through the process
of natural selection. |

The information gained from this work can be applied to the management and
control of whirling disease in wild and cultured rainbow trout populations. However, it
may be less applicable to the management of other salmonid species and perhaps also to
other strains of rainbow trout. The rainbow trout is the principal salmonid host for the
parasite and is therefore the species most commonly studied in whirling disease research.
Most other saimomd specxes are suscepnbie to the effects of the disease also, but to
” .'lvarymg degrees (MacConneii and Vmcent 2002} “The relatmnshlp of 1 mcreasmg age or
size at exposure and de'creasing risk of deveiqpment of disease 1s likely also present
amongst ihe other w.hiﬂing-disease susceptible salmonid 'spé'ciés, but the threshold level
when the fish become resistant to the development of the disease is Eikéiy to be different.
The general principles demonstrated in my work (increasing age or size and decreasing
levels of parasite dose result in a decrease in the effects of whirling disease) can be
applied loosely to the management of any salmonid species in M. cerebralis-positive

areas. However, managing a mixed salmonid population or a population other than
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rainbow trout in a positive area may require more specific information as to when the
particular species being managed becomes resistant to the development of the disease.
Several areas of future investigation arose from this work which would be

beneficial to the management of the disease in both the wild and in hatcheries. Future
investigations involving exposures of fish to a wider range of parasite doses than used in

- this experi'ment couid be very ‘a.é.neﬁcial to the managemen_t and understanding of

' thrhnﬁ cilsease Increasmg paraszte dose at exposm‘e produced an increase in disease
| '.:E"iseventy mn ra.mbuw trout exposed at 9 weeks posthaich or younger. An increase in
parasite dose exposure increased the disease severity in rainbow trout, but this was only
demonstrated in a very broad sense using triactinomyxon doses of different orders of
magnitude. For the precise. assessmént of the effects of smaller differences in parasite
dose we would need to know in more detail the effects of increasing parasite dose on the
development of whirling disease severity. A parasite dose level likely exists beyond
which i mcreasmg levels fail to mcrease Whlrhng disease seventy Slmﬁarly, a minimum
| tnachnorﬁyxoﬁ doée befow Whlch Whirimg d1s.ease does not deveiop n the ﬁsh is hkely
'tﬂ €X1st Exact determmatmn of these threshoids woﬁid be useful, |

Further arcas of mvést.ig.at.mﬁ” Qﬁzch became aﬁﬁarent from this work include

refining the histological grading scale used for determining the seventy of whirling
disease. The most commonly used index of whirling disease severity, both i laboratory
exposures and in sentinel fish exposures, is the histological pathology index of severity
{(as used in this experiment) (MacConnell-Baldwin scale, Hedrick et al. 1999b).
Although this histology scale gives the investigator an index of microscopic pathology

severity, it does not provide the investigator with absolhute information on the dose of
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triactinomyxons to which the fish were exposed. Only relative relations can be inferred.
The MacConnell-Baldwin scale provides qualitative information on microscopic
pathology severity. However, it does not provide quantitative information on how the
different categories relate to disease severity. An additional common mistake made in
whirling disease research is to treat the MacConnell-Baldwin grades as if they were
quantitative continuous data, with grades commonly being reported as means. This is
statistiéally incorrect because the scale is not technically continuous and the difference in
pathology between the grades is not known to be equal in size. Therefore, a great need 1s
present for this scale to be studied in more detail and to be calibrated so that the data can
be treated properly using more powerful parametric technigues, instead of the current
situation where the data can only be correctly used as categorical data with non-
parametric statistical tests,

The development of a vaccination for use as a management tool in hatcherles
could be developed in future investigations. I demonstrated that protection was provided
4 weeks after an im_muni'z_at%bn -eXpbs_uyé; therefore, a lvacciﬁé;,.; Wiiich does not induce
_disééé_e in the ﬁsh, ﬁflay be 'a..bEe to provide tﬁem with_. érotectic:a.n against the pérasite at
least 4 weeks after they are vaccinated. Any Vaé'ci.ﬁatio'n would have to be administered
before the fish are stocked into positive waters with enough time being allowed between
vaccination and exposure for the immune response to the parasite to develop. An
attenuated (non pathogenic) or dead form of the pathogen may be able to induce an
immune response in the fish without causing the development of the disease. A bath or
oral vaccination would be the most efficient means of administering the vaceine to large

numbers of fish; however, the best route of vaccination to induce an appropriate immune
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response against the parasite would need to be determined. If mjections are determined
to be the only effective way to administer an M. cerebralis vaccine, then vaccination may
not be feasible because of extra handling and economic costs. If rainbow trout can be
vaccinated against the pathogen they would be able to be stocked or reared in M.
cerebralis-positive waters during their first 9 weeks (756 degree-days) after hatch
without the risk of developing the disease. Vaccinations are most likely only tobe a
useful management tool in hatchery systems.

At present, we know that rainbow trout reared in M. cerebralis-free waters for
756 degree-days of development or until they are 40 mm in length, whether in the wild or
in a hatchery éituaﬁon, should exhibit enhanced survival and swimming performance, and
reduced prevalence of clinical signs, spore counts and severity of microscopic pathology,

as compared to fish first exposed to the parasite at an earlier stage of development.
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Response: Cumulative Mortality at 17 weeks after exposure

Type 3 tests of Fixed Effects

DE F Pr=F
Age 8 49.53 < 0,0001
Dose 3 8.66 < (,0001
Age*Dose 24 2.65 0.0006

Response: Cumulative Mortality at 33 weeks posthatch

Tvpe 3 tests of Fixed Effects

. - DF - F Pr>F
Age : _ _ 8 27.55 - <{0.0001
Dose L 3 6.28 0.0007
Age*Dose 24 1.69 0.0442

Response: cumulative mortality at 17 weeks after exposure

Tvpe 3 tests of Fixed Effects

DF F Pr=F
Age 8 4953 < 00001
Dose 3 8.66 < (0.0001
Age*Dose 24 2.65 0.0006

i Response Sw1mm1ng Perfermance aﬁ 17 Weeks after exposure

Type 3 tests of Fixed Effects

: R PE i F Pr>F
Age el 8 e e 165 E 0 1194
| - Dose o 3 499 0.0029
Age*Dose 22 1.02 0.4451

Response: Swimming Performance at 33 weeks posthatch

Type 3 tests of Fixed Effects

DF F Pr>F
Age 8 1.30 0.2523
Dose 3 4.57 0.0045
23 .19 .2688

Age*Dose




Response: Spores at 33 weeks posthatch

Type 3 tests of Fixed Effects

DF F Pr>F
Age 10 35.05 < .0001
Dose 3 77.70 < 0.0001
Age*Dose 39 833 < (.0001
Response: Aggregated Clinical Signs at 33 weeks posthatch
Type 3 tests of Fixed Effects
DF F Pr>F
Age o 10 475.16 < (.0001
Dose 3 415.33 < 0.0001
Age*Dose 30 73.97 < 0.0001
Response: Blacktail at 33 weeks posthatch
Type 3 tests of Fixed Effects
DF F Pre=F
Age 10 21.70 < (10001
Dose 3 2472 < ). (001
Age*Dose 30 8.84 < 0.0001
Response: Major Skeletal Deformities at 33 weeks posthatch
= ‘Type 3 tests of Fixed Effects :
 Age 10 6.62 < 0.0001
Dose 3 6.74 0.0004
Age*Dose 30 3.75 < (0.0001
Response: Minor Skeletal Deformities at 33 weeks posthatch
Tvpe 3 tests of Fixed Effects
DF F Pr>F
Age 10 34.88 < {.6001
Dose 3 3161 < 0.0001
Age*Dose 3G 10.35 = 0.0001
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Response: Whirling Behaviour at 33 weeks posthatch

Type 3 tests of Fixed Effects

DF F Pr>F

Age 10 3.28 0.0013
Pose 3 2.73 0.0456
1.37 0.1352

Age*Dose 30
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Response: Cumulative Mortalities
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Type 3 tests of

Fixed Effects

DF F Pr>F
Age 1 1.56 0.2236
Dose l 3.34 0.0802
Size 3 0.59 0.6249
Age*Dose | 1.91 0.1801
Age*Size ! 0.11 0.7452
Stze*Dose 3 0.16 0.9247
Age*Dose*Size 1 1.56 0.2236
Response: Swimming Performance
Type 3 tests of Fixed Effects :
DF F Pr>F
Age [ 5.20 0.0318
Dose 1 18.72 0.0002
Size 3 0.14 0.9338
Age*Dose l 0.12 0.7293
Age*Size ! 0.80 0.3811
Size*Dose 3 0.42 0.7226
Age*Dose™Size l 0,00 0.9618
Response: Clinical Signs
- Type 3-ests of Fixed Effects - T
B R K CUDE : T . Pr>F
Age o BT -23.10 L <0.0001
Dose ~ .~ .. S O 405.96 <0.0001
Size. 3 441 0.0132
¢ Age*Dose T 210 < 0.0001
Age*Size 1 10.91 0.0030
Size*Dose 3 4.41 0.0132
Age*Dose*Size i 10.91 0.0030
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Response: Spores

Type 3 tests of Fixed Effects

D¥ F Pr>F
Age 1 7.46 0.0117
Dose 1 47.74 <2 0.0001
Size 3 3.08 0.0466
Age*Dose 1 7.40 0.0117
Apge*Size 1 0.08 0.7803
Size*Dose 3 3.08 0.0467
Age*Dose*Size 1 0.08 0.7790

Response: Cartilage

Type 3 tests of Fixed Effects

DF F Pr>F
Age 1 0.05 0.8287
Size 3 20.74 < 0.0001

Age*Size l 3.23 (.0786
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Response: Antibodies 2 hours after exposure at 9 weeks posthatch

Type 3 tests of Fixed Effects

DF F Pr>F
Immunization 3 0.87 0.1773
Exposure 3 1.66 04571
Immunization®Exposure 3 [.09 0.3751

Response: Antibodies 1 month after exposure at 9 weeks posthatch

Type 3 tests of Fixed Effects

DF F Pr=>F
Immunization 3 0.75 (.5281
Exposure 3 0.58 G.6314
Immumzaﬂon*fﬁxposure 3 (.97 0.4860

Response: Antibodies 20 weeks after immunization, exposure at 9 weeks posthatch

Type 3 tests of Fixed Effects

DF F Pre>F
Immunization 3 3.81 .0203
Exposure 3 377 0.0212
Immunization®Exposure 3 2.12 0.0604
Response: Antibodies 2 hours after exposure at 13 weeks posthatch
Type 3 fosis of Fixed Effeets - IR
RS T - DF... ... .0 B Pr>F
£ Immumzatzon 3024 0.8684
.+ Exposure : . 3 0.__37’ 0.7733
;Immumzaﬁon*Exposure e B 078 - 0.6346
Response: Antibodies 1 month after exposure at 13 weeks posthatch
Type 3 tests of Fixed Effects
DF b Pr>F
Immunization 3 12.50 < 0.0001
Exposure 3 0.21 0.8877
Immunization*Exposure 3 .65 0.7444
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Response: Antibodies 20 weeks after immunization, exposure at 13 weeks posthatch

Tvpe 3 tests of Fixed Effects

DF F Pr>F

Immunization 3 2.99 (0.0309
Exposure 3 39.07 < 0.0001
3 1.12 0.0464

Immunization*Exposure




